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ABSTRACT 

Mammalian pregnancy represents a natural state of increased maternal nutrient demand 

due to conceptus nutrient and energy requirements, and to prepare for lactation post 

parturition. To permit increased nutrient absorption, the maternal small intestine (SI), which 

is the main site of nutrient absorption, needs to adapt to permit increased nutrient 

absorption throughout pregnancy. However, the timing, size and regional localisation of SI 

adaptations are unclear. We therefore investigated how SI nutrient absorption and its 

determinants adapts during pregnancy in mice. 

To identify gaps in existing knowledge of maternal gut adaptations during pregnancy in 

monogastric mammals, a scoping review was undertaken (Chapters 2 and 3) which 

uncovered gaps in knowledge regarding timing, size and regional localisation of SI 

adaptations. Furthermore, available evidence was inconsistent across species, strains and 

pregnancy stages for outcomes including macro- and micro-nutrient absorption, nutrient 

transporter and digestive enzyme expression and region-specific anatomical changes. 

Most studies did not investigate SI adaptations at early- and mid- pregnancy.  

To enable characterisation of active glucose transport during pregnancy, we conducted 

several experiments to optimise Ussing chamber measures of SI active glucose transport 

ex vivo (Chapter 4). Once optimised, active glucose transport via sodium-dependent 

glucose transporter 1 (SGLT1) throughout the jejunum (region of peak nutrient absorption) 

was characterised across the murine oestrous cycle. Food intake changes during the 

ovarian cycle in rodents and humans, with a nadir during the pre-ovulatory phase and a 

peak during the luteal phase. However, whether SI glucose absorption also changes 

remains unknown. We hypothesised that active glucose transport would decrease at 

oestrus (equivalent to the follicular phase of the human menstrual cycle) based on blood 

glucose data following a 50 g glucose preload obtained during the luteal and follicular 

phases of the menstrual cycle. SGLT1-dependent glucose transport decreased at oestrus, 

providing the first direct evidence of oestrous-stage dependent changes in SI active 

glucose transport in mice. Once optimised, the Ussing chamber method was utilised to 

study changes in SI active glucose transport in late- compared to non-pregnant control 

mice. 

In Chapter 5, we characterised concurrent SI anatomical, molecular and functional in 

C57BL/6 mice at early (gestational day, GD6.5), mid (GD12.5) and late-pregnancy 

(GD17.5) compared to non-pregnant controls using routine histological methods, 

quantitative real-time polymerase chain reaction and functional studies using Ussing 

chambers. Despite greater SI villi length and augmented expression of carbohydrate 
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transporter transcripts at late pregnancy, SGLT1-dependent glucose transport per unit 

area was similar to non-pregnant mice. This suggests other mechanisms beyond SGLT1-

dependent transport may take on a greater role in apical glucose absorption.   

Data presented in this thesis support the hypothesis that adaptations of SI nutrient uptake 

occur across the oestrous cycle and pregnancy, the latter possibly in response to altered 

nutrient demand. Further studies are required to elucidate the role(s) of other mechanisms 

involved in SI glucose uptake and mechanisms driving SI anatomical and molecular 

adaptations during pregnancy, such as food intake and hormone abundance. Further 

studies are also required to address gaps in knowledge regarding adaptations which occur 

at early- and mid-pregnancy.   

 

  



13 
 

STATEMENT OF ORIGINALITY AND AUTHENTICITY  

I certify that this works contains no material which has been accepted for the award of any 

other degree or diploma in my name, in any university or other tertiary institution, and, to 

the best of my knowledge and belief, contains no material previously published or written 

by another person, except where due reference has been made in the text. In addition, I 

certify that no part of this work will, in the future, be used in a submission in my name, for 

any other degree or diploma in any university of tertiary institution without prior approval 

of the University of Adelaide and where applicable, any partner institution responsible for 

the joint award of this degree. 

The author acknowledges that copyright of published works contained within the thesis 

resides with the copyright holder(s) of those works. 

I give permission for the digital version of my thesis to be made available on the web, via 

the University’s digital research repository, the Library Search and also through web 

search engines, unless permission has been granted by the University to restrict access 

for a period of time. 

I acknowledge the support I have received for my research through the provision of an 

Australian Government Research Training Program Scholarship. 

 

  



14 
 

ACKNOWLEDGEMENTS 

I would like to start by thanking my supervisory panel; primary supervisor Associate 

Professor Kathy Gatford, co-supervisors Associate Professor Richard Young and 

Professor Amanda Page. I feel extremely lucky and privileged to have been supervised by 

all three, and I am forever grateful for all the help, guidance and advice provided by each 

of my supervisors over the course of my candidature. All of my supervisors sat through 

many hours of poster and oral presentation practice sessions, watching me slowly improve 

my public speaking skills. Public speaking is something I have struggled with my entire 

life, and was actually one of the reasons why I was hesitant about undertaking a PhD in 

the first place. As Kathy told me many times, “as a research scientist, you need to be able 

to talk about and present your work in a public setting”. Aside from nurturing my 

presentation and speaking skills, my supervisors displayed extraordinary patience with 

me, something I am also extremely grateful for. I will forever be indebted to their patience, 

and there is no denying I have been challenging to work with. I do not dare to think how 

my candidature would have transpired with a different supervisory team.   

I would like to thank my parents, family and friends for supporting me throughout my PhD 

journey, in particular my mum who moved back to the Netherlands shortly after I 

commenced my candidature. Her continued enthusiasm and interest in my project 

motivated me to keep going during the tougher times of my PhD, particularly during the 

final 18 months.  

I would like to thank all members of the Vagal Afferent Research Group, both past and 

present, for their help and support throughout my candidature. In particular, I would like to 

thank Dr Hui Li and Dr Georgia Clarke for helping me troubleshoot some of the issues I 

faced during my lab work. Georgia also generated tissue samples which I would go on to 

use as part of my own project. I would like to thank Dr Hannah Wardill for teaching me 

how to use the Ussing chamber equipment, which unbeknownst to me at the time would 

become the backbone of my PhD work. Lastly, I would also like to say a special thank you 

to all the Bioresources facility staff members, both past and present, for providing and 

maintaining the animals which were used as part of my Ussing chamber work.  

Lastly, I am thankful I received travel grants from the Faculty of Health and Medical 

Sciences and the Society for Reproductive Biology during the third year of my candidature 

which enabled me to travel to a major international conference in New Zealand to present 

some of the work undertaken during the 2nd and 3rd year of my candidature, and visit the 

lab of one of our collaborators who are also based in New Zealand. The experiences and 

insights gained from attending the conference and subsequent lab visit will stay with me 



15 
 

for years to come. I was also able to attend and present at numerous local conferences 

which allowed me to network and build on my professional skills.  

The following manuscripts from this work have been published/accepted for publication: 

Overduin TS, Page AJ, Young RL, Gatford KL. Adaptations in gastrointestinal nutrient 

absorption and its determinants during pregnancy in monogastric mammals: a scoping 

review protocol. JBI Evidence Synthesis 2022 Feb;20(2):640-646. doi: 10.11124/JBIES-

21-00025. PMID: 35165214. 

Overduin TS, Wardill HR, Young RL, Page AJ, Gatford KL. Active glucose transport varies 

by small intestinal region and oestrous cycle stage in mice. Exp Physiol. 2023 

Jun;108(6):865-873. doi: 10.1113/EP091040. Epub 2023 Apr 6. PMID: 37022128. 

Signed, 

Teunis Sebastian Overduin 

 

  



16 
 

LIST OF ABBREVIATIONS IN TEXT

5–HT serotonin 

ABCC1  ATP-binding cassette 

subfamily C member 1 

(MRP1 - multidrug-

resistance protein 1) 

AC   abdominal circumference 

Ad lib ad libitum 

AMN  amnionless 

ATP  adenosine triphosphate 

Atp1a3 ATPase Na+/K+ Transporting 

Family Member alpha 3 

(Na+/K+-ATPase subunit) 

Atp1b4 ATPase Na+/K+ Transporting 

Family Member beta 4 

(Na+/K+-ATPase subunit) 

ATP2B1 PMCA1b (plasma 

membrane Ca2+-ATPase) 

AU arbitrary units 

AUC area under curve 

B2M β2 microglobulin 

BL body length 

BK-α big potassium channel 

BMI body mass index 

BW  body weight 

CaBP calcium binding protein 

CACNA1D  Cav1.3 (calcium channel, 

voltage-dependent, L-type, 

α-1D subunit) 

CALB1  calbindin D28K 

CCK  cholecystokinin 

CD36   CD36 (cluster of 

differentiation 36, also 

known as FAT – fatty acid 

translocase) 

CD98  CD98 (cluster of 

differentiation 98) 

Cldn2 CLDN2 (claudin 2) 

Cldn9 CLDN9 (claudin 9) 

CNS  central nervous system 

CRBP  cellular retinol binding 

protein 

C-sect   caesarean section 

CUBN   cubulin  

Dcytb  duodenal cytochrome b 

(ferriductase) 

DEI   daily energy intake 

DMSO dimethyl sulfoxide 

ECAC1  TRPV5 (transient receptor 

potential cation channel 

subfamily V member 5 

subunit) 

ECAC2  TRPV6 (transient receptor 

potential cation channel 

subfamily V member 6 

subunit) 

E-DII  energy-adjusted dietary 

inflammation index 

EEC  enteroendocrine cell 

EMG electromyography 

ENS  enteric nervous system 

EP early pregnant 



17 
 

F1 First generation 

F2 Second generation 

FABP1   FABP1 (fatty acid binding 

protein 1) 

FABP2   FABP2 (fatty acid binding 

protein 2) 

FABP4 FABP4 (fatty acid binding 

protein 4) 

FABP5 FABP5 (fatty acid binding 

protein 5) 

FATP1 FATP1 (fatty acid 

transporter protein 1) 

FATP4 FATP4 (fatty acid 

transporter protein 4) 

FITC fluorescin isothiocyanate 

FR  food restriction 

GAPDH glyceraldehyde-3-phosphate 

dehydrogenase 

GD   gestational day 

GDM   gestational diabetes mellitus 

GIP   glucose-dependent 

insulinotropic polypeptide 

GIT  gastrointestinal tract 

GLP-1  glucagon like peptide-1 

GWG  gestational weight gain 

HDP   hypertensive disorders of 

pregnancy 

HF   high fat 

Hp    hephaestin (ferroxidase) 

HRPT hypoxanthine 

phosphoribosyltransferase 1 

HS   high sugar 

IF intrinsic factor 

IF-Cbl  intrinsic factor-cobalamin 

IGLE    intraganglionic laminar 

ending 

IMA   intramuscular array 

IOM   Institute of Medicine 

IU international units 

IUGR   intrauterine growth 

restriction 

IQR inter-quartile range 

IRE iron-responsive element 

Ireg1 iron regulated transporter 1 

(FPN) 

Isc short-circuit current 

IVGTT  intravenous glucose 

tolerance test 

KRB Krebb-Ringer bicarbonate 

LBW   low birth weight 

LCFA   long-chain fatty acid 

LGA   large for gestational age 

LP late pregnant 

MCFA   medium-chain fatty acid 

MP mid pregnant 

NHP   non-human primate 

Non-rand exp non-randomised 

experimental study  

NP non pregnant 

NPC1L1  Niemann-Pick C1 like-1 



18 
 

N/S not stated 

Nsd no significant difference 

NW   normal weight 

OB   obese 

OGTT  oral glucose tolerance test 

OW  overweight 

PE  preeclampsia 

PIH    pregnancy-induced 

hypertension 

PND  postnatal day 

PPH   postpartum haemorrhage 

PPIA peptidylprolyl isomerase A 

PPM parts per million 

Prosp cohort prospective cohort study 

PR protein restriction 

PROM    premature rupture of 

membranes 

PTD   preterm delivery 

PYY   peptide YY 

Pz phlorizin 

Rand randomised double-blinded 
double-blinded study 

Rand exp randomised experimental 

study 

RFU relative fluorescent units  

RT-PCR real time polymerase chain 

reaction 

S100g calbindin-D9K 

SCFA   short-chain fatty acid 

SGA    small for gestational age 

SI   small intestine 

SLC  solute carrier family 

SLC1A1    solute carrier family 1 

member 1 (EAAC3 

 excitatory amino acid 

transporter 3) 

SLC1A5  solute carrier family 1 

member 5 (ASCT2 - neutral 

amino acid transporter B(0)) 

SLC2A1 solute carrier family 2 

member 1 (GLUT1 - glucose 

transporter 1) 

SLC2A2  solute carrier family 2 

member 2 (GLUT2 - glucose 

transporter 2) 

SLC2A5  solute carrier family 2 

member 5 (GLUT5 - glucose 

transporter 5) 

SLC3A1  solute carrier family 3 

member 1 (rBAT - neutral 

and basic amino acid 

transporter) 

SLC5A1  solute carrier family 5 

member 1 (SGLT1- 

 sodium-dependent glucose 

transporter 1) 

SLC5A6  solute carrier family 5 

member 5 (SMVT - 

 sodium-dependent 

multivitamin transporter) 

SLC6A6  solute carrier family 6 

member 6 (TAUT -

 sodium/chloride-dependent 

taurine transporter) 
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SLC6A9 solute carrier family 6 

member 9 (GLYT1 – 

sodium/chloride-dependent 

glycine transporter 1) 

SLC6A14  solute carrier family 6 

member 14 (ATB0,+ - 

 sodium/chloride-dependent 

neutral and basic amino acid 

transporter) 

SLC6A19 solute carrier family 6 

member 19 (B0AT1 - 

 sodium-dependent neutral 

amino acid transporter) 

SLC6A20   solute carrier family 6 

member 20 (IMINO - 

sodium/chloride-dependent 

imino acid transporter 1) 

SLC7A1 solute carrier family 7 

member 1 (CAT1 – cationic 

amino acid transporter 1) 

SLC7A6 solute carrier family 7 

member 6 (y+LAT2 – y+L 

amino acid transporter 2) 

SLC7A7 solute carrier family 7 

member 7 (y+LAT1 – y+L 

amino acid transporter 1) 

SLC7A8  solute carrier family 7 

member 8 (LAT2- 

 large neutral amino acid 

transporter small subunit 2) 

SLC7A9   solute carrier family 7 

member 9 (b0+AT - b(0,+)-

type amino acid transporter) 

SLC7A10   solute carrier family 7 

member 10 (ASC1 - ASC-

type amino acid transporter 

1) 

SLC8A1   solute carrier family 8 

member 1 (NCX1 - sodium-

calcium exchanger 1) 

SLC9A3 solute carrier family 9 

member 3 (NHE3 – 

sodium/hydrogen exchanger 

3) 

SLC10A2 solute carrier family 10 

member 2 (ASBT - apical 

sodium-dependent bile 

transporter) 

SLC11A2   solute carrier family 11 

member 2 (DMT1 - divalent 

metal transporter 1) 

SLC13A1  solute carrier family 13 

member 1 (NAS1 - 

 sodium-dependent sulphate 

transporter 1) 

SLC15A1   solute carrier family 15 

member 1 (PEPT1 - peptide 

transporter 1) 

SLC19A1   solute carrier family 19 

member 1 (FOLT1 - folate 

transporter 1) 

SLC19A2    solute carrier family 19 

member 2 (THTR1 - 

thiamine transporter 1) 

SLC19A3  solute carrier family 19 

member (THTR2 - thiamine 

transporter 2) 

SLC23A1   solute carrier family 23 

member 1 (SVCT1 - sodium-

dependent ascorbate 

cotransporter 1) 
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SLC23A2   solute carrier family 23 

member 3 (SVCT2 - sodium-

dependent ascorbate 

cotransporter 2) 

SLC26A1   solute carrier family 26 

member 1 (SAT1 - sodium-

independent sulphate 

transporter 1) 

SLC26A2   solute carrier family 26 

member 2 (DSDST - 

diastrophic dysplasia 

sulphate transporter) 

SLC26A3 solute carrier family 26 

member 3 (chloride/anion 

exchanger 3) 

SLC27A4 solute carrier family 27 

member 4 (FATP4 -   

 long-chain fatty acid 

transporter 4) 

SLC30A1   solute carrier family 30 

member 1 (ZnT1 - zinc 

transporter 1) 

SLC30A2  solute carrier family 30 

member 2 (ZnT2 - zinc 

transporter 2) 

SLC30A4  solute carrier family 30 

member 4 (ZnT4 - zinc 

transporter 4) 

SLC31A1  solute carrier family 31 

member 1 (CRT1 - copper 

transporter 1) 

SLC34A2   solute carrier family 34 

member 2 (NaPi-IIB - 

sodium-dependent 

phosphate transporter 2B) 

SLC36A1  solute carrier family 36 

member 1 (PAT1 - H+-

coupled amino acid 

transporter 1) 

SLC36A4 solute carrier family 36 

member 4 (PAT4 - H+-

coupled amino acid 

transporter 4) 

SLC38A2  solute carrier family 38 

member 2 (SNAT2 - 

 sodium-dependent neutral 

amino acid transporter 2) 

SLC38A3   solute carrier family 38 

member 3 (SNAT3 - sodium-

dependent neutral amino 

acid transporter 3) 

SLC38A5   solute carrier family 38 

member 5 (SNAT5 - sodium-

dependent neutral amino 

acid transporter 5) 

SLC39A4  solute carrier family 39 

member 4 (ZIP4 - zinc 

transporter protein 4) 

SLC39A5   solute carrier family 39 

member 5 (ZIP5 - zinc 

transporter protein 5) 

SLC40A1  solute carrier family 40 

member 1 (FPN - ferroportin 

1) 

SLC46A1  solute carrier family 46 

member 1 (HCP1 – H+-

coupled folate transporter 1 

SLC52A1  solute carrier family 52 

member 1 (RFVT1 - 

riboflavin transporter 1) 
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SLC52A2  solute carrier family 52 

member 2 (RFVT2 - 

riboflavin transporter 2) 

Tri trimester 

TRIG  triglyceride  

TRPM6  TRPM6 (transient receptor 

potential cation channel 

subfamily M member 6) 

TRPM7  TRMP7 (transient receptor 

potential cation channel 

subfamily M member 7) 

Wnt Wingless and Int-1 

ZO-1 TJP1 (tight junction protein 

1, also known as zona 

occludens 1) 
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1. CHAPTER 1: INTRODUCTION  

How and when nutrient absorption by the small intestine (SI), and its determinants, change 

during pregnancy is a research enquiry that has spanned the last eight decades. Despite 

these efforts, many questions remain regarding the precise timing and nature of these 

adaptations. There is a growing body of evidence from observational human and 

intervention-based animal studies indicating that maternal malnutrition during pregnancy 

worsens maternal and fetal outcomes, resulting in short and long-term health 

complications and future disease burdens [1-3]. A better understanding of how and when 

SI adaptations emerge throughout pregnancy will inform new strategies aimed at 

optimising maternal nutrition for pregnancy, as well as maternal and fetal outcomes. This 

will in turn reduce the risk of short-term complications and future disease burden.  

The demand for nutrients increases during pregnancy to support increased maternal 

energy expenditure, adipose tissue deposition and fetal growth and development [4, 5]. 

To meet this increased demand, maternal food intake increases, particularly towards the 

end of pregnancy when fetal growth is rapid. In addition, the SI, which is the primary site 

of nutrient absorption for humans and rodents, adapts rapidly to changes in nutrient supply 

and demand during pregnancy. The scope of this introduction is to provide an overview of 

changes in maternal physiology, food intake and weight gain during pregnancy in 

monogastric mammals. A summary of the consequences of variable maternal nutrition 

during pregnancy on maternal and fetal outcomes is also provided. The introduction 

concludes with an overview of the gastrointestinal tract and its components, SI anatomy 

and function and mechanisms of nutrient uptake, providing context to maternal SI 

adaptations in nutrient uptake during pregnancy.  

1.1. Pregnancy  

1.1.1. Overview 

Pregnancy results from the fusion of male and female gametes to create a zygote [6]. 

Following fertilisation, the zygote undergoes multiple rounds of cell division to establish 

the blastocyst, comprised of two distinctive cell lineages. The inner cell mass contains cells 

that develop into the embryo while the trophectoderm epithelium develops into the 

placenta [7]. This period is also referred to as the pre-implantation stage, and lasts around 

5-7 days in humans [7]. Next, the inner cell mass differentiates into two distinct cell 

lineages; epiblast and primitive endoderm, which occurs immediately prior to implantation. 

Implantation occurs around 5-7 days post fertilisation in humans and around gestational 

day (GD) 4.5 in mice [8, 9]. Following implantation, the human embryonic period 

encompasses week 3-10 from the last menstrual period; characterised by the development 
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of embryonic organs and remodelling of the uterine environment to support pregnancy [9]. 

The fetal period then extends from 9-10 weeks from the last menstrual period until 

parturition at ~280 days. In contrast, the embryonic period in mice and rats spans GD4.5-

14.5, while the fetal period spans GD14.5 until GD19-22, depending on individual strains 

[10].  

Energy and nutrient demands are significantly increased during pregnancy to meet 

maternal and fetal energy and nutrient needs. The following sections describe the timing 

and composition of weight gain during pregnancy, some of the key maternal adaptations 

to support pregnancy, development and function of the placenta, and finally, current 

knowledge on changes in food intake during pregnancy.     

1.1.2. Weight gain 

Women with a normal body mass index (BMI, 18.5-24.9 kg/m2) typically gain between 

11.5-16 kg during pregnancy. This includes a 3.8 kg fetus, 690 g placenta and ~3-4 kg of 

adipose tissue at parturition [4, 11, 12]. In contrast, litter-bearing species such as mice [13, 

14] and rat [15, 16] typically undergo bodyweight increases of 50-100% by parturition, 

depending on the size of the litter. The marked difference in relative pregnancy weight gain 

between humans and litter-bearing species such as rodents relates to the different 

contributions of conceptus weight (weight of fetus and placenta) to pregnancy weight gain. 

In humans, the fetal/maternal weight ratio at parturition is 6% compared to 25% in rat [17]. 

In mice, weight of the gravid uterus accounts for ≥ 60% of total pregnancy weight gain at 

GD19 (term = 19.5 days, [18, 19]). 

Maternal weight gain during the first trimester in humans equates to an increase of 0.18 

kg/week (Fig. 1.1, [4]). This modest weight gain mostly reflects maternal adipose tissue 

deposition rather than conceptus growth and development, as the first 8 weeks are 

characterised by preimplantation and embryonic periods [4, 20]. Second trimester weight 

gain equates to 0.54 kg/week and is attributable to accelerated conceptus growth 

concurrent with continuing deposition of maternal adipose tissue and increases in blood 

volume and extravascular fluid [4, 21].  
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Figure 1.1 Changes in maternal, fetal and placental weight during pregnancy in humans 
and mice, reproduced from Kaur et al. 2021 [22]. Solid black circles represent maternal 
weight gain, solid green line represents fetal weight and placental weight is represented 
by the dashed purple line. Range and units differ on both x axes. Mouse data are based 
on individual fetal/placental weights, not litter totals.  
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The rate of adipose tissue deposition in support of post-parturition lactation and 

accumulation of adipose tissue stores peaks towards the end of the 2nd trimester [23, 24], 

and accounts for 3-4 kg of maternal weight gain in a typical human pregnancy [4]. During 

the third trimester, maternal weight gain equates to 0.49 kg/week, characterised by rapid 

fetal growth and development and ongoing expansion of maternal blood and extravascular 

fluid volumes [4, 21]. The human placenta increases in size and weight concurrent with 

fetal growth and development, exemplified by a 13.5-fold increase in placental weight 

between week 10-12 gestation (51 g) and term (680 g, [4]). Placental volume concurrently 

increases 2.5-fold from 200 cm3 at 21 weeks gestation to 500 cm3 at term [4, 20]. These 

placental changes are needed to meet the increase in nutrient demand of the conceptus 

over the course of gestation [21]. 

A similar pattern of maternal weight gain across pregnancy is observed in mice (Fig. 1.1, 

bottom panel, sold black circles), characterised by limited weight gain during the first week 

before acceleration of fetal weight gain in the second and third week following implantation 

and commencement of placental blood flow around GD9.5 (Fig. 1.1, bottom panel, dashed 

purple line, [13]). In rats, there is a continuous increase in maternal adipose tissue content 

until GD19 (term = 22 days) at which point adipose tissue content has increased by ~80% 

from time of mating [25]. At parturition, maternal adipose tissue content declines slightly, 

but is still ~60% greater than pre-pregnancy levels [25]. 

1.1.3. Maternal adaptations 

Anatomical and physiological adaptations occur concurrently to support conceptus growth 

and development in human pregnancy. These include increased function of 

cardiovascular, pulmonary and renal systems, which act in concert to effectively supply 

nutrients to maternal tissues and the conceptus, and remove waste from the fetal 

circulation.  

Maternal blood volume increases progressively during human pregnancy, driven by an 

increase in plasma volume of 50-60% from pre-pregnancy to the end of the third trimester 

[21]. As a result, maternal blood volume peaks at ~145% of pre-pregnancy volume at term, 

and is accompanied by a 40% increase in cardiac output [21]. Kidney function is also 

augmented in concert with the increase in blood volume, with glomerular filtration rate and 

renal plasma flow rate increased by 50 and 85%, respectively, over the course of 

pregnancy [26].  As a consequence of the 15% increase in metabolic rate resulting from 

increased cardiac output and kidney function, oxygen consumption increases by 20% 

towards the end of pregnancy compared to non-pregnant controls [21]. Additionally, the 

metabolically active placenta consumes as much as 40% of the oxygen supplied to the 
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feto-placental unit to enable active nutrient transport as well as endogenous protein 

synthesis [27]. Together, these anatomical and physiological adaptations protect feto-

placental substrate supply. Fasting glucose concentrations decline progressively over the 

course of pregnancy, while fasting insulin concentrations increase ~2-fold by late-

pregnancy [28, 29]. This decrease in fasting glucose concentrations may parallel 

increased glucose utilisation by maternal and fetal tissues and organs. Fasting blood 

glucose changes parallel a 30% increase in hepatic glucose production [30], a ~50% 

decrease in insulin sensitivity and 3- to 3.5-fold increase in insulin secretion assessed by 

intravenous glucose tolerance tests by late-pregnancy [29].  

Pregnant rodents undergo similar anatomical and physiological changes to humans. 

Cardiac output increases by 48-64% at late-stage pregnancy in mice [31, 32], concurrent 

with a 27% increase in plasma volume [32]. In contrast to humans, fasting glucose 

concentrations progressively increase during pregnancy in mice, rising to ~130% of basal 

concentration on GD8 and ~120% on GD16 [33, 34]. As with humans, fasting insulin 

concentration increases ~2-fold from basal concentration, whilst hepatic glucose 

production increases 4-fold at late-pregnancy in C57BL/6 mice [34]; insulin sensitivity is 

also reduced at GD16 but similar at GD19 compared to non-pregnant controls [34]. In 

naked mole rats, both metabolic rate and oxygen use increase ~1.5-fold between the 

second week of pregnancy until the end of the 10 week gestation period [35]. The increase 

in metabolic rate in naked mole rats is accompanied by an  increase in energy requirement 

equivalent to 1300 kJ above basal energy requirements over the course of a single 

breeding cycle [35]. 

1.1.4. Placental growth, development and function 

Nutrients and gases are supplied to the fetus via the placenta during pregnancy, which 

acts as an exchange interface between the maternal and fetal circulation (Fig. 1.2, [36]). 

To enhance the rate of exchange, the epithelial barrier between maternal and fetal blood 

is very thin. In addition, the distance between the maternal blood space and fetal capillaries 

progressively thins to further increase the rate of exchange between maternal and fetal 

circulation [36]. Although functionally similar, there are anatomical differences between the 

human and murine placenta. The human placenta resembles a villous “tree”, while the 

murine placenta comprises two distinct zones; the junctional zone and labyrinth zone (Fig. 

1.2). The junctional zone has endocrine functions whereas the labyrinth zone is the site of 

nutrient and gas exchange between maternal and fetal blood [36]. 
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Figure 1.2 Schematic representation (not drawn to scale) of human (A) and mouse (B) 
placenta. In human placenta (C), fetal capillaries (FC) within the stromal core (Str) are 
covered by a single layer of epithelium comprised of syncytiotrophoblast (Stb) cells, which 
are derived from cytotrophoblast (Ctb) cells. The Stb cells together with the stroma form 
the barrier between fetal circulation and the intervillous space (IVS) where nutrient and 
gas exchange take place as indicated by double headed arrow. In mouse placenta (D), 
the maternal blood space (MBS) infiltrates the fetal stroma (FStr) of the labyrinth zone. 
Unlike human placenta, the MBS is covered by two layers of epithelium, comprised of inner 
sinusoidal giant cells (SGC) and Stb cells. MVM = microvillus plasma membrane. Panels 
A and B were created in Biorender.com and panels C and D were reproduced from Burton 
et al. 2016 [37]. 

The rate of nutrient transport across the placenta depends on several factors including 

vascular density, the surface area available for nutrient transport, the molecular properties 

of the nutrient being transported, (size and lipid solubility), nutrient transporter density, and 

the concentration gradient between the maternal and fetal circulation [36, 38]. Small 

lipophilic molecules, such as respiratory gases, can diffuse directly across the apical lipid 

bilayers of the syncytiotrophoblast microvillus plasma membrane (Fig. 1.2), while larger 

and less lipid-soluble molecules, cross the MVM with the aid of specific transporter 

proteins [39].  

To facilitate nutrient delivery to the fetus, specific transporters of macronutrients - 

carbohydrates [39], amino acids [40, 41], and lipids [42, 43] - and of micronutrients such 

as calcium [44, 45] are expressed in human, mouse and rat placenta. As glucose is the 
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primary substrate for fetal energy metabolism, placental expression of glucose transporter 

1 (GLUT1) increases progressively across pregnancy in humans [46], in parallel with fetal 

growth and development. The rate of transport of glucose, and some other specific 

nutrients, across the placenta depends on multiple factors such as the rate of blood flow, 

available surface area and number of nutrient transporters [36]. The characteristics of, and 

differences between, passive and active nutrient transport are further explored in the 

nutrient absorption section (section 1.4). There is evidence that maternal diet and the 

presence of gestational diabetes can directly influence placental glucose and fatty acid 

transporter gene expression in humans [47] and mice [48], reflecting the sensitivity of the 

placenta to nutrient availability and substrate concentrations in the uterine environment. 

Another factor affecting nutrient transport across the placenta is the difference in substrate 

concentration between the maternal and fetal circulation, and the resulting concentration 

gradients. The maternofetal transfer of glucose via GLUT1 occurs down a concentration 

gradient, and therefore requires higher glucose concentrations in the maternal than fetal 

circulation [36]. In contrast, some neutral amino acids such as alanine, glycine and serine 

are transported across the placenta by carrier proteins against an electrochemical gradient 

established by Na+/K+ ATPase. This exchange complex is situated at the basolateral 

membrane of syncytiotrophoblast MVM and requires ATP to exchange Na+ and K+ from 

the circulation to generate a low intracellular Na+ concentration [36]. 

1.1.5. Food intake 

Adequate maternal food intake is important to ensure optimal pregnancy outcomes; 

however, such nutrition may not always be available depending on dietary habits and food 

availability. Towards the end of the 3rd trimester in humans, and the 3rd week of pregnancy 

in mice and rat, daily food intake has increased by ~15% [4, 49, 50] and 50% [14, 51] 

respectively (Fig. 1.3). This marked increase in food intake parallels demand for energy 

and nutrients associated with adipose tissue deposition, increased metabolic rate and 

conceptus growth and development. The difference in effects of pregnancy maternal food 

intake between humans, mice and rat could at least, in part, be attributable to differences 

in the ratio of fetal to maternal weight between humans and rodents [17]. Although there 

is less data available regarding changes in daily energy or food intake in humans 

compared to mice and rats, there is a pattern of increased daily energy- and food intake 

over the course of pregnancy compared to non-pregnant controls [5, 14, 51-59]. In 

humans, Goldberg and colleagues reported a 14% increase in daily energy intake 

compared to non-pregnant controls at 18- and 24-weeks’ gestation, in contrast to Kopp-

Hoolihan, who reported no significant change in daily energy intake compared to non-

pregnant controls, despite their 9% higher daily energy-intake at 36 weeks (Fig. 1.3A, [23, 
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49]). It also should be noted that a considerable degree of variation between individual 

subjects, combined with small sample sizes, means results from these studies needs to 

be interpreted with a degree of caution.  Li and colleagues and Makarova and colleagues 

reported significant increases in daily food intake from pre-pregnancy intake in GD8.5 mice 

until parturition, while Ladyman and colleagues reported a similar increase from GD13 until 

parturition (Fig. 1.3B, [14, 52, 53]). These increases coincide with the onset of blood flow 

from the placenta to the fetus and the fetal period, respectively, during which rapid fetal 

growth and development occur. There are equivocal reports on effects of pregnancy on 

food intake in rats, possibly due to the different strains used (Fig. 3C, [51, 54-58]). While 

some report significant increases in daily food intake in pregnant Wistar from GD1 until 

parturition  [57] and in Sprague-Dawley rats from GD4 until parturition [51], compared to 

age-matched controls, other studies reported no differences in food intake over the course 

of pregnancy [54-56, 58]. 

Improved understanding of how food intake changes across a healthy pregnancy has the 

potential to yield new strategies and treatment methods to optimise pregnancy diets for 

women who are under or overweight, display poor dietary habits or do not have access to 

adequate or optimal nutrition. Section 1.2 addresses the importance of adequate maternal 

nutrition and summarises the impacts of maternal malnutrition during pregnancy on 

maternal, fetal and pregnancy outcomes.  
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Figure 1.3 Daily energy intake (kJ) in humans during pregnancy (A, [23, 49]), and food 
intake (g) during pregnancy in rats (B, [51, 54-58]) and mice (C, [14, 52, 53]). NP = non-
pregnant.  
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1.2. Importance of nutrition during pregnancy 

1.2.1. Overview 

Pregnancy is a state of increased nutrient demand; however, maternal nutrition must 

remain balanced. Global under-nutrition and over-nutrition, as well as individual macro- 

and micronutrient malnutrition during the perinatal period, can result in acute and chronic 

pregnancy complications. It is also emerging that inadequate maternal nutrition and related 

changes in the uterine environment increase the risk of developmental perturbations in 

progeny that extend to subsequent generations, in part, due to epigenetic re-programming 

[60-62].    

To help guide women on gestational weight gain (GWG), a series of guidelines was 

developed by the Institute of Medicine (IOM) in 1990 based on evidence from population 

studies examining weight gain, maternal, fetal and pregnancy outcomes. These guidelines 

were updated in 2009 to encompass changing population dynamics, such as the increased 

prevalence of maternal obesity [20]. Based on the IOM guidelines, women with a BMI less 

than 18.5 kg/m2 at the time of conception are classed as underweight and advised to 

achieve a GWG of between 12.5-18 kg over the course of their pregnancy [20]. Recent 

observational studies have reported that the proportion of Asian women with pre-

pregnancy low BMI at conception who achieved recommended GWG below, within and 

above IOM guidelines were 44.4-76.3%, 21-46.6% and 2.3-9.4% respectively [63, 64]. In 

contrast, the proportion of American women with pre-pregnancy low BMI at conception 

who achieved GWG below, within and above IOM guidelines were 19.5%, 36.8% and 

43.7% respectively [65]. 

Based on IOM guidelines, women with a BMI between 25-29.9 kg/m2 and BMI ≥30 kg/m2 

at conception are classed as overweight and obese, respectively. These women are 

advised to achieve a GWG of 7-11.5 and 5-9 kg over the course of pregnancy [20]. 

Adverse maternal, fetal and pregnancy outcomes resulting from high and low GWG are 

summarised in sections 1.2.2 and 1.2.3. Recent observational studies reported that the 

proportion of Asian women with pre-pregnancy high BMI (>25 kg/m2) at conception who 

achieved recommended GWG below, within and above IOM guidelines were 13.1-43.2%, 

34-46.4% and 23-52.5% [63, 64]. In contrast, the average proportion of American women 

with pre-pregnancy high BMI (>25 kg/m2) at conception who achieved GWG below, within 

and above IOM guidelines were 9.1%, 11.9% and 79% [65]. 

Carbohydrates such as glucose are the primary substrate utilised during the perinatal 

period for fetal energy metabolism, fuelling fetal growth and development [46]. Lipids are 

required for fetal lipogenesis and adipogenesis, while amino acids are involved in 
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formation of tissues such as muscle and the central nervous system, but also serve 

functional roles in hormone synthesis, cell signalling and nutrient transport [66-69]. There 

has been a contemporary increase in use of vegetarian or vegan style diets [70], which 

can lack key animal-derived macro- and micro-nutrients such as certain amino acids, iron, 

calcium, iodine, omega-3 fatty acids and vitamin B12 [70, 71]. Adverse maternal, fetal and 

pregnancy outcomes resulting from carbohydrate, lipid and protein malnutrition are 

summarised in sections 1.2.4-1.2.7. 

1.2.2. Impacts of maternal global undernutrition during pregnancy 

Under-nutrition during pregnancy can be caused by acute changes resulting from 

hyperemesis gravidum, short-term changes in food availability due to seasonal variations 

such as wet and dry seasons, and longer-lasting phenomena such as famine (Table 1.1). 

Acute under-nutrition resulting from hyperemesis gravidum, is associated with adverse 

maternal and fetal outcomes such as weight-loss, dehydration, micronutrient deficiencies, 

low birth weight and preterm birth [72, 73]. Under-nutrition caused by seasonal variations 

in food availability is associated with decreased GWG and an increased risk of low birth 

weight (Table 1.1, [74, 75]). Long-term under-nutrition can be caused by natural disasters 

such as flooding, draught and crop failure, but also by human-made circumstances such 

as global and localised civil unrest and conflict (Table 1.1 [76, 77]). The Great Chinese 

Famine of 1959-1961 is regarded as one of the most severe famines in recent history 

caused by natural disasters, and was the result of devastating country-wide crop failures. 

The resulting famine caused an estimated 30 million deaths, and the loss of 33 million 

pregnancies [78]. Furthermore, adult women who were exposed to famine in utero are 

30% more likely to suffer a stillbirth in their own pregnancies [78]. Although scarce records 

exist regarding daily energy intake during this time, it is estimated that the daily energy 

intake was ≤1500 kcal per day due to nation-wide food rationing [79, 80]. Recent research 

examining the long-term health complications of infants born during the famine reported 

that they are at greater risk of developing obesity, metabolic syndrome [81] and 

hypertension [82]. Interestingly, females who were born during the famine period were 

reported to be 20-30% more likely to suffer loss of pregnancy due to stillbirth compared to 

unexposed females. The Dutch Hunger Winter of 1944-1945 during World War II is 

another well-studied example of human-made famine, caused by severe country-wide 

food shortages due to an embargo on the transport of food supplies by Allied forces 

imposed by the German occupying forces. This lead to food rationing, which consisted 

almost exclusively of bread and potatoes by April 1945, and provided an estimated daily 

energy intake of 500 kcal (Table 1.1, [76]). Pregnancies which occurred throughout the 

famine period were characterised by a near 5-fold reduction in 3rd trimester GWG, a 4-fold 
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increase in the prevalence of pre-term delivery in parallel with a 10% decrease in 

birthweight, and a 2.5-fold increase in the prevalence of small for gestational age infants 

compared to unexposed pregnancies (Table 1.1).  

Low GWG, defined as GWG below recommended IOM guidelines, provides another 

marker of maternal undernutrition during pregnancy. In observational human studies, 

acute and chronic undernutrition during pregnancy have been associated with a range of 

adverse maternal and fetal outcomes (Table 1.1). These include increased risk of 

hypertensive disorders of pregnancy such as preeclampsia and pregnancy-induced 

hypertension, gestational diabetes mellitus, preterm birth, small for gestational age and 

low birthweight offspring (Table 1.1). Furthermore, findings of a greater risk of hypertensive 

disorders of pregnancy in women with low GWG, including preeclampsia and pregnancy-

induced hypertension, are consistent across available studies and pre-pregnancy BMI 

weight categories (Table 1.1). It should be noted that the risk of preterm birth and SGA 

associated with low GWG is observed globally across different ethnic population groups 

[2]. 
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Table 1.1 Under-nutrition, low GWG and pregnancy outcomes: Evidence from human observational studies 

Context Exposure group(s) Comparison group 

Outcomes compared to comparison group 

Maternal Pregnancy 
Fetal/neonate/ 
newborn 

Under-nutrition during pregnancy 

Dutch Hunger 
Winter [76] 

Singleton births between 
Aug 1st 1944 and Apr 
15th 1946 (famine 
exposed). DEI <1000 
kcal/day by Jan 1945, 
<500 kcal/day by Apr 
1945.  

Singleton births 
before Feb 1st 1945 
and after Dec 31st 
1945. 

3rd trimester 
GWG ▼4.8-fold 
(0.05 kg/week vs 
0.24 kg/week) 
between August 
1944 and April 
1946  

PTD prevalence ▲4-
fold when exposed to 
famine at any stage of 
pregnancy vs 
unexposed pregnancy 

BW and crown-heel 
length ▼10%, ▲2.5-
fold in prevalence of 
SGA when exposed 
to famine during the 
3rd trimester  

Dutch Hunger 
Winter [77] 

Births between Feb 1st 
1945 and Mar 31st 1946. 
DEI <1000 kcal/day by 
Jan 1945, <500 kcal/day 
by Apr 1945.  

Births between 1943 
and 1947 whose 
mothers were not 
exposed to famine at 
any stage of 
pregnancy 

Not assessed ◄► prevalence of 
miscarriage, abortion, 
neonatal mortality or 
PTD 

▼ BW (male 5%, 
female 4%) 

Rural Gambia 
(Dec 1978 – Nov 
1979) [74] 

Males born from 1976-
1980 during seasonal 
periods of lower energy 
intake (wet season, 
1200-1400 kcal/day) and 
higher physical activity 
level 

Males born from 
1976-1980 during 
seasonal periods of 
adequate energy 
intake (dry season, 
1500-1600 kcal/day). 

Not assessed Not assessed BW ▼10% during 
periods of reduced 
energy intake and 
increased physical 
activity level (1200-
1400 kcal/day) 
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Rural Gambia 
1977 [75] 

Women in the 3rd 
trimester of pregnancy 
during the wet season 
(Jun-Sep: average DEI 
1435 kcal/43 g protein 
per day) 

Women in the 3rd 
trimester of pregnancy 
during the dry season 
(Feb-May: average 
DEI 1524 kcal/49 g 
protein per day)  

3rd trimester 
GWG ▼8-fold 
during wet 
season vs dry 
season  

Not assessed Increased risk of 
LBW (<2500 g) when 
3rd trimester DEI 
<1600 kcal/day 

Low GWG during pregnancy (outcomes sub-divided according to pre-pregnancy BMI) 

Retrospective 
cohort study – 
Taiwan [64] 

 

 

 

GWG < IOM guidelines 

 

 

 

 

GWG within IOM 
guidelines 

 

UW: PE and 
GDM risk ▲1.7-
fold  

UW: PROM risk ▲1.3-
fold  

UW: LBW risk ▲2.4-
fold, SGA risk ▲2.2-
fold  

NW: PE risk 
▲1.1-fold, GDM 
risk ▲1.5-fold 

NW: PROM risk ◄► 

 

NW: LBW risk ▲1.7-
fold, SGA risk ▲1.6-
fold 

OW/OB: PE risk 
◄►, GDM risk 
▲1.8-fold 

OW/OB: PROM risk 
▲7-fold 

OW/OB: LBW risk 
▲2.3-fold, SGA risk 
▲1.3-fold 
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Retrospective 
cohort study – 
Japan [63] 

GWG < IOM guidelines GWG within IOM 
guidelines 

UW: PIH risk 
◄►, GDM risk 
▲1.7-fold  

UW: PTD risk ▲3.9-
fold, PROM risk ▲3.4-
fold 

UW: SGA risk ▲2.1-
fold  

NW: PIH risk 
◄►, GDM risk 
▲1.8-fold 

NW: PTD risk ▲3-fold, 
PROM risk ▲2.9-fold 

NW: SGA risk ▲1.8-
fold 

OW: PIH risk 
◄►, GDM risk 
▲1.7-fold 

OW: PTD risk ▲2.4-
fold, PROM risk ▲2.2-
fold 

OW: SGA risk ▲1.5-
fold 

OB: PIH risk 
◄►, GDM risk 
▲1.7-fold 

OB: PTD risk ▲1.5-
fold, PROM risk ▲1.3-
fold 

OB: SGA risk ▲1.6-
fold  

Retrospective 
cohort study – 
China [83] 

GWG < IOM guidelines GWG within IOM 
guidelines 

UW: GDM & PIH 
risk ◄► 

UW: PTD risk ▲1.4-
fold, C-sect risk ◄►  

UW: LBW risk ▲1.5-
fold, SGA risk ▲2.2-
fold  

NW: GDM risk 
▲1.3-fold, PIH 
risk ▲1.1-fold 

NW: PTD risk ▲1.5-
fold, C-sect risk ◄► 

NW: LBW risk ▲1.2-
fold, SGA risk ▲1.5-
fold 

OW: GDM risk 
▲1.8-fold, PIH 
risk ◄► 

OW: PTD risk ▲1.7-
fold, C-sect risk ▲1.3-
fold 

OW: LBW risk ▲1.2-
fold, SGA risk ◄► 

OB: GDM risk 
◄►, PIH risk 
▲6.6-fold 

OB: PTD risk ▲2.5-
fold, C-sect risk ▲1.8-
fold 

OB: LBW risk ▲3.9-
fold, SGA risk ▲1.2-
fold 
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Retrospective 
cohort study – 
USA [65] 

GWG < IOM guidelines GWG within IOM 
guidelines 

UW: PE risk 
▲2.5-fold, PIH 
risk ◄►  

UW: PTD risk ▲1.2-
fold, C-sect risk ◄► 

UW: SGA risk ▲1.6-
fold  

NW: PE risk 
▲1.3-fold, PIH 
risk ◄► 

NW: PTD risk ▲2-fold, 
C-sect risk ◄► 

NW: SGA risk ▲1.3-
fold 

OW: PE and PIH 
risk ◄► 

OW: PTD and C-sect 
risk ◄► 

OW: SGA risk ◄► 

OB: PE risk 
▲1.1-fold, PIH 
risk ◄► 

OB: PTD and C-sect 
risk ◄► 

OB: SGA risk ▲1.7-
fold 

Retrospective 
cohort study – 
European, North 
American & 
Australian cohorts 
[84] 

GWG < IOM guidelines GWG within IOM 
guidelines 

UW: PE & PIH 
risk ◄►, GDM 
risk ▲1.4-fold 

UW: PTD risk ▲1.8-
fold 

UW: SGA risk ▲3.1-
fold 

NW: PE, PIH & 
GDM risk ◄► 

NW: PTD risk ▲1.2-
fold 

NW: SGA risk ▲1.8-
fold 

OW: PE risk 
▲1.9-fold, PIH 
risk ▲1.5-fold, 
GDM risk ▲1.9-
fold 

OW: PTD risk ▲1.2-
fold 

OW: SGA risk ▲1.2-
fold 

OB: PE risk 
▲3.5-fold, PIH 
risk ▲3.1-fold, 
GDM risk ▲4.4-
fold 

OB: PTD risk ▲1.4-fold OB: SGA risk ◄► 
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Retrospective 
cohort study – 
Brazil [85] 

GWG < IOM guidelines GWG within IOM 
guidelines 

UW: HDP and 
GDM risks ◄► 

UW: C-sect risk ◄► Not assessed 

NW: HDP and 
GDM risks ◄► 

NW: C-sect risk ◄► 

OW: HDP and 
GDM risks ◄► 

OW: C-sect risk ◄► 

OB: HDP and 
GDM risks ◄► 

OB: C-sect risk ◄► 

BMI = body mass index, BW = body weight, DEI = daily energy intake, GDM = gestational diabetes mellitus, GWG = gestational weight gain, 
HDP = hypertensive disorders of pregnancy, IOM = Institute of Medicine guidelines 2009, LBW = low birth weight, NW = normal weight (BMI = 
18.5-24.9 kg/m2), OB = obese (BMI ≥ 30 kg/m2), OW = overweight (BMI = 25-29.9 kg/m2), PAL = physical activity level, PE = preeclampsia, PIH 
= pregnancy-induced hypertension, PROM = premature rupture of membranes, PTD = preterm delivery, SGA = small for gestational age, UW = 
underweight (BMI ≤18.5 kg/m2)  
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The availability of nutrients to support pregnancy depends at least partially on maternal 

nutritional status entering pregnancy, reflected by pre-pregnancy BMI. Interestingly, a pre-

pregnancy low BMI (<18.5 kg/m2) does not increase the risk of pregnancy-induced 

hypertension, preeclampsia or gestational diabetes mellitus compared to normal BMI 

(18.5-24.9 kg/m2), while effects on the risk of preterm delivery varies between studies 

(Table 1.2, [63, 64, 83, 84, 86]). There was however an increased risk of small for 

gestational age offspring identified in the pre-pregnancy low compared to pre-pregnancy 

normal BMI groups (Table 1.2) [63, 64, 83, 84, 86]. In a cohort of Chinese women with 

pre-pregnancy low BMI, 3rd trimester systolic and diastolic blood pressure, in addition to 

the incidence of caesarean delivery and preterm delivery, were lower than those in women 

with pre-pregnancy normal BMI [83]. Conversely, the incidence of small for gestational age 

and low birth weight infants were higher in women with pre-pregnancy low BMI compared 

to women with pre-pregnancy normal BMI (Table 1.2). It is important to note that pre-

pregnancy low BMI may not reflect maternal diet throughout pregnancy, which may 

improve based on primary care nutritional advice at pregnancy care visits. Furthermore, 

challenges assessing the impact of any dietary change during pregnancy (relative to pre-

pregnancy) on maternal outcomes is a limitation of observational studies, where diet 

composition pre-pregnancy is often not determined. 



42 
 

Table 1.2 Pre-pregnancy low BMI and pregnancy outcomes: Evidence from human observational studies  

Context Exposure group Comparison group 

Outcomes relative to comparison group 

Maternal Pregnancy 
Fetal/neonate/ 
newborn 

Retrospective cohort 
study – Taiwan [64] 

Pre-pregnancy 
BMI <18.5 kg/m2 

Pre-pregnancy BMI 
18.5-24.9 kg/m2 

PE & GDM risks ◄► PTD risk ◄► SGA risk ▲2-fold  

Retrospective cohort 
study – Japan [63] 

Pre-pregnancy 
BMI <18.5 kg/m2 

Pre-pregnancy BMI 
18.5-24.9 kg/m2 

PIH & GDM risks ◄► 

 

PTD risk ▲1.2-fold, 
C-sect & PPH with 
C-sect risk ◄► 

SGA risk ▲1.7-fold 

 

Retrospective cohort 
study – China [83] 

Pre-pregnancy 
BMI <18.5 kg/m2 

Pre-pregnancy BMI 
18.5-23.9 kg/m2 

3rd trimester systolic 
BP: 105 vs 108, 
diastolic BP: 67 vs 69 

Incidence of C-sect: 
55.1% vs 63.1%, 
PTD: 2.6% vs 2.9% 

Incidence of SGA: 
15.5% vs 9%, LBW: 
2.9% vs 2% 

Retrospective cohort 
study – European, 
North American & 
Australian cohorts [84] 

Pre-pregnancy 
BMI <18.5 kg/m2 

Pre-pregnancy BMI 
18.5-23.9 kg/m2 

PIH, PE & GDM risks 
◄► 

PTD risk ▲1.2-fold SGA risk ▲1.7-fold 

 

Retrospective cohort 
study – Australia [86] 

Pre-pregnancy 
BMI <18 kg/m2 

Pre-pregnancy BMI 
19-24 kg/m2 

PIH & GDM risks ◄► C-sect risk ◄► SGA risk ▲1.8-fold, 
LBW risk ▲1.7-fold 

BMI = body mass index, BP = blood pressure (mmHg), C-sect = caesarean section, GDM = gestational diabetes mellitus, GWG = gestational 
weight gain, LBW = low birth weight (<2500 g), PE = preeclampsia, PIH = pregnancy-induced hypertension, PPH = postpartum haemorrhage, 
PTD = preterm delivery, SGA = small for gestational age 
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Animal models of food restriction before and/or throughout pregnancy have been used to 

study the effects of acute and chronic food restriction on maternal, fetal and pregnancy 

outcomes. Acute and chronic food restriction result in lower GWG, increased risk of 

spontaneous abortion and fetal growth restriction in rats, mice and guinea pigs (Table 1.3). 

Interestingly, the effect of similar levels of maternal food restriction during pregnancy on 

fetal birth weight differs between humans and rodents. In humans, mild to moderate 

maternal food restriction reduces birthweight 5-10%, compared to a 60% reduction in 

Wistar rats (Table 1.3). A possible reason for this difference may relate to the difference 

in the ratio of maternal to fetal weight at birth which is an indicator of maternal load [17].  

In addition to effects on pregnancy and progeny, maternal malnutrition also causes 

adverse fetal outcomes beyond the first generation in mice. For example, in a study of 

undernutrition in late pregnancy, Jimenez-Chillaron et al. fed F0 dams 50% of the food 

eaten by controls, from GD12.5-GD18.5. When their F1 female offspring (termed 

intrauterine calorie restricted mice) were fed ad libitum from birth until weaning and then 

mated with malnourished F1 males, F2 generation birth weights were reduced by 4% 

compared to birth weights in litters from F1 females born to control F0 dams ad libitum fed 

from birth until weaning and mated with control F1 males [87]. Total body fat mass and 

serum leptin concentrations of F2 males born to F1 malnourished females were both 

increased by > 1.5-fold at 4 months of age compared to F2 males born to control F1 females 

[87]. Furthermore, the same F2 males were glucose intolerant and insulin resistant, based 

on elevated blood glucose and insulin concentrations following intraperitoneal tolerance 

tests at 6 months of age, and had >2-fold higher plasma insulin concentrations 

(hyperinsulinaemia) than control F2 males at 8 months of age [87].  
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Table 1.3 Global under-nutrition and pregnancy outcomes: Evidence from intervention studies in non-human animals  

  

Species, 
strain (term) 

Intervention/ 
exposure group(s) 

Control group 

Outcomes compared to control group 

Maternal Pregnancy 
Fetal/neonate/ 
newborn 

Guinea pig, 
N/S (70 d) [88] 

Mild FR (85% ad libitum 
food intake/kg BW 4 
weeks prior to and 
throughout pregnancy) or 
moderate FR (70% ad 
libitum food intake per 
kg/BW) 4 weeks prior to 
mating until GD35, then 
90% ad libitum food intake 
until term 

Ad libitum fed 4 
weeks prior to mating 
and throughout 
pregnancy 

15 & 30% FR: 
GWG ▼20% at 
GD63 

Moderate FR: 2 
cases of 
spontaneous 
abortion at   GD50-
55 

15% FR: BW ▼10% 
(both sexes), AC ▼10% 
(males only),  

30% FR: BW & BL 
▼10% (males only) at 
birth 

Rat, Wistar (22 
d) [89] 

FR (75% of control ad 
libitum food intake) 
throughout pregnancy 

Ad libitum fed 
throughout pregnancy 

GWG ▼60% at 
term 

Not assessed BW ◄► at PND1 
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BL = body length, BW = body weight, FR = food restriction, GD = gestational day, GLUT3 = glucose transporter 3, GWG = gestational weight 
gain, IUGR = intrauterine growth restriction, N/S = not stated, PND = postnatal day, SNAT1&2 = sodium-dependent neutral amino acid transporter 
1 and 2

Mouse, 
C57BL/6  
(19 d) [90] 

FR (50% of control ad 
libitum food intake) from 
GD10-18.5 

Ad libitum fed 
throughout pregnancy 

placental weight 
▼60%, placental 
GLUT3 protein 
expression ▼50%, 
placental 
SNAT1&2 
expression ▲2.5-3 
fold, intra and 
trans-placental 
glucose transfer 
▼50-70%, intra- 
and trans-placental 
leucine transfer 
▼40-60% at 
GD18.5  

Not assessed  BW ▼50% at GD18.5 

Mouse, ICR  
(19-21 d) [91] 

FR (50%) GD12.5-18.5 Ad libitum fed 
throughout pregnancy 

Not assessed  Not assessed BW ▼40% at GD16.5 
and birth 
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1.2.3. Over-nutrition, obesity and pregnancy outcomes 

In humans, high GWG (i.e. GWG exceeding IOM guidelines [4]) is associated with adverse 

maternal and fetal outcomes such as an increased risk of pregnancy-induced 

hypertension, preeclampsia, caesarean delivery, postpartum haemorrhage after 

caesarean delivery, preterm delivery, macrosomia (birthweight > 4000 g) and large for 

gestational age infants, irrespective of pre-pregnancy BMI (Table 1.4). However, despite 

similar GWG, an increased risk of adverse outcomes was apparent in some studies but 

not all (Table 1.4). Nonetheless, it should be noted that the overall greater risk of 

caesarean delivery, large for gestational age (LGA) infants and macrosomia associated 

with high GWG was not confined to a single population, ethnic group or geographic region 

[2]. 
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Table 1.4 High GWG and pregnancy outcomes: Evidence from human observational studies  

Context Exposure group 
Comparison 
group 

Outcomes relative to comparison group 

Maternal Pregnancy 
Fetal/neonate/ 
newborn 

Retrospective 
cohort study – 
Taiwan [64] 

GWG > IOM 
guidelines 

GWG within IOM 
guidelines 

UW: PE risk ▲4.6-
fold, GDM risk ◄► 

UW: C-sect risk ▲2.3-
fold, PTD risk ▲1.2-fold 

UW: LGA risk ▲2.6-fold, 
macrosomia risk ▲5.7-fold 

NW: PE risk ▲3.7-
fold, GDM risk ◄► 

NW: C-sect risk ▲1.4-
fold, PTD risk ◄► 

NW: LGA risk ▲1.8-fold, 
macrosomia risk ▲2.2-fold 

OW/OB: PE risk 
▲1.2-fold, GDM risk 
◄►  

OW/OB: C-sect risk 
▲1.3-fold, PTD risk 
◄► 

OW/OB: LGA risk ▲1.3-
fold, macrosomia risk 
▲2.5-fold 

Retrospective 
cohort study – 
Japan [63]  

GWG > IOM 
guidelines 

GWG within IOM 
guidelines 

UW: PIH risk ▲2.4-
fold, GDM & PTD 
risks ◄► 

UW: C-sect risk ▲1.2-
fold, PPH with C-sect 
risk ▲1.4-fold, PTD risk 
◄► 

UW: LGA risk ▲1.4-fold, 
macrosomia risk ▲5.3-fold 

NW: PIH risk ▲1.9-
fold, GDM risk ▲1.5-
fold, PTD risk ◄► 

NW: C-sect risk ▲1.4-
fold, PPH with C-sect 
risk ▲1.4-fold, PTD risk 
◄► 

NW: LGA risk ▲1.7-fold, 
macrosomia risk ▲2.7-fold 

OW: PIH risk ▲1.5-
fold, GDM and PTD 
risk ◄► 

OW: C-sect risk ▲1.2-
fold, PPH with C-sect 
risk ▲1.1-fold, PTD risk 
◄► 

OW: LGA risk ▲1.7-fold, 
macrosomia risk ▲3.1-fold 

OB: GDM and PIH 
risk ◄► 

OB: PPH with C-sect 
risk ▲1.5-fold, C-sect 
and PTD risk ◄► 

OB: LGA risk ▲1.5-fold, 
macrosomia risk ▲1.6-fold 
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Retrospective 
cohort study – 
China [83]  

GWG > IOM 
guidelines 
 
 

GWG within IOM 
guidelines 

UW: GDM & PIH risks 
◄► 

UW: C-sect risk ▲1.2-
fold, PTD risk ◄► 

UW: LGA & macrosomia 
risks ◄► 

NW: GDM risk ◄►, 
PIH risk ▲1.4-fold 

NW: C-sect risk ▲1.3-
fold, PTD risk ◄► 

NW: LGA & macrosomia 
risks ▲1.9-fold  

OW: GDM risk ▲1.6-
fold, PIH risk ▲2.4-
fold  

OW: C-sect risk ▲1.9-
fold, PTD risk ◄►  

OW: LGA risk ▲2.6-fold, 
macrosomia risk ▲2.7-fold  

OB: GDM risk ▲2.2-
fold, PIH risk ▲6-fold 

OB: C-sect risk ▲2.9-
fold, PTD risk ▲1.5-fold 

OB: LGA risk ▲4-fold, 
macrosomia risk ▲4.1-fold 

Retrospective 
cohort – USA [65] 

GWG > IOM 
guidelines 

GWG within IOM 
guidelines 

UW: PIH risk ▲2-fold, 
PE risk ▲3.6-fold 

UW: C-sect risk ▲1.3-
fold, PTD risk ◄► 

UW: LGA risk ▲2.5-fold 

NW: PIH risk ▲1.5-
fold, PE risk ▲2.5-fold 

NW: C-sect risk ▲1.6-
fold, PTD risk ◄► 

NW: LGA risk ▲1.7-fold  

OW: PIH risk ▲1.4-
fold, PE risk ▲4.2-fold 

OW: C-sect risk ▲1.8-
fold, PTD risk ▲1.2-fold 

OW: LGA risk ▲2.5-fold 

OB: PIH risk ▲1.2-
fold, PE risk ▲1.9-fold 

OB: C-sect risk ▲1.1-
fold, PTD risk ▲1.3-fold 

OB: LGA risk ▲1.9-fold 

Retrospective 
cohort – Poland 
[101] 

GWG > IOM 
guidelines 

GWG within IOM 
guidelines 

GDM risk ▲1.7-fold, 
PIH risk ▲5.9-fold 

C-sect risk ▲2.7-fold Macrosomia risk ▲6.9-fold 
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Retrospective 
cohort study – 
European, North 
American & 
Australian cohorts 
[84] 

GWG > IOM 
guidelines 

GWG within IOM 
guidelines 

UW: PIH, PE & GDM 
risks ◄►  

UW: PTD risk ◄► UW: LGA risk ◄► 

NW: PIH risk ▲1.4-
fold, PE risk ▲1.2-
fold, GDM risk ▲1.3-
fold 

NW: PTD risk ▲1.3-
fold 

NW: LGA risk ▲2.3-fold 

OW: PIH risk ▲2.7-
fold, PE risk ▲2.5-
fold, GDM risk ▲3.5-
fold 

OW: PTD risk ▲1.5-
fold 

OW: LGA risk ▲3.5-fold 

OB: PIH risk ▲4.5-
fold, PE risk ▲4.6-
fold, GDM risk ▲7.8-
fold 

OB: PTD risk ▲2.1-fold OB: LGA risk ▲4.8-fold 

Retrospective 
cohort study – 
Brazil [85] 

GWG > IOM 
guidelines 

GWG within IOM 
guidelines 

UW: HDP and GDM 
risks ◄► 

UW: C-sect risk ◄► Not assessed 

NW: HDP risk ▲3.6-
fold, GDM risk ◄► 

NW: C-sect risk ▲1.8-
fold 

OW: HDP risk ▲2.4-
fold, GDM risk ◄► 

OW: C-sect risk ▲1.8-
fold 

*OB: HDP risk ▲2.5-
fold, GDM risk ◄► 

*OB: C-sect risk ▲1.9-
fold 

BMI = body mass index, CS = caesarean section, GDM = gestational diabetes mellitus, GWG = gestational weight gain, IOM = Institute of 
Medicine 2009 guidelines [20],  HDP = hypertensive disorders of pregnancy, LGA = large for gestational age, macrosomia = birthweight >4000 
g, NW = normal weight (BMI 18.5-24.9 kg/m2), OB = obese (BMI ≥30 kg/m2), OW = overweight (BMI 25-29.9 kg/m2), PE = preeclampsia, PIH = 
pregnancy-induced hypertension, PPH = postpartum haemorrhage, PTD = preterm delivery, UW = underweight (BMI ≤18.5 kg/m2) 
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In 2016, 1.9 billion adults globally were overweight, while 650 million adults were obese 

(World Health Organization, [102]). In recent decades, the prevalence of maternal obesity 

has increased in developed countries including the USA, Australia and the UK [103, 104]. 

The prevalence of maternal obesity amongst adults aged 20 years or older increased from 

26% in 2016 to 29% in 2019 in the USA [105]. In 2006, more than a third of Australian 

women aged 25-35 were overweight or obese [104]. In 2021, 28% and 24% of Australian 

mothers who gave birth were overweight and obese, respectively [106]. In England, the 

prevalence of maternal obesity was 19% in the early 2000s [104]. A key driver behind the 

increase in obesity prevalence is the habitual over-consumption of diets containing highly 

processed foods, which typically contain high concentrations of sodium, fats and 

carbohydrates, termed the ‘Western’ or ‘Cafeteria’-style diet (WSD, [71]). The WSD also 

lacks certain amino acids, minerals and vitamins which are derived predominantly from 

plant products such as fruits, nuts, leafy green vegetables, and dairy products. To study 

the risk of adverse outcomes associated with over-nutrition and obesity before and during 

pregnancy, animal models have utilised experimental diets enriched with fat, 

carbohydrate, or both, which mimic a WSD.  

Pre-pregnancy high BMI is an important indicator of nutritional status to consider when 

studying adverse pregnancy outcomes such as a higher risk of gestational diabetes, 

preeclampsia, hypertension, preterm and caesarean delivery, macrosomia, and large for 

gestational age progeny compared to outcomes in women with a normal pre-pregnancy 

BMI (Table 1.5). 
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Table 1.5 Pre-pregnancy high BMI and pregnancy outcomes: Evidence from human observational studies  

Context Exposure group Comparison group 

Outcomes relative to comparison group 

Maternal Pregnancy 
Fetal/neonate/ 
newborn 

Retrospective cohort 
study – Taiwan [64] 

Pre-pregnancy 
BMI 25-29.9 
kg/m2 Pre-pregnancy BMI 

18.5-24.9 kg/m2 

PE risk ▲3.7-fold, 
GDM risk ▲2.2 fold 

PTD risk ▲1.1-fold LGA risk ▲1.9-fold, 
macrosomia risk ▲1.8-
fold 

Pre-pregnancy 
BMI >30 kg/m2 

PE risk ▲7.9-fold, 
GDM risk ▲3.8 fold 

PTD risk ▲1.9-fold LGA risk ▲2.3-fold, 
macrosomia risk ▲2.5-
fold 

Retrospective cohort 
study – Japan [63] 

Pre-pregnancy 
BMI 25-29.9 
kg/m2 

Pre-pregnancy BMI 
18.5-24.9 kg/m2 

PIH risk ▲2.4-fold, 
GDM risk ▲2.9-fold 

 

PTD risk ▲1.1-fold, 
CS risk ▲1.5-fold, 
PPH with CS risk 
▲1.5-fold 

LGA risk ▲2-fold, 
macrosomia risk ▲2.6-
fold 

Pre-pregnancy 
BMI >30 kg/m2 

PIH risk ▲3.7-fold, 
GDM risk ▲6.6-fold 

PTD risk ▲1.2-fold, 
CS risk ▲2-fold, 
PPH with CS risk 
▲1.9-fold 

LGA risk ▲2.7-fold, 
macrosomia risk ▲4.6-
fold 

Retrospective cohort 
study – China [83] 

Pre-pregnancy 
BMI 24-27.9 
kg/m2 

 Pre-pregnancy BMI 
18.5-23.9 kg/m2 

3rd trimester systolic 
BP: 112 vs 108, 
diastolic BP: 72 vs 
69 

Incidence of CS: 
75.3% vs 63.1%, 
PTD: 3.4% vs 2.9% 

Incidence of LGA: 
14.9% vs 9.1%, 
macrosomia: 14.1% vs 
8.6% 

Pre-pregnancy 
BMI >28 kg/m2 

3rd trimester systolic 
BP: 116 vs 108, 
diastolic BP: 75 vs 
69 

Incidence of CS: 
83.6% vs 63.1%, 
PTD: 4.9% vs 2.9% 

Incidence of LGA: 
22.6% vs 5.1%, 
macrosomia: 20.0% vs 
8.6% 
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Retrospective cohort 
study – European, 
North American & 
Australian cohorts [84] 

Pre-pregnancy 
BMI 25-29.9 
kg/m2 

Pre-pregnancy BMI 
18.5-24.9 kg/m2 

PIH risk ▲2-fold, PE 
risk ▲2-fold, GDM 
risk ▲2.2-fold  

PTD risk ▲1.1-fold LGA risk ▲1.6-fold 

Pre-pregnancy 
BMI >30 kg/m2 

PIH risk ▲3.3- to 
5.4-fold, PE risk 
▲3.2- to 6.5-fold, 
GDM risk ▲4- to 
7.6-fold 

PTD risk ▲1.3- to 
1.5-fold 

LGA risk ▲2.2- to 3.1-
fold 

Retrospective cohort 
study – Australia [86] 

Pre-pregnancy 
BMI 25-29 
kg/m2 Pre-pregnancy BMI 19-

24 kg/m2 

PIH risk ▲2-fold, 
GDM risk ▲2-2-fold 

CS risk ▲1.3-fold LGA risk ▲1.6-fold, 
macrosomia risk ▲1.5-
fold 

Pre-pregnancy 
BMI >30 kg/m2 

PIH risk ▲3.4- to 
8.9-fold, GDM risk 
▲3.5- to 7.8-fold 

CS risk ▲1.8- to 2.7-
fold 

LGA risk ▲2- to 2.7-
fold, macrosomia risk 
▲1.5- to 1.9-fold 

BMI = body mass index, CS = caesarean section, GWG = gestational weight gain, LGA = large for gestational age, macrosomia = birthweight 
>4000 g, NW = normal weight (BMI 18.5-24.9 kg/m2), OB = obese (BMI ≥30 kg/m2), OW = overweight (BMI 25-29.9 kg/m2), PE = preeclampsia, 
PIH = pregnancy-induced hypertension, GDM = gestational diabetes mellitus, PTD = preterm delivery, PPH = postpartum haemorrhage, UW = 
underweight  
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Animal models of over-nutrition during pregnancy and high GWG report similar adverse 

maternal, fetal and progeny outcomes across different species. For example, progeny of 

obese sheep fed 150% of their nutritional requirement (1.5x ration of recommended energy 

requirement based on bodyweight) prior to and throughout pregnancy are heavier, while 

plasma glucose, insulin,  cholesterol and triglycerides are elevated at mid- and late-

gestation compared to progeny from sheep fed a normal diet (Table 1.6, [92-95, 107]). 

Weight and crown-rump length were similar at birth, but plasma glucose and cortisol 

remained elevated. Furthermore, ewes born to over-fed obese sheep displayed increased 

appetite, growth rate, insulin resistance and plasma leptin in adulthood. Maternal obesity 

and/or over-nutrition during pregnancy is also associated with an increased risk of 

maternal dyslipidaemia, insulin resistance and hypertension in rodents and rabbits [96, 

97]; while their offspring were at greater risk of cardiovascular and chronic kidney disease 

[97-99]. More detailed overview summaries of evidence from animal models detailing the 

consequences of chronic maternal over-nutrition on maternal, progeny and pregnancy 

outcomes and proposed mechanisms involved are available elsewhere [3, 100].



54 
 

Table 1.6 Global over-nutrition and pregnancy outcomes: Evidence from intervention studies in sheep  

Species, 
strain (term) 

Intervention/ 
exposure group(s) 

Control group 

Outcomes compared to control group 

Maternal Pregnancy 
Fetal/neonate/ 
newborn 

Sheep (150 d) 
[93] 

Over-nutrition (150% of 
control diet) 60 days prior 
to, and throughout 
pregnancy  

Control diet 
throughout pregnancy 

Insulin AUC ▲3.5-
fold following 
OGTT at GD75 

Not assessed BW ▲1.3-fold, adiposity 
▲1.6-fold, heart weight 
▲1.3-fold, brain weight 
▲1.4-fold, kidney & liver 
weight ▲1.5- fold, 
pancreas weight ▲3.4-
fold at GD75 

Sheep (150 d) 
[94] 

Over-nutrition (150% of 
control diet) 60 days prior 
to, and throughout 
pregnancy  

Control diet  
throughout pregnancy 

BW ▲1.4-fold at 
GD75, ▲1.6-fold at 
GD135, plasma 
cholesterol ▲1.2-
fold, leptin ▲2.9-
fold at GD75, 
plasma cholesterol 
▲1.3-fold, leptin 
1.4-fold at GD135 

Placental FATP1, 
FATP4 & CD36 
gene expression 
▲1.2-2 fold at 
GD75, ▲1.7-2.3 fold 
at GD135. Placental 
FATP1 & FATP4 
protein content 
▲1.3-1.5 fold at 
GD75, FATP4 
protein content 
▲1.3-fold at GD135 

Plasma cholesterol & 
triglyceride▲1.2-fold at 
GD75, plasma 
cholesterol ▲1.4-fold at 
GD135 

Sheep (150 d) 
[107] 

Over-nutrition (150% of 
control diet) 60 days prior 
to, and throughout 
pregnancy  

Control diet  
throughout pregnancy 

Following IVGTT, 
plasma glucose 
AUC ▲1.3-fold, 
plasma insulin 
AUC▲2.5-fold at 
GD75, plasma 
glucose AUC 
▲1.3-fold, plasma 

Not assessed Not assessed 
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AUC = area under curve, BW = body weight, CD36 = cluster of differentiation 36, FABP1 = fatty acid binding protein 1, FABP4 = fatty acid 
binding protein 4, FABP5 = fatty acid binding protein 5, FATP1 = fatty acid transporter 1, FATP4 = fatty acid transporter 4, GD = gestational 
day, GLUT4 = glucose transporter 4, IVGTT = intravenous glucose tolerance test, OGTT = oral glucose tolerance test,  

 

insulin AUC ▲2.4-
fold at GD135 

Sheep (150 d) 
[108] 

Over-nutrition (150% of 
control diet) 60 days prior 
to, and throughout 
pregnancy  

Control diet  
throughout pregnancy 

BW ▲1.3-fold at 
GD135 

 BW ◄► at GD135, 
sub-cutaneous adipose 
tissue CD36, FATP1, 
FATP4, GLUT4, 
FABP1, FABP4 & 
FABP5 gene expression 
▲3-16 fold at GD135 
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The sections below (1.2.4-1.2.7) describe consequences of macronutrient malnutrition. 

Due to ethical constraints associated with performing dietary-intervention studies in 

humans, animal models utilising experimental diets are instead used to interrogate the 

consequences of maternal macronutrient malnutrition. Whilst experimental diets aim to 

mimic the Western/cafeteria-style diet consumed particularly in developed countries, these 

diets have limitations due to their macronutrient composition. Therefore, adverse maternal, 

pregnancy and fetal outcomes may arise due to relative protein restriction if high fat and/or 

high sugar diet(s) are isocaloric, or caloric overconsumption if the high fat and/or high 

sugar diet(s) are non-isocaloric, relative to the control diet. These factors are important 

and need to be considered when interpreting preclinical findings. 

1.2.4. Excess carbohydrate intake  

Evidence is accumulating that excess intake of individual macronutrients, such as 

carbohydrate, exerts detrimental consequences on maternal, placental, fetal and progeny 

health. Current knowledge regarding excess maternal carbohydrate intake is primarily 

derived from diet intervention studies in animals. In these studies, animals are fed a high 

sugar (HS) diet enriched in carbohydrates in the form of sucrose, glucose, and fructose at 

over 60% of caloric content, before and/or throughout pregnancy. This HS diet contrasts 

with the typical composition of carbohydrates in control diets which are derived 

predominantly from di- and polysaccharides. As a result, this diet partly models WSDs 

consumed in developed countries [109].  

Adverse outcomes associated with maternal consumption of a HS diet in rats prior to 

and/or throughout pregnancy include high GWG and maternal metabolic dysfunction 

characterised by impaired glucose tolerance and insulin sensitivity, increased adiposity, 

increased plasma lipids such as non-esterified fatty acids, and lower fetal body and organ 

weights at birth (Table 1.6, [110-113]). However, while reports of adverse outcomes are 

equivocal, there are inconsistencies between studies regarding the specific adverse 

outcomes identified. 
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Table 1.7 Maternal high sugar/carbohydrate (HS) diet consumption and pregnancy outcomes: Evidence from rodent models 

Species, strain 
(term) 

Intervention/ 
exposure group(s) 

Control group 

Outcomes compared to control group(s) 

Maternal Pregnancy 
Fetal/neonate/ 
newborn 

Rat, Wistar  
(22 d) [110] 

HS diet (10% w/v 
sugar-sweetened 
beverage sweetened 
with high fructose 
corn syrup-55 or 
sucrose, 1.8 kJꞏmL-

1) 4 weeks prior to, 
and throughout 
pregnancy  

Control diet (14 
kJꞏg-1) before and 
throughout 
pregnancy  

Blood glucose ▲1.3-fold 
(10 min peak glucose 
concentration) after 
intraperitoneal glucose 
tolerance test in sucrose-
fed dams (pre-pregnancy 
time-point), adiposity 
▲1.6-fold in sucrose 
dams, plasma insulin 
▲1.8-fold, non-esterified 
fatty acids ▼0.6-fold in 
high fructose corn syrup-
55 fed dams 

Not assessed BW ◄►, liver weight 
(% BW) ▼0.9-fold 
(pups from high 
fructose corn syrup-
55-fed dams), 
adrenal gland weight 
(% BW) ▼0.8-fold 
(pups from sucrose-
fed dams) 

Rat, Wistar  
(22 d) [111] 

HS diet – high 
glucose (53.76% of 
carbohydrates, 14.4 
kJꞏg-1) or high 
fructose (54.35% of 
carbohydrates, 14.4 
kJꞏg-1) throughout 
pregnancy 

Control diet 
(starch 35.4%, 
sucrose 4.64% of 
carbohydrates, 
14.2 kJꞏg-1) 
throughout 
pregnancy 

GWG ▼9% at GD15 – 
FRU dams 

Not assessed BW ▼7-11% 
(glucose and fructose 
groups respectively) 
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Rat, Wistar  
(22 d) [112] 

HS diet (64% 
carbohydrates 
mainly from 
sucrose/fructose/ 
glucose 2:1:1, 24% 
protein, 12% fat, 
15.8 kJ g-1), fed for 
6 weeks prior to, and 
throughout 
pregnancy 

Control diet (64% 
carbohydrates 
(mainly from 
polysaccharides), 
12% fat, 24% 
protein) 6 weeks 
prior to, and 
throughout 
pregnancy 

GWG ◄► Not assessed BW ▼ at PND3 

Mouse, C57BL/6  
(19 d) [113] 

HS diet (70% 
carbohydrate, 20% 
protein, 10% fat, 
16.1 kJ g-1) 
throughout 
pregnancy 

HF diet (20% 
carbohydrate and 
protein, 60% fat, 
21.9 kJ g-1) 
throughout 
pregnancy  
 

GWG ▲1.2-fold in dams 
of the HF group (1st 
pregnancy) 

Not assessed 
 
 
 

Adiposity ▲1.2-fold, 
liver weight (% BW) 
▼10-30% in pups 
from HF compared to 
HS dams (1st 
pregnancy), liver 
TRIG content ▼40-
50% at birth in pups 
from HF to HS dams 
across 3 consecutive 
pregnancies 

BW = bodyweight, GWG = gestational weight gain, HF = high fat, HS = high sugar, GLU = glucose, PND = postnatal day, TRIG = triglyceride 
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1.2.5. Excess lipid intake 

Maternal excess lipid consumption also exerts detrimental consequences on maternal, 

placental, fetal and progeny health. Intake of a high-fat diet (HF, 40-60% kcal fat) before 

and/or throughout pregnancy is used to model excess fat intake during pregnancy in 

animals. These diets also model the excess fat composition of Western/cafeteria-style 

diets as consumed in developed countries [109]. 

Adverse outcomes associated with maternal consumption of a HF diet in non-human 

primate (NHP) and rodents before and/or throughout pregnancy include high GWG, 

maternal metabolic dysfunction characterised by impaired glucose tolerance and insulin 

sensitivity, increased maternal adiposity and circulating lipids, increased placental lipid 

content, placental dysfunction characterised by reduced placental weight and nutrient 

transporter transcript expression, reduced placental and uterine artery blood flows and 

fetal organ weights [113-118]. HF diet effects on birthweight, however, are inconsistent 

across available studies, with reports of no change, increased or decreased birthweight 

(Table 1.7). 
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Table 1.8 Maternal excess lipid consumption and pregnancy outcomes: Evidence from non-human primate and rodent models 

Species, strain 
(term) 

Intervention/ 
exposure group(s) 

Control group 

Outcomes compared to control group(s) 

Maternal Pregnancy 
Fetal/neonate/ 
newborn 

Japanese 
Macaque  
(175 d) [114] 

HF diet (32% fat, 
isocaloric) for at 
least 4 years prior to 
and throughout 
pregnancy  

Control diet (14% 
fat, isocaloric) for 
at least 4 years 
prior and 
throughout 
pregnancy 

GWG ▲1.5-fold, plasma 
insulin ▲10.5-fold, plasma 
leptin ▲5.8-fold, total 
plasma triglycerides ▲1.4-
fold at GD130 

placental volume blood 
flow ▼40%, uterine 
artery volume blood 
flow ▼60%, placental 
true triglyceride content 
▲1.2-fold at GD130 

BW ◄► at GD130  

Japanese 
Macaque  
(175 d) [115] 

HF diet (14.9% fat, 
55.5% carbohydrate, 
17.1% protein, 12 
kJꞏg-1, isocaloric) 2-4 
years prior to, and 
throughout 
pregnancy 

Control diet (5.5% 
fat, 70.8% 
carbohydrate, 
20.6% protein, 
15.9 kJꞏg-1, 
isocaloric) 
throughout 
pregnancy 

GWG ◄►, insulin AUC 
▲3-fold following 
intraperitoneal insulin 
tolerance test, plasma 
leptin ▲2.2-fold, plasma 
glycerol ▲1.7-fold on 
GD130 

Not assessed BW ▼10%, plasma 
total triglyceride 
▲1.8-fold, plasma 
glycerol ▲2-fold, liver 
triglycerides ▲3-fold 
at GD130.  

Rhesus 
Macaque, N/S  
(168 d) [116] 

HF diet (36% fat) for 
at least 3.5 years 
prior to and 
throughout 
pregnancy 

Control diet (15% 
fat) for at least 4 
years prior and 
throughout 
pregnancy 

GWG ◄►, adiposity ▲2-
fold at term 

Placental weight ◄►, 
placental GLUT1 
expression ▼40%, 
GLUT9 expression 
▲1.8-fold 

BW ◄► 
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Rat, N/S  
(22 d) [117] 

HF diet (cafeteria-
style, includes food-
items such as chips, 
cookies, biscuits and 
chocolate) 4 weeks 
prior to and 
throughout 
pregnancy 

Control diet 
(17.9% protein, 
7% fat, 57.8% 
carbohydrate, 
16.1 kJꞏg-1) 4 
weeks prior to 
and throughout 
pregnancy 

GWG ◄►, adiposity ◄► 
both before pregnancy 
and after lactation 

Not assessed BW ◄► at PND3 

Rat, N/S  
(22 d) [118] 

HF diet (cafeteria-
style, includes food-
items such as jelly 
bean, cookies, 
biscuits and 
chocolate) 
throughout 
pregnancy 

Control diet (55% 
carbohydrate, 
22% protein, 4% 
fat) throughout 
pregnancy 

Adiposity ▲1.8-fold, 
plasma insulin ▲1.9-fold, 
leptin ▲1.6-fold, 
triglycerides ▲1.4-fold  

Not assessed Litter weight ▲1.1-
fold  

 

 

 

Mouse, C57BL/6  
(19 d) [113] 

HS diet (70% 
carbohydrate, 20% 
protein, 10% fat, 
16.1 kJꞏg-1) or HF 
diet (20% 
carbohydrate and 
protein, 60% fat) 
throughout 
pregnancy 

None GWG ▲1.2-fold in dams 
of the HF group (1st 
pregnancy) 
 

Not assessed Adiposity ▲1.2-fold, 
liver weight (% BW) 
▼10-30% in pups 
from HF compared to 
HS dams (1st 
pregnancy), liver 
TRIG content ▼40-
50% at birth in pups 
from HF to HS dams 
across 3 consecutive 
pregnancies 

AUC = area under curve, BW = bodyweight, GD = gestational day, GWG = gestational weight gain, GLUT1 = glucose transporter 1, GLUT9 = 
glucose transporter 9, HF = high fat, HS = high sugar, N/S = not stated, PND = postnatal day, TRIG = triglyceride
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1.2.6. Protein supplementation and excess protein intake in adequately and 

malnourished subjects 

Adequate protein intake during human pregnancy equates to 10-25% of total daily caloric 

intake and is derived from both animal and plant sources [119]. An important difference 

between animal and plant-derived protein is the availability of essential amino acids such 

as lysine and threonine; animal sources of protein contain all 9 essential amino acids 

whereas plant sources can be deficient in one or more such amino acid [119].  

Although no human studies of protein-overconsumption during pregnancy have been 

reported, presumably due to ethical constraints, several observational studies have 

reported the effect of protein-supplementation during pregnancy in adequately nourished 

and malnourished women (Table 1.8). When malnourished women received a protein 

supplement daily from 28-38 weeks gestation, total GWG increased, but there was no 

difference in placental weight or birthweight compared to women who did not receive the 

protein supplement [120]. Furthermore, adequately nourished women who received the 

same supplement daily from 18-38 weeks gestation did not experience an increase in 

GWG, although birthweight increased (Table 1.8, [120]). Interestingly, infant birthweights 

of adequately nourished women who received a daily high protein bulk supplement, 

placebo or zinc gluconate were 10% lower compared to women who received a low bulk 

protein supplement (Table 1.8, [121]). 
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Table 1.9 Dietary protein supplementation and pregnancy outcomes: Evidence from human intervention studies 

Context 
Intervention/ 
exposure group(s) 

Comparison group 

Outcomes compared to comparison group 

Maternal Pregnancy 
Fetal/neonate/ 
newborn 

Protein 
supplementation 
during pregnancy 
[120] 

Malnourished 
mothers - daily 
PrEnVi supplement 
from 18-38 weeks 
gestation 

Malnourished 
mothers – daily Vi 
or EnVi 
supplement from 
18-38 weeks 
gestation 

18-28 weeks: weekly 
GWG ▲1.3-fold 
compared to Vi 
supplement, ◄► 
compared to EnVi 
supplement. 

28-38 weeks: weekly 
GWG ◄► between 
supplement regimes  

Placental weight ◄► BW ◄►  
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Protein 
supplementation 
during pregnancy 
[122]  

Malnourished and 
adequately 
nourished mothers 
– daily PrEnVi 
supplement from 
28-38 weeks 
gestation 

Malnourished and 
adequately 
nourished mothers 
– daily Vi or EnVi 
supplement from 
28-38 weeks 
gestation 

Malnourished 
mothers: 3rd trimester 
weekly GWG ▲1.6-fold 
when receiving PrEnVi 
supplement vs Vi or 
EnVi supplement 

Adequately nourished 
mothers: 3rd trimester 
weekly GWG ◄► 
between supplement 
groups 

 

Length of gestation and 
placental weight ◄► in 
both malnourished and 
adequately nourished 
mothers between 
supplementation regimes 

Malnourished 
mothers: BW ▲1.1-
fold when receiving 
PrEnVi supplement vs 
Vi or EnVi supplement. 
BL ◄► between 
supplement groups. 

Adequately 
nourished mothers: 
BW ▼1.1-fold when 
receiving PrEnVi 
supplement compared 
to Vi or EnVi 
supplement. BL ▼3% 
when receiving PrEnVi 
supplement compared 
to Vi or EnVi 
supplement. 

Protein 
supplementation 
during pregnancy 
[121] 

Adequately 
nourished mothers 
– High (53 g 
protein) or low (49 
g protein) bulk 
supplement daily 
from 20 weeks 
gestation until term  

Adequately 
nourished mothers 
– placebo or 30-90 
mg zinc gluconate 
daily from 20 
weeks gestation 
until term 

GWG ◄► between all 
4 groups 

Not assessed BW ▼1.1-fold when 
mothers received 
placebo, zinc 
gluconate or high bulk 
supplement compared 
to low bulk supplement 

BL = birth length, BW = bodyweight, EnVi = vitamin supplement containing 3 mg iron and 30 mg Vitamin C in flavoured carbonated liquid glucose 
drink (369 ml) providing 273 kcal/day, PrEnVi = protein, energy and vitamin supplement containing 3 mg iron and 30 mg Vitamin C in flavoured 
carbonated liquid glucose drink (1/3rd bottle) + chocolate flavoured skimmed-milk powder (26 g daily) providing 11% protein, Vi = vitamin 
supplement containing 3 mg iron and 30 mg Vitamin C in flavoured carbonated water (369 ml)
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When Sprague-Dawley rats were fed a protein-restricted diet from mating until GD17, then 

switched to a protein-supplemented diet from GD17 until term, or fed a protein-

supplemented diet throughout pregnancy, both of these interventions resulted in elevated 

maternal adiposity, placental, fetal body and brain weights at term compared to control 

progeny (Table 1.9, [123]). Interestingly, when C57BL/6 mice were fed a protein 

supplement throughout pregnancy, placental expression of amino acid, fatty acid and 

carbohydrate transporter transcripts was higher, but placental and fetal body weight did 

not change (Table 1.9, [124]). Furthermore, when intrauterine calorie-restricted (ICR) mice 

were fed a protein-restricted diet supplemented with specific amino acids for two weeks 

before and throughout pregnancy, offspring bodyweight was similar at PND3 compared to 

offspring from dams fed a low-protein diet (Table 1.9, [125]). This suggests amino acid 

supplementation may improve fetal outcomes, in addition to potentially reversing adverse 

placental impacts in the setting of maternal low-protein consumption.
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Table 1.10 Dietary protein supplementation and pregnancy outcomes: Evidence from studies in non-human primate and rodent models.  

Species,  
strain (term) 

Intervention/ 
exposure group(s) 

Control group 

Outcomes compared to control group 

Maternal Pregnancy 
Fetal/neonate/ 
newborn 

Protein supplementation of control diet 

Mouse, 
C57BL/6 (19 
d) [124] 

20% casein + 0.5% 
proline 

20% casein Not assessed Placental amino acid 
(SNAT2, B(0)+, PAT4), 
fatty acid (FATP4) and 
glucose (GLUT1&3) 
transporter gene 
expression ▲1.2- to1.7-
fold at GD12.5. Placental 
weight ◄► at term 

Litter size & BW ◄► 
at birth 

Protein supplementation of a low protein diet 

Mouse, ICR 
(19-21 d) 
[125] 

10% protein + 2% 
branched-chain amino 
acids  

And 

10% protein+ 2% 
alanine, fed 2 weeks 
prior to and throughout 
pregnancy 

10% protein (-ve 
control) and 20% 
protein (+ve 
control), diets fed 2 
weeks prior to and 
throughout 
pregnancy 

Compared to low 
protein (10%) diet: 
branched-chain amino 
acids group adiposity 
▲2.7-fold at term 

Compared to control 
(20%) diet: adiposity 
▲2.4 to 3.2-fold, serum 
glucose ▼55% at term 

Not assessed Compared to low 
protein (10%) diet: BW 
◄► at PND3 

Compared to control 
(20%) diet: BW ▼50% 
at PND3 
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Rat, 
Sprague-
Dawley (22 
d) [123] 

5% casein from mating 
until GD17, then 25% 
casein + 2.5% DL-
methionine from GD17-
20 (supplemented) or 
25% casein + 2.5% DL-
methionine throughout 
pregnancy  

5% casein 
throughout 
pregnancy 

Compared to 
supplemented diet: 
adiposity ▲1.5-fold at 
GD22 

Compared to 25% 
casein + 2.5% DL-
methionine: adiposity 
▲2.1-fold at GD22 

Compared to 
supplemented diet: 
placental weight ▲1.2-
fold at GD22 

Compared to 25% casein 
+ 2.5% DL-methionine: 
placental weight ▲1.3-
fold at GD22 

Compared to 
supplemented diet: 
BW ▲1,3-fold, brain 
weight ▲1.1-fold at 
GD22 

Compared to 25% 
casein + 2.5% DL-
methionine: BW ▲1.4-
fold, brain weight 
▲1.3-fold at GD22 

B(0)+ = sodium/chloride-dependent neutral and basic amino acid transporter, BW = bodyweight, FATP4 = long-chain fatty acid transporter 4, GD 
= gestational day, GLUT1 = glucose transporter 1, GLUT3 = glucose transporter 3, PAT4 = proton-coupled amino acid transporter 4, PND = 
postnatal day, SNAT2 = sodium-dependent neutral amino acid transporter
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1.2.7. Low protein intake and protein restriction 

A moderate to severe deficiency in dietary protein intake (≤ 50% of recommended daily 

intake of >55 g/day) due to low diet quality throughout pregnancy in humans increased the 

incidence of preeclampsia, preterm delivery, stillbirth, miscarriage and neonatal mortality, 

as well as inducing sex-specific decreases in birth weight and length (Table 1.10, [126-

128]). Reports of adverse outcomes such as risk of preeclampsia are consistent amongst 

available studies, although the number of available studies is insufficient to draw definitive 

conclusions [126-128]. Interestingly, a single study of maternal protein deficiency reported 

a gender-specific effect on birthweight, wherein birthweight reduction was 3-fold greater in 

female compared to male offspring [126]. Furthermore, another study of moderate 

maternal protein deficiency arising from poor diet quality throughout pregnancy reported 

compromised postnatal immunity in the first 6 months after birth, characterised by a higher 

incidence of common colds, tetanus, rickets and neonatal mortality, compared to offspring 

from mothers who consumed at least the recommended daily protein intake [128].  

Preclinical models of protein restriction during pregnancy are used widely to model 

pregnancy consequences of low maternal protein intake (≤ 50% of control). Protein 

restriction during pregnancy in rodents, NHPs and pigs resulted in reduced maternal 

GWG, maternal metabolic dysfunction (characterised by impaired glucose tolerance and 

decreased insulin sensitivity), impaired placental function characterised by reduced 

umbilical blood flow, impaired fetal pancreatic development (characterised by smaller islet 

area and β-cell mass) and fetal growth restriction (Table 1.11, [125, 129-135]). 
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Table 1.11 Dietary protein deficiency during pregnancy and adverse outcomes: Evidence from observational human studies 

Context 
Intervention/ 
exposure group(s) 

Control group 

Outcomes compared to comparison group 

Maternal Pregnancy 
Fetal/neonate/ 
newborn 

Low dietary 
protein 
consumption 
[126] 

Dietary protein 
consumption <45 
gꞏd-1throughout 
pregnancy 

Dietary protein 
consumption ≥55 
g/day throughout 
pregnancy 

Not assessed Not assessed ▼BW (male 10%, 
female 30%), ▼BL 
(both sexes, 10%) 

Low dietary 
protein 
consumption 
[127] 

Dietary protein 
consumption 42.5-
55 g/day during 
second half of 
pregnancy 

Dietary 
consumption 
protein ≥55 g/day 
during second half 
of pregnancy 

PE incidence ▲1.3-2.1-
fold, GWG ◄► 

PTD incidence ◄► Neonatal mortality 
▲2.1-2.8-fold 

Low dietary 
protein 
consumption 
[128] 

Dietary protein 
consumption 56-62 
g/day throughout 
pregnancy 

Dietary protein 
consumption 81-92 
g/day throughout 
pregnancy 

PE risk ◄► PTD incidence ▲2.7-
fold, stillbirth ▲5.7-fold, 
miscarriage ▲5-fold 

During first 6 months 
of life: incidence of 
frequent colds ▲4.5-
fold, rickets ▲6.1-fold, 
tetanus ▲4.2-fold, 
neonatal mortality ▲3-
fold  

BL = birth length, BW = bodyweight, PE = preeclampsia, PTD = preterm delivery   
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Table 1.12 Maternal protein restriction and pregnancy outcomes: Evidence from animal models (NHP, pig and rodent)  

Species, 
strain (term) 

Intervention/ 
exposure group(s) 

Control group 

Outcomes compared to control group 

Maternal Pregnancy 
Fetal/neonate/ 
 newborn 

Rhesus 
Macaque, N/S 
(168 d) [129] 

13.5% protein diet 
throughout pregnancy 

26.8% protein 
diet throughout 
pregnancy  

Fasting glucagon ▼60%, 
fasting leptin ▲1.1-fold, 
insulin sensitivity at GD120 

Increased pregnancy 
loss (3/10 vs 1/9) 

Not assessed 

Rhesus 
Macaque, N/S 
(168 d) [136] 

13% protein diet 
throughout pregnancy 

26% protein diet 
throughout 
pregnancy 

GWG ▼10% at GD85, 
GWG ▼20% at GD135, 
umbilical artery pulsatility 
index ▼30% at GD135  

Not assessed AC ▼10% at GD85 & 
GD135  

Pig, Chester 
White x 
Landrace x 
Large white x 
Yorkshire (115 
d) [130] 

0.5% protein diet 
GD1-63 

13% protein diet 
throughout 
pregnancy 

Not assessed Not assessed Liver, kidney & 
placenta weights 
▼20% at GD63  

Pig, Yorkshire 
(115 d) [131] 

0.5% protein diet 
throughout pregnancy 

18% protein diet 
throughout 
pregnancy 

Not assessed Not assessed BW ▼30%, organ 
weight (brain, liver)  
▼10-50% at birth  

Rat, Wistar  
(22 d) [132] 

8% protein diet 
throughout pregnancy 

20% protein diet 
throughout 
pregnancy 

GWG ▼20% Not assessed Total weight of litter 
▼30% 

Rat, Wistar  
(22 d) [133] 

8% protein diet 
throughout pregnancy 

20% protein diet 
throughout 
pregnancy 

Not assessed Not assessed BW ▼10%, ▼ islet 
area and β-cell mass, 
apoptotic islet cells 
(% total islet cells) 
▲3-fold at birth  
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Rat, Wistar  
(22 d) [134] 

8% protein diet 
throughout pregnancy 

20% protein diet 
throughout 
pregnancy 

GWG ▼10% at GD21.5 Not assessed BW ▼10%, 
pancreatic head islet 
size (μm2) ▼30% at 
birth 

Mouse, ICR 
(21 d) [125] 

10% protein 2 weeks 
prior to and 
throughout pregnancy 

20% protein 2 
weeks prior to 
and throughout 
pregnancy 

Adiposity ◄►, serum glucose 

▼63% at term 
Not assessed BW ▼30% at PND3 

Mouse, 
C57BL/6  
(19 d) [135] 

6% protein diet 
throughout pregnancy 

22% protein diet 
throughout 
pregnancy 

Not assessed Not assessed BW ▼40%, BL 
▼30%, lung mass 
▼50% at PND1  

AC = abdominal circumference, BL = body length, BW = birth weight, GD = gestational day, GWG = gestational weight gain, PND = postnatal 
day, BW = bodyweight, PR = protein restriction
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1.2.8. Multi-factorial poor diet quality 

The effects of excess carbohydrate intake on maternal, fetal and pregnancy outcomes 

have been extensively investigated in observational human studies and preclinical studies 

in rodents. A recent (2022) systematic review and meta-analysis that examined 

associations between maternal diet consumption throughout pregnancy, fetal and 

neonatal outcomes in humans reported that consumption of diets with a high caloric 

density, i.e., a “WSD” or unhealthy diet, was associated with high GWG [137]. Another 

systematic review and meta-analysis (2021) that examined the association between 

maternal dietary patterns and the risk of developing preeclampsia in low- and middle-

income countries reported that adequate consumption of fruits and vegetables reduced 

the risk of developing preeclampsia by 51-82% compared to a diet poor in fruits and 

vegetables [138]. An observational study examining pregnancy outcomes following high 

carbohydrate and low protein intake in early and late pregnancy in humans reported a 

negative association with birth- and placental weights. Birth- and placental weights were 

3% and 2% lower, respectively, when carbohydrate intake during early pregnancy 

exceeded 340 g/day [139]. Furthermore, birth- and placental weights were 2% and 7% 

lower, respectively, in women with low late-pregnancy dairy and meat protein intakes, 

respectively, after adjustment for adequate carbohydrate intake (340 g/day) in early 

pregnancy [139].  

Poor diet quality has been reported to affect maternal cardio-metabolic health and 

inflammatory markers. Diet quality can be assessed using an energy-adjusted dietary 

inflammatory index (E-DII) and used “to quantify the inflammatory potential of an 

individual’s diet, measured through inflammatory markers such as Interleukin-1 and C-

reactive protein” [140], such that a higher E-DII diet score indicates a more 

proinflammatory diet. Maternal high E-DII was associated with higher maternal BMI and 

elevated maternal plasma lipids between early- and late-pregnancy in humans [140]. In 

addition, maternal high E-DII was reported to be associated with higher diastolic blood 

pressure at early- but not late-pregnancy, while there was no association between E-DII 

and systolic blood pressure at early- or late-pregnancy [140].   

A “WSD” is an example of a diet with multi-factor poor diet quality due to factors described 

earlier. Evidence from NHPs and mice show that maternal consumption of a HFHS diet 

prior to and/or throughout pregnancy results in high maternal GWG, maternal 

dyslipidaemia, elevated adiposity, plasma lipids, insulin and glucose, placental 

macronutrient transfer and gene expression, and lower fetal bodyweight (Table 1.12, [18, 

19, 141, 142]). It is also emerging that maternal HFHS diet consumption causes 

intergenerational harm to progeny. A recent review and meta-analysis of obesogenic diets 
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in rodents found that both single and intergenerational exposure to obesogenic diets 

resulted in elevated bodyweight, dyslipidaemia, glucose intolerance and insulin 

insensitivity in the F1 and F2 generations [143]. Several causal mechanisms have been 

proposed for intergenerational metabolic programming following maternal HFHS 

consumption, including effects of specific nutrient deficiencies on tissues such as adipose 

tissue, and organs such as the pancreas, liver, kidneys and the reproductive tract. Other 

proposed mechanisms include impaired placental function and placental remodelling [144, 

145], epigenetic programming through altered DNA methylation [146], effects of 

glucocorticoids and accelerated cellular aging [146, 147].
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Table 1.13 Maternal high fat-high sugar (HFHS) consumption and pregnancy outcomes: Evidence from NHPs and rodent models  

Species, strain 
(term) 

Intervention/ 
exposure group(s) 

Control group 

Outcomes compared to control group(s) 

Maternal Pregnancy 
Fetal/neonate/ 
newborn 

Japanese 
Macaque  
(175 d) [141] 

HFHS diet (36% fat, 
50% carbohydrate) 
for at least 1 year 
prior to and 
throughout 
pregnancy 

Control diet 
(14.7% fat) for at 
least 1 year prior 
and throughout 
pregnancy 

Plasma leptin ▲2-fold, 
insulin ▲1.3-fold, glucose 
AUC ▼9%, insulin AUC 
▲1.5-fold at GD127 

Not assessed Not assessed 

 

 

Mouse, C57BL/6  
(19 d) [142] 

HFHS diet – HF 
pellet (43% 
carbohydrate, 40% 
fat, 17% protein) and 
20% sucrose 
solution 
supplemented with 
vitamins and 
minerals 4-6 weeks 
prior to and 
throughout 
pregnancy 

Control diet 
(72.6% 
carbohydrate, 
10.6% fat, 16.8% 
protein) 4-6 
weeks prior to, 
and throughout 
pregnancy 

GWG ▲1.1-fold, plasma 
cholesterol ▲1.4-fold, 
plasma triglyceride ▲1.5-
fold, ▲ plasma leptin 2.2-
fold, insulin sensitivity 
▼75% on PND21 

Not assessed Not assessed 
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Mouse, C57BL/6  
(19 d) [18] 

HFHS diet (30% fat, 
17% protein, 53% 
carbohydrate) 
throughout 
pregnancy  

Control diet (11% 
fat, 26% protein, 
62% 
carbohydrate) 
throughout 
pregnancy 

Adiposity ▲1.3-fold at 
GD16, ▲1.4-fold at GD19  

Placental weight ▼10% 
at GD16 and GD19, 
absolute placental 
transfer of methyl 
aminoisobutyric acid 
(non-metabolisable 
radioactive amino acid 
tracer) and methyl D-
glucose (glucose 
tracer) ▲1.5-fold, 
transfer per mm2 of 
labyrinth zone surface 
area and fetal 
accumulation of methyl 
aminoisobutyric acid 
and methyl D-glucose 
▲1.5- to 1.6-fold at 
GD16, placental Glut3 
and SLC38A2 gene 
expression ▲1.4-1.5-
fold at GD16, FATP 
gene expression ▲1.5-
fold at GD19 

BW ▼10% at GD16, 
◄► BW at GD19 
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Mouse, C57BL/6  
(19 d) [19] 

HFHS diet (30% fat, 
17% protein, 53% 
carbohydrate) 
throughout 
pregnancy 

Control diet (11% 
fat, 26% protein, 
62% 
carbohydrate) 
throughout 
pregnancy 

Plasma cholesterol ▲ 1.6-
fold, plasma insulin ▲ 2.2-
fold and serum leptin ▲ 
3.4-fold, placental weight 
▼10% at GD16, plasma 
non-esterified fatty acids 
▼40%, liver and placental 
weight ▼10%, adiposity 
▲1.4-fold, fed state and 
6h fasted blood glucose 
▲1.1-1.2-fold, AUC ▲2-
fold after intraperitoneal 
glucose tolerance test on 
GD19 

Not assessed BW ▼10% at GD16, 
◄► BW at GD19 

AUC = area under curve, BW = bodyweight, DHA = docosahexaenoic acid, FATP = fatty acid transporter protein, GD = gestational day, GLUT1 
= glucose transporter 1, GLUT3 = glucose transporter 3, GLUT9 = glucose transporter 9, GWG = gestational weight gain, NHP = Non-human 
primate, SNAT = sodium-dependent neutral amino acid transporter, TRIG = triglyceride
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1.2.9. Micronutrients 

Micronutrients are critically important for fetal growth and development during the perinatal 

period and to ensure healthy pregnancy outcomes for mother and newborn. Low intake of 

key micronutrients such as iron, calcium, zinc, folate, vitamin A, vitamin B2, B3, B6, B12 and 

vitamin D increase the risk of a wide range of adverse maternal and fetal outcomes in 

humans (Table 1.13). Common adverse maternal and fetal outcomes associated with 

micronutrient malnutrition include greater risks of developing hypertensive disorders of 

pregnancy such as preeclampsia, pre-term delivery, congenital birth defects and low birth 

weight (Table 1.13, [70, 119, 148-153]). 

As this thesis is focussed on maternal SI adaptations and macronutrient absorption during 

pregnancy, the consequences of impaired micronutrient intake and absorption during 

pregnancy, or their consequences in preclinical models have not been reviewed in detail. 

More information on these topics can be found in recent reviews [70, 119, 148-154].
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Table 1.14 Dietary micronutrient deficiency and pregnancy outcomes: Evidence from observational human studies 

Micronutrient 
Outcomes relative to controls/comparison group 

Maternal Pregnancy Fetal/neonate/newborn 

Iron Not reported 
▲ risk of preterm delivery, placental 

hypertrophy 

▲ risk of low birth weight, neonatal 

mortality, impaired brain development 

Calcium 
▲ risk of osteopenia, 

preeclampsia and hypertension 
▲ risk of preterm delivery 

▲ risk of low birth weight and 

delayed growth 

Zinc ▲ risk of hypertension 
▲ risk of IUGR, prolonged labour, pre- 

and post-term birth 
▲ risk of low birth weight 

Magnesium 
▲ risk of reduction in cognitive 

capacity 
Not reported Not reported 

Selenium 
▲ risk of reduced immune system 

activity (innate and adaptive) 
Not reported Not reported 

Folate ▲ risk of preeclampsia  

▲ risk of placental rupture, preterm 

delivery, spontaneous abortion and 

stillbirth 

▲ risk of low birth weight, neural tube 

defects 

Iodine 
▲ of iodine deficiency disorders 

(i.e. hypothyroidism) 
▲ risk of impaired placental morphology ▲ risk of impaired brain development 

Vitamin A ▲ risk of night blindness ▲ risk of preterm delivery and stillbirth ▲ risk of low birth weight 

Vitamin B2  

(Riboflavin) 
▲ risk of preeclampsia Not assessed 

▲ risk of low birth weight, congenital 

heart defects 

Vitamin B3  

(Niacin) 
Not assessed Not assessed ▲ risk of congenital birth defects 
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Vitamin B6  

(Pyroxidine)  
▲ risk of preeclampsia Not assessed Not assessed 

Vitamin B12 

(Cyanocobalamin)  
Not assessed ▲ risk of preterm delivery 

▲ risk of low birth weight, neural tube 

defects 

Vitamin C 

(Ascorbic acid) 
▲ risk of preeclampsia 

▲ risk of premature rupture of 

membranes 
Not assessed 

Vitamin D 
▲ risk of preeclampsia and 

gestational diabetes mellitus 
▲ risk of preterm delivery 

▲ risk of low birth weight and small 

for gestational age infants 

Vitamin E ▲ risk of preeclampsia 
▲ risk of premature placental 

detachment and preterm delivery 
▲ risk of low birth weight 

Vitamin K Not assessed ▲ risk of haemorrhage Not assessed 

IUGR = intrauterine growth restriction
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1.3. Gastrointestinal tract  

1.3.1. Overview 

The gastrointestinal tract (GIT) 

comprises the oral cavity, oesophagus, 

stomach, small intestine (SI), large 

intestine as well as accessory organs 

and glands (salivary gland, gallbladder 

and pancreas, Fig. 1.4). Each of these 

organs plays a different role in nutrient 

ingestion, digestion, absorption, and 

excretion.  

Carbohydrate digestion begins in the 

oral cavity where salivary α-amylases, 

produced by salivary glands present 

beneath the tongue, begin to digest 

polysaccharides into di- and 

monosaccharides [155, 156]. 

Carbohydrate digestion, however, is 

relatively minor in the oral cavity due to 

the short time of exposure, pH sensitivity and subsequent acid inactivation of α-amylase in the 

stomach [156]. Digestion of dietary lipids also begins in the oral cavity where lingual lipase 

hydrolyses medium and long-chain triglycerides, producing partial glycerides and fatty acids 

[155, 156]. Next, the semi-liquefied food bolus travels down the oesophagus to the stomach.  

Within the stomach, the nutrient bolus is bathed in gastric juice and continuously churned to 

permit access of digestive enzymes to nutrients present in the bolus. The digestive 

constituents of gastric juice comprise hydrochloric acid secreted by parietal cells, and the 

proenzyme pepsinogen and lipase secreted by chief cells [157]. Hydrochloric acid activates 

zymogen pepsinogen to the proteolytic enzyme pepsin, which cleaves peptide bonds of 

aromatic amino acids to release individual amino acids, di-, tri- and oligopeptides [155, 158]. 

Gastric lipase hydrolyses triglycerides rich in medium-chain fatty acids, producing partial 

glycerides and fatty acids [159]. Following partial digestion, the nutrient bolus leaves the 

stomach via the pyloric sphincter and enters the proximal duodenum.  

The SI is divided into three segments: the duodenum, jejunum and ileum. The primary 

functions of the SI are to facilitate the final stages of enzymatic digestion of nutrients present 

in the bolus received from the stomach, and absorb the individual macro- and micronutrients 

 

Figure 1.4 Overview of the gastrointestinal tract 
and its individual components including the 
stomach, pancreas, gallbladder, small and large 
intestines. Figure created using Biorender.com. 
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from the lumen and into the circulation. To facilitate the final stages of nutrient digestion, bile 

acids are produced and secreted into the duodenum by the gallbladder, where they emulsify 

lipids to facilitate actions of pancreatic lipases. Pancreatic and duodenal brush border 

carbohydrase and protease enzymes facilitate final catabolism of carbohydrates and amino 

acids respectively [158]. Pancreatic enzymes and bile acids are secreted directly into the 

duodenal lumen via the common bile duct. The rate at which pancreatic and gallbladder 

enzymes are secreted into the duodenal lumen is controlled by the Sphincter of Oddi [160]. 

The specific roles of the jejunum and ileum with regards to nutrient absorption are described 

in more detail below. Waste products and nutrients not absorbed by the SI are passed into the 

large intestine through the ileo-caecal valve.  

The large intestine is divided into four segments: the caecum and ascending colon, transverse, 

descending and sigmoid colon [161]. In humans, the caecum is relatively small compared to 

the other segments of the large intestine and does not have any clear function [161]. In 

contrast, the murine caecum is proportionally large and plays an important role in the 

fermentation of plant material and production of vitamin K and B. The ascending colon is 

responsible for absorbing water, water-soluble vitamins, short chain fatty acids (SCFA), and 

electrolytes such as sodium, potassium and chloride present in the digesta received from the 

SI [161, 162]. Also present in the large intestine is an extensive microbiome, responsible for 

fermenting carbohydrates in the form of starches. This process yields short chain fatty acids 

as a by-product, which are the preferred metabolic substrate for colonocytes [162]. 

Electrolytes and water-soluble vitamins are readily absorbed by enterocytes in the colon via 

epithelial ion exchangers belonging to the solute carrier superfamily [158]. Absorption of water 

and remaining electrolytes solidifies the remaining waste products into stool, which is then 

stored in the transverse and descending colon prior to its excretion via the sigmoid colon and 

rectum [163]. In humans, the colon absorbs as much as 1.5 L of water and ~800 mm of sodium 

per day [158].  

The sections below provide more detail on gastric and SI anatomy, functions of individual SI 

regions, gastric and SI neural innervation, macronutrient digestion and uptake. The effects of 

pregnancy on microbiome composition and function, i.e. substrate synthesis, are beyond the 

scope of this thesis and thus not covered to the same depth as the small intestine. 

1.3.2. Gastric and SI anatomy 

The stomach is responsible for the partial digestion of the nutrient bolus received from the oral 

cavity via the oesophagus. In humans, the stomach comprises two main segments; the fundus 

(upper 1/3rd) and the body (lower 2/3rd, [157]). The fundus connects to the oesophagus via the 

lower oesophageal sphincter, while the body connects to the duodenum via the pylorus. To 
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facilitate churning of gastric contents, the wall of the stomach comprises three layers of smooth 

muscle. The outermost layer is the longitudinal layer, the middle layer is the circular layer, 

while the innermost layer is the oblique layer [157]. The gastric mucosa comprises three layers 

of tissue; the columnar epithelium, lamina propria and muscularis mucosa [157]. The columnar 

epithelium which lines the stomach comprises different types of secretory cells, including 

parietal cells, chief cells, enterochromaffin-like cells which secrete histamine, and P/D1 cells 

[157, 164].  

The duodenum constitutes the proximal and shortest SI region, which connects to the stomach 

via the pyloric sphincter [156, 160]. The duodenal wall is characterised by a thick smooth 

muscle layer which facilitates peristalsis, as well as mucosa and submucosa to accommodate 

secretory glands such as Brunner’s glands. The Brunner’s glands secrete an alkaline-rich 

mucus which protects the duodenal epithelium against the acidity of chyme by neutralising the 

gastric acid and provides a suitable digestive environment for pancreatic enzymes. The mucus 

also lubricates the gut wall, reducing the friction between chyme and the gut wall during 

movement through the intestinal lumen [160]. The duodenum is further characterised by the 

presence of slender ‘finger-like’ villi which protrude into the luminal space from submucosal 

folds called plicae circulares. The mucosa of these lumen-facing villi is lined with a single-cell 

thick epithelium. The anatomical structure of SI villi is described in more detail further below. 

Also found sparsely within the duodenum are Peyer’s patches, situated between the serosa 

and muscularis propria. Peyer’s patches constitute lymphoid follicles which act as reservoirs 

for immune cells such as B- and T-lymphocytes [156]. The abundance of Peyer’s patches 

increases distally along the SI axis. Oxygenated blood is supplied to the duodenum via the 

superior mesenteric artery and branches of the gastroduodenal artery, while venous drainage 

is facilitated by the pancreaticoduodenal, right gastroepiploic and portal veins [155, 156]. In 

murine SI, the transition from duodenum to jejunum is demarked by the ligament of Treitz (Fig. 

1.5).  

The jejunum constitutes the middle SI region and is characterised by a thick smooth muscle 

layer to aid peristalsis. Here, villi are shorter than in duodenum and Peyer’s patches are more 

abundant. The plicae circulares of the jejunum resemble those of the duodenum, but the villi 

become progressively shorter towards the distal end. Oxygenated blood is supplied to the 

jejunum via the superior mesenteric artery while venous drainage is facilitated by the superior 

mesenteric vein which joins with the splenic vein and drains into the portal vein [155, 156].  
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Figure 1.5 Schematic representation (not drawn to scale) of anatomical boundaries and 
transition zones along the SI axis in mice. Adapted from Mateer 2016 [165]. 

To identify the boundary between the jejunum and ileum, different techniques and definitions  

have been utilised. These include identifying macroscopic and microscopic changes such as 

an increase in the abundance of Peyer’s patches, an increase in luminal diameter, a decrease 

in smooth muscle thickness, and changes in the spatial expression of local transcription 

factors [166-168]. This use of variable regional definitions has resulted in considerable 

variation in SI region-specific lengths reported previously in rodents [167, 169]. Unfortunately, 

a lack of whole SI functional data relating to uptake of specific micro- and macro-nutrients, 

which could be used to correlate function with region-specific anatomical structure, makes it 

impossible to accurately identify the exact point of transition from jejunum to ileum in rodents. 

While the smooth muscle layer of the duodenum and jejunum are comparable in thickness, 

ileum smooth muscle is considerably thinner, and effectively translucent. This high degree of 

translucency also enables identification of Peyer’s patches, which are most abundant in the 

ileum [155]. 

At the microscopic level, the thickness of the jejunal muscularis mucosa is similar, but the 

luminal diameter wider, and the mucosal lining thinner, compared to the ileum [156]. Another 

distinct difference between the duodenum, jejunum and ileum is that plicae circulares found 

in the ileum are flat in appearance, in contrast to the folded appearance in the duodenum and 

jejunum [156]. Furthermore, ileal villi become progressively shorter, taking on a short and 
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stubby appearance. This contrasts the long and slender ‘finger-like’ villi found in the duodenum 

and jejunum. The ileocaecal valve marks the transition from the ileum to the large intestine. 

Oxygenated blood is supplied to the ileum via the superior mesenteric artery while venous 

drainage is facilitated by the superior mesenteric vein which joins with the splenic vein and 

drains into the portal vein [155]. 

The SI wall is comprised of the serosa, muscularis propria, submucosa and mucosa (Fig. 1.6, 

[156]). The outer serosal layer acts as a lubricated barrier between the abdominal wall and 

the muscularis propria, allowing for reduced friction during movement of the intestines within 

the abdominal cavity. The serosa consists of a thin lining of mesothelial cells sitting on top of 

a loose layer of connective tissue [155, 156]. Beneath the serosa sits the muscularis propria 

which comprises a circular and longitudinal layer of smooth muscle.  

The muscularis propria is primarily 

responsible for facilitating peristalsis 

[155, 156]. Towards the lumen, the 

submucosa consists of a layer of 

connective tissue which sits between 

the muscularis propria and mucosa, 

composed of fibroblasts and mast 

cells [155]. The submucosa provides 

structural support for the muscularis 

mucosa. The inner-most mucosal 

layer comprises the muscularis 

mucosa, lamina propria and villi. The 

muscularis mucosa is a thin layer of smooth muscle situated between the submucosa and 

lamina propria which plays a minor role in peristalsis [155]. Contained within the villous 

mucosa are extensive networks of capillaries and arterioles, responsible for providing oxygen 

and nutrients to the epithelium. Lymphatic capillaries called lacteals are responsible for 

immune surveillance and absorption of lipids and fat-soluble vitamins contained within 

chylomicrons, thereby facilitating circulatory uptake of nutrients [155]. Also found within the 

mucosa are nerve endings which facilitate neural innervation of the epithelium. A more in-

depth overview of SI neural circuitry is provided below.  

The different cell types which comprise the SI epithelium have a relatively short average 

lifespan of 3-6 days on average in humans [156], and 2 days on average in rats [170]. Thus, 

the different populations of cells are constantly turning over and being replaced with new 

populations which are derived from progenitor stem cells pools present within crypts located 

Figure 1.6 Transverse schematic (not drawn to 
scale) view of the duodenum, showing the different 
tissue layers which comprise the gut wall. Image 
created using Biorender.com. 
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between villi. These stem cells proliferate and differentiate into the epithelial cell types that 

comprise the epithelium and migrate vertically along the crypt-villous axis towards the apical 

portion of the villi [155, 156]. . The decrease in SI villi length distally along the oral-aboral axis 

reflects changing anatomy and function, but also a concurrent decrease in the number of 

Wingless and Int-1 (Wnt) -activated stem cells residing in intestinal crypts (Fig. 1.7, [171]). The 

Wnt-signalling pathways are important regulators of cell proliferation, differentiation and 

migration [171]. Furthermore, Wnt-activated stem cells are most abundant in the proximal SI, 

and decrease distally, such that duodenal villi are the longest across multiple species (Fig. 

1.7). This reflects, in part, the primary role of the duodenum in nutrient catabolism and uptake, 

and an optimised, large surface area to facilitate these processes, together with a greater 

population of Wnt-activated stem cells. In contrast, ileal villi are the shortest, in part due to the 

comparatively small amount of nutrients reaching the distal SI as a result of the ileal brake, 

but also because of a reduction in the number of Wnt-activated stem cells [171]. 

Figure 1.7 Region-specific villi length along the SI in humans [172-174], rats [175, 176], mice 
[177, 178] and shrews [179], determined via histomorphometric analysis. Green bar = 
duodenum, red bar = jejunum, blue bar = ileum. 
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The SI epithelium is comprised 

of five major cell types; 

absorptive cells (enterocytes), 

secretory cells (Goblet cells), 

immune cells (Paneth cells), 

enteroendocrine cells 

(enterochromaffin, K, L and I 

cells) and stem cells (Fig. 1.8) 

[155, 156]. Enterocytes are the 

most common, accounting for 

~85-90% of the total cell 

population and are responsible 

for uptake of micro- and 

macronutrients from the SI 

lumen [155]. Microvilli are 

located on the apical surface of 

epithelial enterocytes and when 

combined with villi and plicae 

circulares, result in a ~600-fold 

increase in available surface area for nutrient uptake [158]. Goblet cells secrete mucin which 

protects the gut wall against the acidity of chyme [155] and acts as a lubricant. Although 

present in all SI regions, the abundance of Goblet cells increases distally. Paneth cells provide 

immune surveillance and secrete antimicrobial agents such as lysozyme, α-defensins and 

phospholipase [156]. Like Goblet cells, Paneth cells are expressed throughout the SI, but 

increase in abundance distally. Enteroendocrine cells are present in all SI regions and are 

responsible for secreting gut hormones such as serotonin (5-HT), cholecystokinin (CCK), 

glucose-dependent insulinotropic polypeptide (GIP), glucagon like peptide-1 (GLP-1) and 

peptide YY (PYY) in the presence of nutrients in the SI lumen [155, 156, 180]. 5-HT is released 

from enterochromaffin cells, the most abundant enteroendocrine cell type throughout the SI. 

CCK is secreted by I-cells located in the duodenum and jejunum. GIP is secreted by K-cells 

located in the duodenum. PYY and GLP-1 are secreted by L-cells. Within the SI, L-cells are 

mostly found in the ileum, but are also present in the duodenum and jejunum.  

A major determinant of SI nutrient uptake is the rate at which the stomach releases its contents 

into the proximal SI, which is controlled by both gastric and intestinal mediators. Some of these 

mediators are also involved in regulating other processes such as food intake, which is 

reviewed in more detail elsewhere [181]. The gastric hormone ghrelin, referred as the “hunger” 

Figure 1.8 Schematic representation (not drawn to 
scale) showing the abundance and distribution of 
different cell types in the SI epithelium. EEC = 
enteroendocrine cell. Figure created using 
Biorender.com. 
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hormone, is secreted from enteroendocrine P/D1-cells native to the fundus epithelium of the 

stomach. Ghrelin promotes gastric smooth muscle locomotor activity, gastric acid secretion, 

and to a lesser extent gastric emptying [182-184]. Ghrelin stimulates smooth muscle locomotor 

activity and gastric emptying via a dual positive feedback mechanism; peripherally by acting 

on the vagus nerve and centrally by binding to ghrelin receptors of Agouti-related peptide 

neurons in the arcuate nucleus of the hypothalamus [185]. Opposing effects are exerted 

through nutrient-evoked release of gut hormones such as GLP-1 and PYY in the ileum, which 

provide a negative feedback mechanism via vagal reflex circuits, and act as a powerful ‘ileal-

brake’ [182] to slow gastric emptying, intestinal transit, the secretion of gastric acid and 

pancreatic digestive enzymes. An increase in the amount of nutrients reaching the terminal 

ileum could be due to malabsorption, high transit or following bariatric surgery (Fig. 1.9, [182]). 

Furthermore, GLP-1, and GIP which is secreted by duodenal K cells, exert insulinotropic 

effects by augmenting pancreatic insulin release to regulate postprandial glycaemia [182]. The 

gut hormones 5-HT, CCK, GLP-1 and PYY exert their effects via a negative feedback 

mechanism; in part by activating cognate receptors on vagal afferents within the vagus nerve, 

which ultimately results in slower rates of gastric emptying and pancreatic secretion [182, 186].  

Figure 1.9 Enteroendocrine cells (EECs) in the SI epithelium secrete hormones such as CCK, 
PYY, GLP-1 and the pleiotropic bioamine 5-HT in the presence of luminal nutrients. These act 
on vagal afferent nerve endings to relay sensory cues to the brain via the vagus nerve. Image 
is a schematic representation (not drawn to scale), and created using Biorender.com based 
on information from Wang et al. 2020 [187].. 

1.3.3. Neural innervation of the upper GIT 

Although the emphasis of this thesis is on SI nutrient absorption, the neural circuitry within the 
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processes. Thus, a basic overview of gastric and SI neural innervation is provided below, 

however in-depth reviews and sources of information are available elsewhere [187, 188].  

Neural innervation of the GIT regulates functions and processes that directly and indirectly 

regulate gastric and SI nutrient catabolism and nutrient absorption. These include coordinating 

patterns of smooth muscle activity affecting gastric accommodation and emptying, peristalsis 

and intestinal transit, gut hormone and digestive enzyme secretion, nutrient sensing and 

absorption, regional blood flow and immune surveillance via interaction with the intrinsic 

immune system [156, 189]. To facilitate these functions, the GIT is innervated by both intrinsic 

and extrinsic neural circuitry. The enteric nervous system (ENS) functions largely independent 

of the CNS (central nervous system; brain and spinal cord) and primarily acts to coordinate 

the passage of food through the GIT, as well as digestive and absorptive processes [190]. The 

GIT is also densely innervated by extrinsic afferents which relay sensory information to the 

CNS to initiate reflexes through parasympathetic and sympathetic nerves, including those 

linked to nausea and vomiting, satiety and control of food intake, as well as visceral pain, 

particularly under pathophysiological conditions of hypersensitivity [190], such as irritable 

bowel syndrome and functional dyspepsia [191, 192].   

1.3.3.1. Intrinsic innervation: the enteric nervous system (ENS) 

The ENS consists of a network of ganglia that form two distinct plexuses, the myenteric plexus 

(also known as Auerbach’s plexus) located between the external muscle layers, and the 

submucosal plexus (also known as Meissner’s plexus) located in the submucosal layer [155, 

157]. The myenteric plexus forms a continuous network of ganglia around the circumference 

of the GIT, extending from the oesophagus to the anal sphincter, which regulates peristaltic 

waves that move digesta along the gut through a reciprocal and coordinated action of smooth 

muscle contraction and relaxation directly behind and in front of the digesta respectively. The 

myenteric plexus is also involved in local muscular contractions responsible for stationary 

mixing and churning, including the churning of gastric content to aid mechanical and enzymatic 

nutrient digestion [156]. The submucosal plexus is present in the small and large intestine but 

the ganglia are sparse and smaller in the stomach and absent from the oesophagus.  The 

submucosal plexus is involved in the regulation of peristaltic activity, blood flow, digestive 

secretions, secreto-motor innervation to the submucosal glands to lubricate and protect the 

mucosal lining, mixing and absorption of nutrients as well as immune and endocrine functions 

of the gut [190]. The ENS contains both sensory and motor neurons as well as interneurons 

that enable information from the GIT to be integrated. 
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1.3.3.2. Extrinsic innervation 

Parasympathetic vagal and sympathetic spinal connections exist between the GIT and the 

CNS. Each of these pathways comprise sensory fibres (afferents, sending information from 

the GIT to the CNS) and motor fibres (efferents, sending information from the CNS to the GIT). 

Some of these efferents are pre-enteric neurons, with terminals on enteric ganglia to modulate 

the activity of enteric neurons, while others innervate distinct gastrointestinal effectors, 

including the oesophageal striated muscle (vagal innervation), sphincters (vagal and 

sympathetic innervation) and intrinsic blood vessels (sympathetic innervation, [190]). 

1.3.3.3. Vagal innervation 

The vagus nerve facilitates bi-directional afferent and efferent communication between the 

GIT and CNS; 70-80% of vagal nerve fibres are sensory in origin and their cell bodies are 

located in the nodose and jugular ganglia [190, 193].  

The proximal GIT is highly innervated by vagal afferents, with density decreasing along the 

oral-aboral axis. Subtypes of these afferents are sensitive to one or more stimuli, including 

mechanical, chemical (e.g., hormones or nutrients), pH, temperature and osmolarity [187], 

providing the CNS precise information on the GIT environment. In addition, sensory 

information on luminal contents is detected by EEC cells which release hormones that activate 

cognate receptors on vagal afferent endings. The central endings of gastrointestinal vagal 

afferents terminate predominantly in the nucleus tractus solitarius (NTS) and regulate vago-

vagal reflexes, which control gastrointestinal smooth muscle contractility in response to 

distention caused by the presence of food, gastrointestinal function, as well as behaviours 

such as food intake [194].  Three distinct morphological subtypes of vagal afferent ending 

sense GI cues, intraganglionic laminar endings (IGLEs), intramuscular arrays (IMAs) and 

mucosal afferents (Fig. 1.10, [190, 195]). 
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Figure 1.10 Gastric and SI vagal afferent innervation. Sensory information is received by vagal 
and tension- and chemo-sensitive mucosal afferent (MA) nerve endings, intra-muscular arrays 
(IMAs) and intra-ganglionic laminar endings (IGLEs). Figure created using Biorender.com. 

IGLEs are branching nerve fibres that give rise to flat expansions within the myenteric ganglia 

and respond to stretch, and in the case of the stomach probably signal filling [196]. IMAs 

branch within the circular muscle layer forming arrays of varicose fibres that run parallel to 

muscle bundles and respond to tension [197, 198]. The third class, mucosal afferents are 

abundant in the stomach and intestine, and innervate the intestinal villi (villus afferents) and 

crypts (crypt afferents, [199]). Gastric mucosal afferents are sensitive to light stroking caused 

by the mechanical movement of ingesta across the mechanoreceptive field of the mucosal 

afferent nerve endings,  and chemical stimuli (e.g., acid), but not stretch [199], and are thought 

to detect particle size and signal slowing of gastric emptying. Villus afferents project towards 

the intestinal villus tip and are ideally positioned to detect substances released from the 

epithelium, such as gut hormones (e.g., CCK and 5-HT, [190]). Crypt afferents form sub-

epithelial rings of varicose processes below the crypt-villus junction [199]. 

Vagal afferent terminals in the NTS form direct and indirect connections with vagal efferents, 

which have cell bodies within the dorsal motor nucleus and which relay motor signals from the 

brain to the gut. Most of these efferents are pre-enteric, but some run directly to the 

oesophageal striated muscle [190]. The major roles of these vagal efferents are to i) control 

oesophageal propulsion, ii) relax the lower oesophageal sphincter to allow passage of food 

into the stomach, iii) increase gastric capacity to accommodate more food, iv) facilitate antral 

contractions, v) relax the pylorus, vi) increase gastric acid secretion, vii) contract the 

gallbladder and viii) promote pancreatic exocrine secretion. 

1.3.3.4. Spinal innervation 

The spinal connections with the GIT include spinal afferents, with cell bodies in the dorsal root 

ganglia, and sympathetic efferents [190]. Spinal afferents generally have high activation 

thresholds mostly cued to noxious levels of stimulation. Some spinal afferents, particularly 

those in the pelvic nerves, respond to lower levels of mechanical and chemical stimuli similar 

to vagal afferents, however, spinal afferents are primarily associated with nociception, 

particularly in pathophysiological conditions where afferents hypersensitivity leads to visceral 

pain [190]. A high proportion of spinal afferent endings are located around arterioles in the gut 

wall. The axons of some spinal afferent neurons also provide a sparse network of varicose 

axons in the myenteric ganglia, while a subset branch within the lamina propria of the mucosa 

throughout the GIT [190].  

The sympathetic efferents have four major innervation targets, myenteric ganglia, submucosal 

ganglia, blood vessels and sphincter muscles, and coordinate locomotor activity and secretory 
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function [190]. During an acute stress response, activation of the sympathetic nervous system 

diverts blood flow away from the GIT in favour of a flight or fight response [190]. Furthermore, 

the sympathetic innervation of the myenteric ganglia inhibits the excitatory effects of enteric 

neurons on gastric and SI muscle to slow intestinal transit. Likewise, innervation of the 

submucosal ganglia inhibits secreto-motor neuron activity [189], while sympathetic post-

ganglionic efferent neurons innervate the lower oesophageal and pyloric sphincters, the 

sphincter of Oddi, and regulate smooth muscle contractility to inhibit transit of digesta [189]. 

The sympathetic and enteric nervous systems act together in control of SI motility, hormone 

secretion and digestive processes. This is governed by enteroendocrine-released pro-motility 

hormones such as gastrin, substance P, vasoactive intestinal peptide, CCK and motilin as well 

as anti-motility hormones secretin and glucagon, which modify the electrical and/or 

contractility patterns of the smooth muscle layers of the gut wall, to regulate the rate at which 

chyme moves along the SI [156]. When sensory vagal and spinal motor efferents stimulate 

postganglionic intrinsic ENS neurons of the extrinsic nervous system, secretory and digestive 

processes are inhibited. Postganglionic ENS neurons can be cholinergic or peptidergic, the 

latter which release the motility hormones detailed above [156].  

1.3.4. Small intestinal nutrient catabolism 

The catabolism of ingesta begins in the oral cavity, stomach, and duodenum, while peri- and 

postprandial nutrient absorption occurs from the duodenum to proximal ileum, with indigestible 

starches passing into the large intestine for microbial-based catabolism and absorption.  

Carbohydrate digestion begins in the oral cavity, however most carbohydrate digestion occurs 

in the duodenum and is completed by the proximal jejunum [155]. In the proximal duodenum, 

pancreatic γ-amylase cleaves α-(1.4) glycosidic-linkages of partially digested starches. This 

produces maltose, maltotriose, disaccharides and oligosaccharides which remain due to the 

inability of γ-amylase to cleave α-(1.6) glycosidic-linkages [155]. Oligosaccharides produced 

by γ-amylase are hydrolysed by isomaltase which cleaves α-(1.6) glycosidic-linkages, 

producing α-limited dextrins, which are in turn hydrolysed to glucose by α-dextrinase [155]. 

Duodenal brush border α-glucosidases such as maltase, lactase and sucrase hydrolyse 

maltose, lactose, and sucrose respectively by cleaving the remaining α-(1.4) glycosidic 

linkages. The final monosaccharide products are glucose, galactose and fructose which are 

readily absorbed by enterocytes via dedicated transporters (see below, 1.4.1).  

Following initial digestion in the stomach by pepsin, polypeptides are progressively digested 

into smaller and simpler entities by proteolytic enzymes such as proteases (trypsin, 

chymotrypsin, and elastase) and peptidases (carboxypeptidase A and B), secreted by the 

pancreas into the proximal duodenum via the common bile duct. Pancreatic enzymes are 



92 
 

secreted in their inactive forms and activated by brush border enterokinases [155, 158]. 

Following activation, proteolytic enzymes digest polypeptides producing individual amino 

acids, di- and tripeptides. Carboxypeptidases located at the brush border and within the 

cytoplasm of enterocytes complete the digestion process by hydrolysing di- and tripeptides 

[155, 158]. The majority of protein present in the portal circulation are in the form of individual 

amino acids, which are readily absorbed by dedicated transporters (see below, 1.4.2) 

Lipids are hydrophobic and are digested via a multi-step process prior to uptake in the jejunum. 

Following partial digestion by lingual and gastric lipases, duodenum bile salts secreted by the 

gallbladder emulsify triglycerides, permitting pancreatic lipases greater access [155]. 

Pancreatic lipase and colipase hydrolyse triglycerides, producing 2-monoacylglycerides and 

free fatty acids. Cholesterol is hydrolysed by carboxyl ester hydrolase, producing free 

cholesterol and fatty acids [159]. Bile salts also form micelles together with fatty acids, 

phospholipids, cholesterol and monoglycerides which enables these hydrophobic molecules 

to cross the unstirred water layer and contact the intestinal mucosa where uptake of specific 

fatty acids, phospholipids, cholesterol and monoglycerides occurs (see below, 1.4.3, [156, 

158, 159]). 

1.4. Nutrient absorption 

1.4.1. Overview 

Uptake of macro and micronutrients in the SI occurs via passive- and active- transport 

mechanisms [158, 200]. Passive transport includes simple and carrier-mediated diffusion 

across the brush border membrane. Neither simple nor facilitated diffusion require energy as 

nutrients are transported down a concentration gradient; i.e., the luminal concentration is 

greater than the intracellular or blood concentrations [200]. Active transport by specific 

transporter proteins, in contrast, requires an energy input in the form of adenosine 

triphosphate (ATP) which is utilised to generate ionic concentration gradients via the exchange 

of Na+, H+ and K+ ions by Na+/H+-ATPase and Na+/K+-ATPase complexes located at the brush 

border and basolateral membranes of enterocytes respectively [156, 158, 200]. This allows 

nutrients to be transported against nutrient-specific concentration gradients. In this manner, 

auxiliary ions such as Na+ and Cl- are directly and indirectly involved in carrier-mediated 

transport of macronutrients. For example, the transport of glucose across the apical brush 

border of enterocytes by the primary glucose transporter sodium-dependent glucose co-

transporter 1 (SGLT1) involves co-transport of two Na+ for each glucose molecule. Glucose is 

transported by SGLT1 against a glucose concentration gradient when the intracellular glucose 

concentration exceeds the luminal glucose concentration. When luminal Na+ concentrations 

exceed the intracellular Na+ concentration, Na+ ions cross the brush border membrane down 
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a concentration gradient, thus allowing glucose to be transported against its concentration 

gradient. Numerous brush border and basolateral amino acid transporters also require co-

transport or exchange of Na+, Cl-, H+ or K+ ions to transport individual amino acids across the 

brush border and basolateral membranes of enterocytes [158]. The digestion and uptake of 

each macronutrient and their associated transporters, as well as a brief overview of 

micronutrient transporters, are discussed below.  

1.4.2. Carbohydrates 

Dietary carbohydrates are consumed as simple hexose sugars and more complex 

polysaccharides. Simple hexose sugars consist of monosaccharides (e.g., glucose, galactose, 

and fructose), disaccharides (e.g., lactose [galactose-glucose dimer], sucrose [glucose-

fructose dimer] and maltose [glucose-glucose dimer]) and polysaccharides. The main dietary 

polysaccharides are plant-derived and include digestible starches (glucose polymers), as well 

as polysaccharides that are not digested by non-ruminant species, such as the glucose 

polymer cellulose [158]. Glucose is the preferred fuel for cellular respiration and other 

physiological processes [201]. As described in section 1.3.4, carbohydrates undergo 

enzymatic digestion in the oral cavity and stomach, with final digestion taking place in the 

duodenum and proximal jejunum, prior to being absorbed from the duodenum, jejunum and 

ileum.  

SI uptake of monosaccharides such as glucose, galactose and fructose involves active and 

passive transport mechanisms and a trio of specific carbohydrate transporters (Fig. 1.11, 

[158]); SGLT1, glucose transporter 2 (GLUT2) and glucose transporter 5 (GLUT5). Glucose 

and galactose are transported from the gut lumen into enterocytes via SGLT1 [158]. Fructose 

uptake occurs exclusively via the facilitated transporter GLUT5, a highly specific 

transmembrane uniporter located at the brush border membrane of enterocytes [158, 200]. 

Intracellular glucose, galactose and fructose then travel down their respective concentration 

gradients to the basolateral membrane, where the bi-directional transmembrane symporter 

GLUT2 provides egress for glucose and fructose across the basolateral membrane into the 

circulation [158, 200]. 
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Figure 1.11 Uptake of glucose (Glu) and fructose (Fru) by SI enterocytes. Glucose and 
fructose are transported across the brush border membrane via SGLT1 and GLUT5. Exit 
across the basolateral into the circulation is facilitated by GLUT2. 

Active glucose transport facilitated by SGLT1 accounts for 80-90% of total glucose transport 

across the brush border membrane [202, 203]. Transport of glucose via SGLT1 saturates at 

luminal glucose concentrations of 30-60 mM despite the fact that luminal glucose 

concentrations can exceed 100 mM in rats and reach as high as 300 mM at the brush border 

in humans following a meal [202, 204-206]. In contrast, the diffusive component of apical 

glucose transport remains unsaturated at luminal glucose concentrations exceeding 100 mM 

[202]. It has been proposed that the diffusive component of glucose transport involves solvent-

drag through tight junctions [202, 207]. In addition, there is limited evidence that under specific 

circumstances, GLUT2 can translocate to the brush border membrane in humans and rats to 

provide an additional route for brush border glucose transport [208-210]. This evidence, 

however, is contrary to multiple lines of support that failed to replicate evidence of apical 

GLUT2 translocation under similar conditions, and is reviewed in more detail elsewhere [211]. 
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1.4.3. Amino acids 

Dietary proteins comprise individual amino acids and polypeptides. As described in section 

1.3.4., proteins undergo enzymatic digestion in the oral cavity, stomach, and proximal 

duodenum, which yields individual amino acids and peptides that are then absorbed by the 

duodenum, jejunum, and ileum. Transport of di- and tripeptides across the brush border of 

enterocytes occurs via an indirect Na+-dependent process involving peptide-transporter 1 

(PEPT1) and a H+-gradient established by the Na+/H+ Exchanger 3 (NHE3) complex situated 

at the brush border membrane [158]. Individual amino acids are transported across the brush 

border membrane of enterocytes in a transporter-mediated manner via specific amino acid 

transporters which belong to the solute carrier (SLC) superfamily (Fig. 1.12). At least nine 

individual brush border membrane amino acid transporters facilitate amino acid uptake into 

enterocytes via Na+, Cl-, H+, K+ and/or exchange-dependent mechanisms in the human and 

mouse SI (Table 1.14, [158, 212]).  Egress of amino acids from enterocytes into the circulation 

across the basolateral membrane is facilitated by at least six different amino acid transporters, 

the majority of which involve the co-transport or exchange of H+, Na+, Cl- and/or the exchange 

of amino acids from the circulation (Fig. 1.12, Table 1.14, [158]). Depending on luminal amino 

acid concentrations and cellular demand, some of these transporters can function in a bi-

directional manner. 
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Figure 1.12 Brush border and basolateral membrane amino acid (AA) transport systems. Blue circles represent chloride, green circles represent 
hydrogen, purple circles represent potassium, yellow circles represent sodium, orange and red circles represent di- and tri-peptides, grey circles 
represent individual amino acids. Arrows represent direction of transport across membranes. Lightning symbol indicates active transport. Amino 
acid transporters are labelled with letters: A = System A, sodium-dependent neutral amino acid transporter 2 (SLC38A2), Asc = System Asc, 
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Asc-type amino acid transporter 1 (SLC7A10), ASC = System ASC, neutral amino acid transporter B(0) (SLC1A5), b0,+ = System b0,+, heterodimer 
of b0+AT (SLC7A9) and rBAT (SLC3A1), B0 = System B0, sodium-dependent neutral amino acid transporter 1 (SLC6A19), B0,+ = System B0,+, 

sodium/chloride-dependent neutral and basic amino acid transporter (SLC6A14), β = System β, sodium/chloride-dependent taurine transporter 
(SLC6A6), GLYT1 = System GLYT1, sodium/chloride-dependent glycine transporter 1 (SLC6A9), IMINO = System IMINO, sodium/chloride-
dependent imino acid transporter 1 (SLC6A20), L = system L, large neutral amino acid transporter small subunit 2 (SLC7A8), N = System, sodium-
dependent neutral amino acid transporter 3 (SLC38A3) and solute carrier family 38 member 5 (SLC38A5), PAT = System PAT, protein-coupled 
amino acid transporter 1 (SLC36A1), X-

AG = System X-
AG, excitatory amino acid transporter 3 (SLC1A1), y+ = System y+, cationic amino acid 

transporter 1 (SLC7A1), y+L = System y+L, y+L amino acid transporter 1&2 (SLC7A7 & SLC7A6), NHE3 = sodium-hydrogen exchange complex 
3.
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Table 1.15 Human SI brush border and basolateral membrane amino acid transporters, based on Kiela 2016 [158] 

System Gene Protein(s) Transports  

Brush border membrane amino acid transporters 

B0 SLC6A19 
B0AT1 – sodium-dependent neutral amino acid 

transporter 

Na+-dependent transport of neutral L-amino acids with amino group at 

α-position (glycine, alanine, valine, leucine, isoleucine, phenylalanine, 

tyrosine, tryptophan, serine) 

B0,+ SLC6A14 
ATB0+ - sodium/chloride-dependent neutral and 

basic amino acid transporter 

Na+/Cl--dependent transport of neutral amino acids (alanine, glycine, 

leucine, isoleucine, methionine, tryptophan, phenylalanine, proline, 

valine), cationic L-amino acids (histidine, lysine, arginine) and certain 

neutral D-amino acids 

b0,+ 
SLC7A9 

SLC3A1 

Heterodimer of b0+AT (b(0,+)-type amino acid 

transporter) and rBAT (neutral and basic amino 

acid transporter)  

Na+-independent transport of neutral amino acids (alanine, glycine, 

leucine, isoleucine, methionine, tryptophan, phenylalanine, proline, 

valine), cationic L-amino acids (histidine, lysine, arginine) and cysteine 

IMINO SLC6A20 
SIT1 – sodium/chloride-dependent imino acid 

transporter 1 

Na+/Cl--dependent transport of imino acids (hydroxyproline, pipecolic 

acid) and proline 

β SLC6A6 
TAUT - sodium/chloride-dependent taurine 

transporter 
Na+/Cl--dependent transport of taurine and β-alanine 

X-
AG SLC1A1 EAAT3 - excitatory amino acid transporter 3 

K+-efflux driven Na+/Cl--dependent transport of anionic amino acids 

(aspartate, glutamate) 

ASC SLC1A5 ASCT2 - neutral amino acid transporter B(0) 

Na+-dependent obligatory neutral L-amino acid exchanger with 

specificity like system B0, and preference for alanine, serine, and 

cysteine 

N SLC38A3 
SNAT3 - Sodium-dependent neutral amino acid 

transporter 3 

Na+-coupled transport of glutamine, asparagine, and histidine in 

exchange for intracellular H+. Present predominantly in intestinal crypts 
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SLC38A5 Solute carrier family 38-member 5 

PAT SLC36A1 
PAT1 – protein-coupled amino acid transporter 

1 

H+-coupled transport of short chain amino acids such as glycine, 

alanine, and proline 

Basolateral membrane amino acid transporters 

A SLC38A2 
SNAT2 – Sodium-dependent neutral amino acid 

transporter 2 
Na+-dependent transport of all neutral amino and imino acids 

GLYT1 SLC6A9 
GLYT1 – Sodium/chloride-dependent glycine 

transporter 1 
Na+/Cl--dependent transport of glycine 

y+ SLC7A1 CAT1 – Cationic amino acid transporter 1 Na+-independent transport of cationic amino acids 

L SLC7A8 
LAT2 – Large neutral amino acid transporter 

small subunit 2 

Forms a heterodimer with CD98 (heavy chain associated with 4F2 

antigen, 4F2hc). Na+-independent transport of neutral amino acids 

(excluding imino acids) 

y+L 
SLC7A7 

SLC7A6 

y+LAT1 – y+L amino acid transporter 1 

y+LAT2 – y+L amino acid transporter 2 

Both y+LAT1 and y+LAT2 heterodimerise with CD98. Obligatory 

exchange system whereby an intracellular cationic amino acid is 

exchanged for Na+-coupled entry of a neutral amino acid from the 

circulation 

Asc SLC7A10 ASC1 – Asc-type amino acid transporter 1 

Forms a heterodimer with CD98. Na+-independent transport of short 

chain amino acids. Also functions as a basolateral amino acid 

exchanger 
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1.4.4. Lipids 

Dietary lipids comprise saturated and unsaturated fatty acids such as triglycerides, 

phospholipids, and cholesterol [156, 159]. As described in section 1.3.4., fatty acids undergo 

enzymatic digestion in the oral cavity, stomach and duodenum prior to being absorbed by 

passive and active mechanisms in the distal SI and large intestine. When the luminal fatty acid 

concentration exceeds the intracellular concentration, fatty acids freely diffuse across the 

brush border membrane. When intracellular concentration exceeds the luminal concentration, 

fatty acid uptake across the brush border membrane occurs through an active process 

facilitated by fatty acid translocase (FAT/CD36, Fig. 1.13) which transports monoglycerides 

and medium and long-chain fatty acids (MCFAs, LCFAs, [158, 159]). Cholesterol uptake 

across the brush border membrane occurs through an active process facilitated by Niemann-

Pick C1 like-1 (NPC1L1), which accounts for ~70% of free cholesterol uptake in mice [156, 

159]. Within the enterocyte, MCFAs and LCFAs are trafficked to mitochondria via fatty acid 

binding protein 1 (FABP1) to undergo lipid oxidation which yields ATP, or to the smooth 

endoplasmic reticulum via fatty acid binding protein 2 (FABP2) to be re-esterified with 

monoglycerol into triglycerides. The triglycerides are then processed by the Golgi apparatus 

where they are packaged into chylomicrons together with fat-soluble vitamins, phospholipids 

and fatty acids [158, 159]. Chylomicrons are then transported across the basolateral 

membrane via exocytosis and into the lacteal, before eventually entering peripheral circulation 

via the thoracic duct. 
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Figure 1.13 Uptake of medium and long-chain fatty acids (MCFA, LCFA), monoglycerides 
(MG) and cholesterol (CHOL) via CD36 and NPC1L1. Intracellular transporter FABP2 traffics 
fatty acids to the endoplasmic reticulum (ER) where they are re-esterified together with MG to 
triglycerides (TG) and packaged together with cholesterol into chylomicrons by the Golgi 
apparatus for export into the lymphatic system. V = fat-soluble vitamins (Vitamin A, E, D and 
K). Mi = mitochondria. Figure created in part by using Biorender.com. 

1.4.5. Micronutrients 

The uptake of micronutrient vitamins and minerals by the SI occurs via nutrient-specific 

transporters of the solute carrier superfamily [158]. Uptake of iron, calcium, zinc, copper and 

magnesium, and water-soluble vitamins, such as vitamin B12 and vitamin C occur in a carrier-

dependent manner via passive and active processes, while fat- and water-soluble vitamins, 

such as vitamin A, D, E and K, passively diffuse directly across the brush border membrane 

of enterocytes [158]. A summary of micronutrient transporters and their co-localisation 

throughout the SI is provided below (Table 1.15). Although the focus of this thesis is on SI 

adaptations of macronutrient absorption during pregnancy, adaptations in micronutrient 

uptake are equally important. To assess the current state of knowledge regarding adaptations 

of micronutrient absorption throughout pregnancy, a summary of literature describing changes 

in micronutrient absorption and expression of specific micronutrient transporters during 

pregnancy is included in the scoping review of maternal adaptations of gastrointestinal nutrient 

absorption and its determinants during pregnancy in monogastric mammals (Chapter 2 and 

3).  
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Table 1.16 Micronutrient absorption, based on Kiela 2016 [158] and Uhlén et al. 2015 [213].  

Micro-nutrient 
Transporter Site(s) of 

absorption Gene Protein Name (description) 

Iron 

SLC11A2 DMT1 Divalent metal transporter 1 (brush border Fe2+ transporter) 

 
Duodenum 
 

SLC46A1 HCP1 H+-coupled folate transporter 1 – also transports heme iron 

SLC40A1 FPN1 Ferroportin 1 – basolateral Fe2+ transporter 

Hp HEPH 
Ferroxidase (co-factor to FPN1, involved in basolateral iron 

transport) 

Calcium 

ECAC1 TRPV5 
Transient receptor potential cation channel subfamily V 

member 5 subunit – brush border Ca2+ transporter 

 
 
Duodenum 

ECAC2 TRPV6 
Transient receptor potential cation channel subfamily V 

member 6 subunit – brush border Ca2+ transporter 

CACNA1D Cav1.3 
Calcium channel, voltage-dependent, L-type, α-1D subunit – 

brush border Ca2+ transporter 

CALB1 Calbindin D28K Intracellular Ca2+ transporter 

ATP2B1 PMCA1b Ca2+-ATPase – basolateral membrane Ca2+ transporter 

S100g Calbindin D9K Intracellular Ca2+ transporter 

SLC8A1 NXC1 Na+/Ca2+ exchanger - basolateral membrane Ca2+ transporter 

  



103 
 

Zinc 

SLC30A1 ZnT1 Zinc transporter 1 – basolateral zinc transporter 

Duodenum, 
jejunum, colon 

SLC30A2 ZnT2 Zinc transporter 2 – vesicular zinc transporter 

SLC30A4 ZnT4 Zinc transporter 4 – basolateral and vesicular zinc transporter 

SLC39A4 ZIP4 Zinc transporter protein 4 – brush border zinc transporter 

SLC39A5 ZIP5 Zinc transporter protein 5 – basolateral zinc transporter 

Copper SLC31A1 CRT1 Copper transporter 1 – brush border Cu+ transporter Duodenum 

Magnesium 

TRPM6 TRPM6 
Transient receptor potential cation channel subfamily M 

member 6* 
Jejunum, ileum 

TRPM7 TRPM7 
Transient receptor potential cation channel subfamily M 

member 7* 

Phosphate SLC34A2 NaPi-IIb 
Na+-dependent phosphate transporter 2b – brush border PO4

3- 

transporter 
Whole SI 

Sulphate 

SLC13A1 

Solute carrier 

family 13 

member 1/NAS1 

Na+-dependent sulphate transporter 1 (sodium/sulphate 

symporter) – brush border SO4
2- transporter 

Duodenum 
SLC26A1 

Solute carrier 

family 26 

member 1/SAT1 

Na+-independent sulphate transporter 1 (sulphate/oxalate, 

sulphate/bicarbonate or oxalate/bicarbonate anion exchange) – 

brush border SO4
2- transporter 

SLC26A2 DTDST 
Diastrophic dysplasia sulphate transporter – brush border 

SO4
2- transporter 

Thiamine 
(vitamin B1)  

SLC19A2 THTR1 Thiamine transporter 1 – brush border thiamine transporter 
Duodenum, colon 

SLC19A3 THTR2 Thiamine transporter 2 – brush border thiamine transporter 
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Riboflavin 
(vitamin B2) 

SLC52A1 RFVT1 Riboflavin transporter 1 – brush border riboflavin transporter 

Duodenum, colon 
SLC52A2 RFVT2 Riboflavin transporter 2 – brush border riboflavin transporter 

Biotin  
(vitamin B7) 

SLC5A6 SMVT 
Na+-dependent multivitamin transporter – brush border vitamin 

transporter 
Duodenum, colon 

Folic acid 
(vitamin B9) 

SLC19A1 FOLT1 Folate transporter 1 – brush border folate transporter 
Duodenum, colon 

SLC46A1 HCP1 H+-coupled folate transporter 1 – basolateral folate transporter 

Cobalamin 
(vitamin B12) 

AMN/CUBN 
Amnionless/ 

Cubilin 

Cubam – amnionless/cubilin heterodimeric receptor ligand – 

facilitates brush border transport of vitamin B12 
Ileum, colon 

ABCC1 MRP1 
Multidrug-resistance protein 1 – basolateral vitamin B12 

transporter 

Ascorbic acid 
(vitamin C) 

SLC23A1 SVCT1 
Na+-dependent ascorbate cotransporter 1 – brush border 

vitamin C transporter 
Duodenum, colon 

SLC23A2 SVCT2 
Na+-dependent ascorbate cotransporter 2 – brush border 

vitamin C transporter 

*TRPM6 and 7 heterodimerise to facilitate brush border transport of Mg2+
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1.5. Thesis Aims 

Based on the knowledge gaps identified and described above, the aims of this thesis are: 

Aim 1: To assess and summarise the current state of knowledge regarding adaptations in 

gastrointestinal nutrient absorption and its determinants during pregnancy in monogastric 

mammals.  

The protocol and outcomes of the scoping review are described in Chapters 2 and 3. 

Aim 2: To characterise changes in SI region-specific active glucose transport across the 

oestrous cycle in mice.  

Outcomes of this aim, together with the establishment and validation of the experimental 

methodology utilised, are described in Chapter 4. 

Aim 3: To characterise changes in whole SI anatomy, macronutrient transporter gene 

expression and active glucose transport throughout pregnancy in mice.  

Outcomes of this aim are described in Chapter 5. 

The thesis concludes with Chapter 6, which provides a summary of the data presented, 

and its significance in the broader context of the state of knowledge in this area of 

research. Strengths, weaknesses, and limitations of the work presented in the thesis are 

also discussed, as well as directions for future research.  
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2. CHAPTER 2: SCOPING REVIEW PROTOCOL 

2.1. Overview 

Sections 2.3-2.9 are taken directly from a scoping review protocol of which I am first author, 

and which has been published (Appendix 1, [214]). The content of these sections is 

unchanged as per University of Adelaide guidelines. The scoping review protocol established 

the initial search strategy to identify literature that describes adaptations of gastrointestinal 

nutrient absorption and its determinants in monogastric mammals during pregnancy. Once 

optimised for each database to be searched, the final search strings were used to search each 

database for the review itself, the results of which are described in Chapter 3. I compiled the 

initial search strings, ran the preliminary Pubmed database search, and contributed to drafting 

and editing of the final manuscript.   
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2.2. Statement of authorship - Adaptations in gastrointestinal 

nutrient absorption and its determinants during pregnancy in 

monogastric mammals: a scoping review protocol 
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2.3. Abstract  

Objective: To characterize the current state of literature and knowledge regarding adaptations 

of gastrointestinal nutrient absorption, and its determinants, during pregnancy in monogastric 

mammals. 

Introduction: Energy demands increase significantly during pregnancy, due to the metabolic 

demands associated with placental and fetal growth, and the deposition of fat stores, which 

support postnatal lactation. Previous studies have examined anatomical changes within the 

small intestine but have focused on specific pregnancy stages or specific regions of the small 

intestine. Importantly, little is known about changes in nutrient absorption during pregnancy, 

and the underlying mechanisms that lead to these changes. An understanding of these 

adaptations will inform research that aims to improve pregnancy outcomes for both mothers 

and newborns in the future.  

Inclusion criteria: Primary literature that describes gastrointestinal nutrient absorption and/or 

its determinants during pregnancy in monogastric mammals, including humans and rodents. 

Only data for normal pregnancies will be included, and models of pathology and illness will be 

excluded. Studies must include comparisons between pregnant animals at known stages of 

pregnancy, and non-pregnant controls, or compare animals at different stages of pregnancy. 

Methods: The following databases will be searched for literature on this topic: PubMed, 

Scopus, Web of Science, Embase, MEDLINE (Ovid), and ProQuest Dissertations and Theses. 

Evidence screening and selection will be carried out independently by two reviewers, and 

conflicts resolved by discussion with additional members of the review author team. Data will 

be extracted and presented in tables and/or figures together with a narrative summary. 

Keywords: nutrient absorption; nutrient transport; plasticity; pregnancy; small intestine. 

2.4. Introduction 

Pregnancy represents a period of rapid physiological change in the mother, with multiple 

systems adapting quickly to meet the demands of the conceptus. Physiological adaptations 

Chapter 2 is reproduced exactly as published with the exception of formatting, which 

has been changed to maintain consistency throughout the thesis. It has been 

published as: 

Overduin TS, Page AJ, Young RL, Gatford KL. Adaptations in gastrointestinal nutrient 

absorption and its determinants during pregnancy in monogastric mammals: a 

scoping review protocol. JBI Evid Synth. 2022 Feb;20(2):640-646. doi: 

10.11124/JBIES-21-00025. PMID: 35165214. (Appendix 1) 



110 
 

during pregnancy include increased blood volume and cardiac output (both ↑40% in humans), 

increased consumption of oxygen (↑20% in humans), and an increased metabolic rate (↑15% 

in humans) [21, 215]. In humans, maternal weight will increase on average between 11.5 and 

16 kg throughout gestation [11]. This includes a ~3.8 kg fetus [216], and ~800 g placenta [12], 

in addition to fat deposits that support lactation following parturition [49]. In litter-bearing 

species such as rats and mice, maternal weight gain increases significantly relative to the pre-

pregnancy weight, and these species typically double their bodyweight between conception 

and parturition [13, 14, 16, 217]. 

During pregnancy, maternal food intake increases to meet increased nutrient demands [5, 

218]. Food intake increases throughout pregnancy by ~10% to 15% in humans and ~25% to 

50% in litter-bearing species, such as mice and rats, particularly during the last third of 

pregnancy [14, 49, 51, 217]. In mice, this is predominantly due to an increase in meal size 

during the light phase [53]. To support increased nutrient absorption during pregnancy, the 

gastrointestinal tract, and in particular the small intestine, must adapt. The small intestine is 

made up of three main segments: the duodenum, jejunum, and ileum. Following partial 

digestion in the stomach, nutrients are released into the duodenum where they undergo 

enzymatic digestion, with the breakdown of carbohydrates, fats, and proteins into smaller 

components to allow nutrient absorption [189]. While some nutrient absorption occurs in the 

duodenum, the majority of nutrient absorption occurs in the jejunum [189]. To maximize the 

surface area available for nutrient absorption, the small intestine is lined with villi protruding 

from the basement membrane into the luminal space [158, 189]. The villi are lined with a single 

cell epithelium, consisting of secretory cells and enterocytes that sense and absorb nutrients 

as they transit through the small intestine following digestion [158, 189]. In rats, small intestinal 

weight, length, and duodenal circumference increase during pregnancy [219]. In addition, 

duodenal and jejunal villi length increase by late pregnancy, further increasing the surface 

area available for nutrient absorption [175, 218]. Other determinants of nutrient absorption 

also change in pregnancy. In vitro experiments, using isolated segments of rat GIT, including 

the antrum, suggest that gut motility is decreased and transit time increased during pregnancy 

as a result of increased concentrations of progesterone [220-222]. An increased transit time 

would be expected to allow the small intestine to absorb more nutrients over a longer time 

span. Additional evidence that nutrient transport mechanisms upregulate in pregnancy comes 

from a study in rats, in which gene expression of nutrient and ion transporter proteins was 

upregulated in the duodenum by late pregnancy [223]. This included >1.5-fold higher SLC5A1 

gene expression [223], encoding the sodium-linked glucose transporter 1 (SLGT1), the 

primary intestinal glucose transporter that accounts for the majority of glucose uptake [158, 

224], Similarly, SLC2A5 gene expression, encoding a highly specific fructose transporter 
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protein (GLUT5) [209], was ~1.5-fold higher in late pregnant than non-pregnant rats [223]. 

Additionally, duodenal absorption of the micronutrient calcium was significantly increased 

throughout pregnancy in mice due to upregulation of the transient receptor potential vanilloid 

sub-family member 6 (TRPV6) calcium channels [225]. Less has been reported regarding how 

and when nutrient absorption changes during pregnancy.  

Given the significant gaps in current knowledge regarding adaptations of gastrointestinal 

nutrient absorption during pregnancy, it is important to assess current literature to summarize 

the current state of knowledge and to identify gaps in knowledge. This scoping review will 

provide a broad overview of published and unpublished evidence regarding changes in 

nutrient absorption during pregnancy and its determinants. In addition, this mapping will 

identify gaps in evidence in order to inform future research priorities to understand maternal 

adaptations to pregnancy and optimize maternal nutrition during pregnancy. A preliminary 

search of MEDLINE, the Cochrane Database of Systematic Reviews, JBI Evidence Synthesis, 

and PROSPERO was conducted; no current or in-progress systematic reviews or scoping 

reviews on the topic were identified.  

2.5. Review question: 

• What evidence is available regarding how gastrointestinal nutrient absorption and its 

determinants change during pregnancy in monogastric mammals?  

• What are the key characteristics of the evidence in this field?  

• What evidence gaps can be identified in the area? 

2.6. Inclusion criteria  

2.6.1. Participants  

This review will include studies that investigated changes in nutrient absorption and its 

determinants during pregnancy in any monogastric mammal. Studies will be included if they 

contain data from normal pregnancies and compare known stages of pregnancy to each other 

and/or to non-pregnant subjects. Data from groups identified by authors or study reviewers as 

reflecting non-typical pregnancy or disease states (such as current obesity, pregnancies with 

growth-restricted fetus/es, hyperemesis gravidum), or altered physiology due to prior or 

current interventions (such as women who have undergone bariatric surgery before 

pregnancy, experimental diets, genetic modification) will be excluded.  

2.6.2. Concept  

The proposed scoping review will characterize current knowledge regarding adaptations in 

nutrient absorption and its determinants during pregnancy. Specifically, it will evaluate how, 

when, and where nutrient absorption changes occur within the small intestine during 
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pregnancy, and how determinants of nutrient absorption change during pregnancy (ie, gastric 

emptying/motility, small intestinal structure, nutrient transporter expression, and localization). 

2.6.3. Context  

Studies of any monogastric species will compare non-pregnant subjects with pregnant 

subjects at known pregnancy stages, and/or compare outcomes between different pregnancy 

stages. Only data collected in a non-pathological or non-disease setting is relevant for this 

review.  

2.6.4. Types of studies 

Quantitative research studies will be included in this review, whether published or unpublished 

(e.g., higher-degree theses). Eligible study designs include prospective and retrospective 

cohort studies, case-control studies, and analytical cross-sectional studies, where these 

studies include the populations and concepts of interest. Studies published in English will be 

included in this review. Resource limitations preclude inclusion of studies published in 

languages other than English. There will be no date or geographical limitations for inclusion in 

this review. 

2.7. Methods  

The proposed scoping review will be conducted in accordance with the JBI methodology for 

scoping reviews [226], utilizing the Preferred Reporting Items for Systematic Reviews and 

Meta-analysis extension for Scoping Reviews (PRISMA-ScR) reporting guideline and 

checklist [227]. 

2.7.1. Search strategy 

The search strategy will include both published and unpublished literature. A limited search of 

PubMed was undertaken to obtain an initial overview of the current published literature 

including keywords and index terms of relevant articles. The search terms used appeared in 

the title and/or abstract of relevant articles. Together, these terms were used to develop a full 

search strategy for searching MEDLINE (PubMed; Appendix I), which will be adapted with 

assistance from a University of Adelaide research librarian for the different data bases to be 

searched. Final search strings for the remaining databases to be searched will be included as 

appendices in the final scoping review article. Reference lists of all included articles and key 

reviews will also be searched. All searches will be updated immediately prior to data synthesis. 

The following databases will be searched as part of this review: MEDLINE (PubMed), Scopus 

(Elsevier), Web of Science, Embase (Elsevier) and ProQuest Theses and Dissertations.   
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2.7.2. Study selection 

Following a search of selected databases, identified citations will be collated and uploaded 

into Covidence systematic review software (Veritas Health Innovation, Melbourne, Australia) 

via Endnote v.X9 (Clarivate Analytics, PA, USA) and duplicates removed. Titles and abstracts 

will be screened independently by at least two reviewers, and assessed against the inclusion 

criteria outlined for this review. Literature deemed relevant will be retrieved in full, and full text 

records will be assessed against the inclusion criteria by at least two independent reviewers. 

Reasons for exclusion will be recorded for any articles removed at full-text screening. The 

citation details of the relevant literature will be imported into the JBI System for the Unified 

Management, Assessment and Review of Information (JBI SUMARI; JBI, Adelaide, Australia) 

[228]. Any disagreement between reviewers at abstract or full-text screening stages will be 

resolved by discussion with additional members of the review author team. 

2.7.3. Data extraction 

Data will be extracted from included papers by two independent reviewers using the 

standardized data extraction tools in JBI SUMARI [227, 228]. The data extraction tool will be 

modified as required throughout the review, with any modifications documented in full in the 

final scoping review. Any disagreements between reviewers will be resolved through 

discussion or consultation with another reviewer on the team.  

Data to be extracted includes, but is not limited to, information regarding the following 

parameters of interest: species and strain(s) examined (e.g. rat, mouse, human), nutrient/diet 

consumed throughout the study, pregnancy stage(s) assessed, analytical techniques used to 

measure outcomes or answer the research questions (e.g. polymerase chain reaction, 

histology), and comparison groups. Data regarding small intestinal parameters will also be 

extracted. This includes, but is not limited to: small intestinal weight (wet/dry), length (whole + 

individual regions, i.e., duodenum, jejunum, ileum) and data regarding nutrient 

absorption/transport.  

2.7.4. Data analysis and presentation 

Extracted data including what types of outcomes have been assessed and the stages of 

pregnancy included in relevant studies will be summarised in tables, with outcomes presented 

either as mean ± SD or relative values where appropriate. Summaries of study characteristics 

will be presented visually where appropriate. Other aspects of the data (i.e., sample size and 

statistical methods used to analyze experimental data) will also be examined. A narrative 

synthesis will accompany these summaries and describe their relevance to the review 

question.  
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2.8. Appendix I: Search strategy 

MEDLINE (PubMed) 

The initial search was conducted on April 23, 2021, and returned 6938 results. 

The search string is comprised of 3 substrings: search terms relating to pregnancy, gut or gut 

regions, and anatomical or functional outcomes: (Pregnan* [TW] OR “Pregnancy” [MeSH] OR 

Gestat* [TW]) AND (Gastrointest* [TW] OR “gastrointestinal tract” [MeSH] OR Gastric [TW] 

OR Alimentary [TW] OR Digestive tract [TW] OR Digestive system [TW] OR Small intestine 

[TW] OR Duoden* [TW] OR Jejun* [TW]  OR Ileum [TW] OR Ileal [TW] OR Stomach [TW]) 

AND (Nutrient [TW] OR carbohydrate [TW] OR glucose [TW] OR fructose [TW] OR sucrose 

[TW] OR protein [TW] OR amino acid [TW] OR fatty acid [TW] OR lipid [TW] OR vitamin [TW] 

OR folic acid [TW] OR folate [TW] OR  calcium [TW] OR  iron [TW] OR zinc [TW]) AND 

(“biological transport” [MesH] OR absorption [TW] OR uptake [TW] OR transport [TW] OR 

Motility [TW] OR “ileal brake” [TW] OR Transit [TW] OR Gastric emptying [TW] OR “anatomy” 

[MeSH] OR Weight [TW] OR Mass [TW] OR Length [TW] OR Surface area [TW] OR 

Enterocyte [TW] OR Vasculat* [TW] OR blood vessel [TW] OR capillary [TW] OR Innervation 

[TW] OR Nerve [TW] OR Vill* [TW] OR Crypt [TW] OR Muscle thickness [TW] OR Muscle 

depth [TW] OR SGLT1 [TW] OR SGLT-1 [TW] OR sodium linked glucose transporter 1 [TW] 

OR GLUT2 [TW] OR GLUT-2 [TW] OR glucose transporter 2 [TW] OR Slc2a2 [TW] OR GLUT5 

[TW] OR GLUT-5 [TW] OR glucose transporter 5 [TW] OR Slc2a5 [TW] OR PEPT1 [TW] OR 

PEPT-1 [TW] OR peptide transporter [TW] OR SLC6A6 [TW] OR SLC6A19 [TW] OR “CD36” 

[TIAB] OR “cluster of differentiation 36” [TIAB] OR LFABP [TW] OR “Fatty acid binding protein 

2” [TIAB]) AND eng[LA] NOT review[PT]  
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2.9. Appendix II: Data extraction instrument  

Citation  

Reference location (PMID/DOI/URL)  

Study design  

Species and strain/breed  

Age during study  

Nutrition (diet, amount, timing) during study  

Housing during study  

Normal duration of pregnancy (days)  

Control group(s) characteristics (including 

sample size) 

 

Pregnant group(s) characteristics (including 

sample size, stage/s of pregnancy, litter size) 

 

Type of outcome of interests reported Nutrient absorption or transport, food transit 

or tissue motility, gastrointestinal tissue 

weight or size, microstructure, transporter 

expression 

Outcome of interest 1  

Assessment method for outcome of interest 1  

Outcome of interest 2  

Assessment method for outcome of interest 1  

Outcome of interest 3  

Assessment method for outcome of interest 1  

Statistical methods used to compare 

pregnancy stages 
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3. CHAPTER 3: SCOPING REVIEW 

3.1. Overview 

Sections 3.3-3.9 are taken directly from a scoping review protocol of which I am first author, 

and which has been submitted for publication in Nutrition Reviews. The content of these 

sections is unchanged as per University of Adelaide guidelines. Chapter 3 describes the 

results of a scoping review which was undertaken to identify and summarise literature which 

describes changes in small intestinal nutrient absorption and its determinants in monogastric 

mammals during pregnancy. The identified gaps in existing knowledge will help guide future 

research which will ultimately improve pregnancy outcomes for mother and child. For the 

scoping review, my contribution is as follows; I was involved in putting together the initial 

search strings and optimising them for each database to be searched, performed all database 

searches, screened titles and abstracts of identified citations, screened full texts of citations 

which met the inclusion criteria, and took part in conflict resolution. I also extracted, collated 

and summarised data from full texts which met the criteria for data extraction, co-wrote and 

edited the final manuscript. The data presented in Chapter 3 has been submitted for 

publication in the Journal of Gastroenterology (14th of December 2023, JOGA-D-23-01736), 

and I am first author of the final manuscript.  
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3.2. Statement of authorship - Adaptations in gastrointestinal 

nutrient absorption and its determinants during pregnancy in 

monogastric mammals: a scoping review 
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3.3. Abstract 

Pregnancy increases nutrient demand, but how nutrient uptake and its determinants adapt to 

facilitate nutrient delivery is unclear. We therefore aimed to identify and characterise evidence 

and evidence gaps regarding changes in gastrointestinal nutrient absorption and its 

determinants during pregnancy in monogastric mammals. We conducted a scoping review of 

peer-reviewed sources across PubMed, Scopus, Web of Science, Embase and ProQuest 

(theses and dissertations) databases. We extracted data including species, pregnancy stages 

and outcomes. Where sufficient data for a given outcome was available, relative values from 

multiple studies were summarised graphically or in tables to allow comparison across 

pregnancy stages and/or SI regions. We identified 26855 sources from database searches, of 

which only 159 were eligible. Mechanistic studies were largely restricted to rodents, and most 

compared non- and late-pregnant groups, with fewer reports including early- or mid-pregnant 

groups. During pregnancy, there is some evidence of greater capacity for glucose uptake but 

unchanged amino acid uptake, and good evidence for increased uptake of calcium, iron and 

zinc, and slower GI passage of nutrients. The available evidence indicates that acute glucose 

uptake, gastric emptying and activities of sucrase, maltase and lactase do not change during 

pregnancy. Gaps in knowledge include effects of pregnancy on uptake of specific amino acids, 

lipids, and most minerals and vitamins. We conclude that the gastrointestinal tract adapts 

during pregnancy to facilitate increased nutrient absorption. Additional data are required to 

assess the underlying mechanisms and impacts on absorption of many nutrients, as well as 

determining the timing of these adaptations.  

3.4. Introduction 

Maternal nutrient and energy demands increase during pregnancy to facilitate conceptus 

growth and development, support increased maternal organ function and deposit fat reserves 

in preparation for lactation [21, 215]. Gains in maternal body weight of ~15% occur across 

human pregnancy [11], while litter-bearing species such as rats and mice may double their 

body weight by the end of pregnancy [13, 14, 16, 217]. Maternal food intake increases by ~10-

15% in humans and up to 50% in rodents, particularly towards the end of pregnancy, 

concurrent with rapid fetal growth [14, 49, 51, 217]. To support these greater nutrient 

demands, increases in absorption of several micronutrients have been well-characterised, 

particularly at late pregnancy. For example, serial stable-isotope studies conducted in women 

Chapter 3 is reproduced exactly as submitted, with the exception of formatting, which 

has been changed to maintain consistency throughout the thesis. It has been 

submitted for publication in the Journal of Gastroenterology (14th of December 2023, 

JOGA-D-23-01736). 



120 
 

recruited from early pregnancy show a 9-fold increase in absorption of orally administered 

non-haem iron between weeks 12 and 36 of gestation [229]. Intestinal transport of orally-

administered non-haem iron was also 2-fold higher in late-pregnant compared to non-pregnant 

mice [230]. However, the effects of pregnancy on macronutrient absorption are less studied. 

There is some evidence for increased glucose absorption during mid-late pregnancy following 

glucose infusion into the whole small intestine (SI) in anaesthetised rats [231] and in ligated 

SI segments from anaesthetised hamsters at late pregnancy compared to non-pregnant [232]. 

Portal vein glucose concentrations following a standardised meal were also 20% higher in 

late-pregnant compared to non-pregnant dogs [233], consistent with increased SI absorption 

during pregnancy. Few studies have assessed effects of pregnancy on in vivo uptake of other 

macronutrients or have measured nutrient absorption at earlier stages of pregnancy, to identify 

when these changes occur. 

Multiple mechanisms likely underlie increased nutrient absorption during pregnancy. The SI is 

a critical site of nutrient digestion, notably the duodenum, where pancreatic enzymes and bile 

enter the tract [155]. Most macronutrients are taken up from the duodenum and jejunum into 

the maternal circulation, while entry of nutrients to the ileum can slow motility of the 

gastrointestinal (GI) tract, acting as a brake to extend contact of nutrients with absorptive 

surfaces and hence minimise nutrient loss [182]. Absorption within the colon is also important 

for absorption of short-chain fatty acids generated by microbial digestion of complex 

carbohydrates, and for some minerals and vitamins [162]. Nutrient absorption can therefore 

be increased by adaptations in gross anatomy, microstructure such as greater surface area 

due to villi lengthening, slower transit of food through the tract, or increased activity of digestive 

enzymes or transporters required for facilitated or active nutrient uptake. Several of these 

adaptations occur in pregnancy: total SI weight and length increase in conjunction with food 

intake during rat pregnancy [234], while duodenal and jejunal villi are longer in late pregnant 

than non-pregnant rats [175, 218]. Duodenal transcript abundance of Slc5a1, encoding the 

primary intestinal carbohydrate transporter sodium-dependent glucose transporter 1 (SGLT1  

[202, 203]) was also 1.5-fold higher in late-pregnant compared to non-pregnant rats [223]. 

However, it is unclear how these mechanisms change throughout pregnancy, and whether 

changes are consistent between species.  

We therefore conducted a comprehensive scoping review of existing literature, to answer the 

following questions: 

• What evidence is available regarding how gastrointestinal nutrient absorption and its 

determinants change during pregnancy in monogastric mammals? 

• What are the key characteristics of the evidence in this field? 
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• What evidence gaps can be identified in the area? 

3.5. Methods 

3.5.1. Protocol and search strategy 

This scoping review was conducted in accordance with the published protocol [235], with 

inclusion of peer-reviewed quantitative studies (including accepted Masters and PhD theses 

after examination), but with exclusion of pre-review sources. We followed the  Joanna Briggs 

Institute (JBI) methodology for scoping reviews [226], utilising the PRISMA-ScR reporting 

guideline and checklist [227]. In brief, we searched PubMed, Scopus, Web of Science, 

Embase and ProQuest Dissertations and Theses Global databases for studies describing 

adaptations in nutrient absorption and/or its determinants during healthy pregnancy in 

monogastric mammals. There was no start date or geographical limitations for inclusion in this 

review; peer-reviewed studies were included if accepted and published on-line or in print by 

the end of June 2023. Search strings for all databases are provided in the supplementary files 

(Table S1). Reference lists of all included articles and key reviews were screened to identify 

additional sources, which were imported into Covidence at the full text stage. 

3.5.2. Eligibility criteria 

The literature search was limited to studies of monogastric mammals published in English. 

Studies without original data, such as reviews, were excluded, as were conference abstracts, 

case studies, and editorial letters. Primary sources were included if they contained quantitative 

data on nutrient absorption and/or its determinants from normal pregnancies and compared 

outcomes at one or more stages of pregnancy to each other and/or to non-pregnant subjects. 

Only data collected in a non-pathological/disease setting was accepted; we excluded data 

from groups with non-typical pregnancies or in disease states (such as current obesity, 

pregnancies with growth-restricted fetus/es, hyperemesis gravidum), or altered physiology 

due to prior or current interventions (such as women who have undergone bariatric surgery 

before pregnancy, experimental diets, genetic modification). 

3.5.3. Study selection 

Citations identified from each database were imported into Endnote X9 software (Clarivate 

Analytics, Philadelphia USA) and duplicates removed. Citations were then uploaded into 

Covidence systematic review software (Veritas Health Innovation, Melbourne, Australia). 

Titles and abstract text were screened independently by two reviewers (T.S.O., A.J.P, R.L.Y., 

K.L.G.) against the published inclusion and exclusion criteria [235]. Full text records were 

assessed independently by two reviewers (T.S.O and K.L.G.), and reasons for exclusion 

recorded. Any disagreements between reviewers at abstract or full-text screening stages were 

resolved by discussion with additional members of the review team.  
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3.5.4. Data extraction and synthesis 

Two reviewers (T.S.O and K.L.G.) extracted data from included studies within Covidence 

using the standardised data extraction approach from JBI [227]. Information including species 

and strain, nutrition, pregnancy stage(s), and outcomes including measures of nutrient 

absorption and its determinants including SI anatomy, GI tract motility, nutrient transporter 

expression and digestive enzyme activity were extracted from each source [235]. Any 

disagreements between reviewers were resolved through discussion with at least one 

additional member of the review team (A.J.P and R.L.Y.). T.S.O and K.L.G. analysed the 

extracted data and synthesised the results. A summary of extracted data for each source is 

provided in Table S2. Extracted data were classified by outcome type, and the availability of 

evidence summarised graphically by species and stage of pregnancy. Where sufficient data 

was available to allow comparison of an outcome across pregnancy stages and/or SI regions, 

relative values from multiple studies were summarised graphically or in tables, while other 

data were summarised in text. 

3.6. Results 

3.6.1. Characteristics of published literature 

Of the 26855 studies identified in literature searches, 8130 were excluded as duplicates, and 

18725 papers screened at title and abstract stage (Fig. 3.1). Of these, 98% (18202 abstracts) 

were excluded as irrelevant, leaving 365 papers for full text review, in addition to 158 papers 

identified from screening reference lists. These 523 full texts were screened, and 364 

excluded, primarily as they did not report outcomes of interest, did not include a comparator 

group, or did not include data from normal pregnancies. Data was extracted from 159 eligible 

studies (Fig. 3.1). 
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Figure 3.1 PRISMA flow diagram 

The majority of extracted studies were performed in rats (n=81) or humans (n=45) , with fewer 

studies in mice (n=18) and a range of other species of monogastric mammals (n=15), including 

dog, pig, common shrew (Sorex araneus), and common root vole (Microtus oeconomus). The 

species studied differed strikingly between outcome types (Fig. 3.2A): studies of gallbladder 

emptying during pregnancy were performed exclusively in humans, while studies of SI regional 

and overall anatomy, nutrient transporter expression and digestive enzyme activity were 

reported only in non-human species, mostly rodents (Fig. 3.2A). Both human and non-human 

studies of nutrient uptake during pregnancy were reported, with studies involving ex vivo 

measures less common and reported only in rats and mice (Fig. 3.2A). Similarly, coverage of 

outcomes across pregnancy stages was limited, with most outcomes characterised in late-

pregnant and non-pregnant animals, with fewer outcomes characterised during early- and 

mid-pregnancy, particularly for regional and overall SI anatomy, nutrient transporter 

expression and digestive enzyme activity (Fig. 3.2B). 
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Figure 3.2 Characteristics of included studies. Numbers of studies reporting each outcome 
type in each species (A) and pregnancy stage (B). Studies were not included in counts for 
specific pregnancy stages where groups overlapped pregnancy stages or the stage of 
pregnancy was not stated 
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3.6.2. Macronutrient uptake – carbohydrates 

Most eligible in vivo studies measured the rise in circulating glucose as a marker of SI 

carbohydrate uptake. Acute increases in systemic circulating glucose (Fig. 3.3A) after an oral 

glucose tolerance test (OGTT) were generally similar across pregnancy stages in humans (6 

studies), rats (2 studies) and dogs (1 study). However, in these human studies, the rise in 

plasma glucose after oral glucose increased in amplitude and the peak was generally delayed 

with advancing pregnancy (Fig. 3.3B). A delayed rise in plasma glucose following OGTT could 

at least in part be due to dilution effects caused by an expansion of maternal blood volume, 

which peaks at 145% of non-pregnant blood volume in humans [21]. Patterns of glucose rise 

were not generally different between non-pregnant and late pregnant rats and dogs, possibly 

reflecting rapid placental nutrient uptake in these litter-bearing species (Fig. 3.3B). Similar to 

effects of human pregnancy on patterns after OGTT, circulating glucose concentrations in 

meal test studies were higher from 15 until 120 minutes after chow feeding in late pregnant 

compared to non-pregnant rabbits [236], and from 90 until 270 minutes following intra-gastric 

administration of a liquid meal including glucose in mid-late pregnant compared to non-

pregnant dogs [233]. Effects of pregnancy stage on carbohydrate responses to mixed meal 

challenges were contradictory in two human studies. Plasma glucose responses following 

consumption of a mixed meal were similar at 16, 26 and 36 weeks of pregnancy in one study 

[237]. In contrast, Stanley et al. reported higher peak plasma glucose concentrations after a 

similar carbohydrate load in late (36-38 weeks) compared to early (14-16 weeks) or mid-

pregnancy (26-28 weeks), although unlike OGTT findings, the timing of peak circulating 

glucose concentrations was similar between groups [238]. These human meal test studies did 

not include non-pregnant comparison groups.  
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B. 

Figure 3.3 In vivo glucose uptake during pregnancy. A. Acute changes in systemic glucose 
concentrations after an oral glucose challenge. Symbols show the change in circulating 
glucose concentration from pre-test fasting values to 30 minutes after oral glucose challenge 
(or the closest available time-point). Each study is shown in different symbols and data from 
the same study are joined by lines. The legend indicates the dose of glucose given during the 
oral challenge and the time-point at which post-challenge glucose concentrations were 
measured. B. Changes in systemic glucose concentrations after oral glucose challenges. 
Symbols show the change in circulating glucose concentration from pre-test fasting values 
after oral glucose challenge. Each study is shown on a separate panel, with the species and 
dose of glucose given during the oral challenge indicated in the text above each figure. For 
ease of comparison, all data have been converted to plasma glucose equivalents, using the 
equation: Plasma glucose = blood glucose * 1.12. Data are means ± standard deviations 
(where available) and are adapted from OGTT studies in humans [239-244], rats [245, 246], 
and dogs [247].  

0 60 120 180

-2

0

2

4

6

8

Campbell 1971

(human, 50 g glucose)

Time (min)

Δ
 p

la
s

m
a

 g
lu

c
o

s
e

(m
m

o
l/

L
)

22 weeks

32 weeks

0 60 120 180

-2

0

2

4

6

8

Hornnes 1984

(human, 50 g glucose)

Time (min)

Δ
 p

la
s

m
a

 g
lu

c
o

s
e

(m
m

o
l/

L
)

15 weeks

28 weeks

37 weeks

0 60 120 180

-2

0

2

4

6

8

Amano 1967

(rat, 1.5 g glucose/kg)

Time (min)

Δ
 p

la
s

m
a

 g
lu

c
o

s
e

(m
m

o
l/

L
)

Non-pregnant

19 days

0 60 120 180

-2

0

2

4

6

8

Gillmer 1975

(human, 50 g glucose)

Time (min)

Δ
 p

la
s

m
a

 g
lu

c
o

s
e

(m
m

o
l/

L
)

12-22 weeks

32-35 weeks

0 60 120 180

-2

0

2

4

6

8

Kühl 1975

(human, 50 g glucose)

Time (min)

Δ
 p

la
s

m
a

 g
lu

c
o

s
e

(m
m

o
l/

L
)

Non-pregnant

11-19 weeks

24-29 weeks

32-36 weeks

0 60 120 180

-2

0

2

4

6

8

Moffett 2013

(rat, 3.2 g glucose/kg)

Time (min)

Δ
 p

la
s

m
a

 g
lu

c
o

s
e

(m
m

o
l/

L
)

Non-pregnant

21 days

0 60 120 180

-2

0

2

4

6

8

Hagen 1961

(human, 1 g glucose/kg)

Time (min)

Δ
 p

la
s

m
a

 g
lu

c
o

s
e

(m
m

o
l/

L
)

3 months

5 months

7 months

9 months

0 60 120 180

-2

0

2

4

6

8

Lindt 1973

(human, 50 g glucose)

Time (min)

Δ
 p

la
s

m
a

 g
lu

c
o

s
e

(m
m

o
l/

L
)

10 weeks

20 weeks

30 weeks

38 weeks

0 60 120 180

-2

0

2

4

6

8

Moore 2011

(dog, 0.9 g glucose/kg)

Time (min)

Δ
 p

la
s

m
a

 g
lu

c
o

s
e

(m
m

o
l/

L
)
Non-pregnant

6-7 weeks



127 
 

There is some, although limited, evidence that the greater rises in circulating glucose after oral 

glucose during pregnancy reflect greater capacity for glucose uptake. Consistent with the 

pattern in systemic circulation, the increase in portal blood glucose after a liquid meal including 

glucose was larger in late pregnant compared to non-pregnant dogs (Fig. 3.4 [233]). Curiously, 

postprandial net gut output of glucose, calculated using radiolabelled glucose tracers, was 

similar in pregnant and non-pregnant dogs [233], although postprandial gut glucose output 

was higher in late pregnant compared to non-pregnant rabbits [236]. Plasma glucose was also 

higher in pregnant than non-pregnant women from 60 minutes after an oral sucrose challenge, 

while the lack of difference in plasma fructose responses implies glucose-specific increases 

in transport rather than digestion [248]. Moreover, when the whole SI was infused continuously 

in anaesthetised rats, glucose uptake from infusate containing 20-300 mM glucose was 20-

40% higher in mid-pregnant compared to non-pregnant rats in one study [231], although others 

reported no difference in glucose uptake from a 10 mM glucose infusate using a similar 

method [175]. It is important to consider that the use of anaesthesia during in vivo studies has 

the potential to attenuate SI nutrient absorption due to a reduction in gastric and SI smooth 

muscle motility due to suppression of peripheral and central neural circuits [249]. Furthermore, 

OGTT responses are likely to differ if performed during the light compared to dark phase [250], 

and regulation of SGLT1 by luminal nutrients can also impact OGTT responses depending on 

fasted or fed status [251]. Glucose absorption per g dry weight by ligated loops of jejunum and 

ileum in anaesthetised golden hamsters (Mesocricretus auratus) over a 30-minute static 

incubation with 5.6 mM glucose was 36% higher in mid-late pregnant compared to non-

pregnant animals [232]. Conversely, glucose absorption by the proximal jejunum during a 5 

minute static incubation with 10 or 20 mM glucose was similar in late pregnant and non-

pregnant rats [252]. Surprisingly, only a single study has reported the impact of pregnancy on 

ex vivo glucose uptake, despite the importance of this approach to interrogate mechanisms. 

Uptake of alpha-methyl-D-glucoside, a non-metabolisable glucose analog transported by 

SGLT1 but not the GLUT family of hexose transporters, was 28% and 65% higher per length 

of jejunum and ileum, respectively, in everted sacs from late pregnant compared to non-

pregnant rats [253]. The affinity of transporters was similar between groups, implying 

increased density rather than altered function of SGLT1 in pregnancy [253].  
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Figure 3.4 Changes in arterial and portal vein glucose following a meal test in dogs. Data 
are means ± standard deviations and are adapted from the intragastric meal tolerance study 
reported by Moore et al. in dogs [233].  

3.6.3. Macronutrient uptake – amino acids 

Current evidence indicates that SI amino acid uptake is unchanged during pregnancy, 

although this evidence base is limited to one or two studies for most amino acids. Most of 

these studies have measured amino acid uptake during continuous or static perfusion of the 

SI in anaesthetised rats. A single non-rodent study showed that ileal digestibility (comprising 

both catabolism and uptake) of dietary crude protein and component amino acids was similar 

in late pregnant compared to non-pregnant conscious pigs [254]. During continuous infusion 

of the whole SI, removal of leucine from infusate containing 1.31 g/L leucine was similar in 

non-pregnant and mid-pregnant rats [175], while in vivo absorption of glycine from ligated 

loops of jejunum [252] and appearance of methionine in portal blood during static incubation 

of the whole SI [255] were unchanged during pregnancy. Lysine absorption from ligated loops 

of duodenum was also similar in non-, mid- and late-pregnant rats, but did increase during 

lactation [256]. Only a single ex vivo study has evidenced upregulation of amino uptake, albeit 

only for one amino acid, one SI region and at a single stage of pregnancy. Transfer of 

radiolabelled amino acids from the mucosal to serosal side of the distal ileum more than 

doubled in early pregnant compared to non-pregnant rats, then returned to non-pregnant 

concentrations at mid- and late-pregnancy; greater transfer was lysine-specific and did not 

change for  alanine or proline [257]. 

3.6.4. Macronutrient uptake – lipids 

A single study has directly assessed changes in lipid uptake during pregnancy, where plasma 

concentrations of 14C-tripalmitate rose faster, and were higher from 1 until 24 h in late pregnant 

(GD20) compared to non-pregnant rats after oral administration of the lipids tripalmitine (4 

mg), phosphatidylcholine (0.8 mg) and glycerol-tri-[1-14C]-palmitate (10 µCi) [258]. Total 

uptake of 14C-tripalmitate in the first 4 hours after administration was 37% higher at GD19 and 
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46% higher at GD20 compared to non-pregnant rats, consistent with enhanced SI absorption 

of triglycerides [258]. 

3.6.5. Micronutrient uptake – minerals 

Studies of mineral uptake have focussed on calcium (16 studies), iron (9 studies) and zinc (8 

studies), with two studies reporting uptakes of other metal ions by SI [259] and colon [260].  

3.6.5.1. Calcium 

Most evidence indicates that calcium absorption increases during pregnancy, due to increased 

duodenal absorption. In two human studies, fractional intestinal absorption of calcium in late 

pregnant women was 124-126% that of non-pregnant or early-pregnant women using double-

label stable isotope approaches [261, 262]. Similarly, absorption of calcium from food or 

drinking water over 24-48 hours is increased from mid-pregnancy in rats; fractional calcium 

absorption was 19-56% higher in the last few days of pregnancy compared to non-pregnant 

rats [263, 264]. Indeed, plasma concentrations of 45Ca were higher at 60 minutes after gavage 

with a labelled 45Ca Cl solution in anaesthetised pregnant rats compared to non-pregnant rats 

[265]. Investigations of calcium uptake in rats are generally consistent with an upregulation of 

duodenal absorption during mid-late pregnancy. For example, duodenal uptake of 45Ca during 

a 15-minute static incubation was similar in early- and non- pregnant rats, but increased at 

mid- (+36%) and late-pregnancy (+82%, [266]). In perfusion studies, duodenal 45Ca absorption 

per cm was 92% higher in mid-pregnant compared to non-pregnant rats, but did not differ on 

a dry weight basis [267]. Duodenal active calcium transport is also upregulated in late pregnant 

compared to non-pregnant rats, with 33-250% greater active calcium transport in ex vivo 

everted sacs of proximal duodenum [268-272]. Results of studies using different ex vivo 

approaches concur; uptake of 45Ca by proximal duodenal slices was similar at early pregnancy 

but greater at mid- (+21%) and late-pregnancy (+88%, [273]), while duodenal transcellular 

calcium flux in Ussing chambers was 33-39% higher in rats at mid-late pregnancy compared 

to non-pregnant rats [274]. In the only study to evaluate regional calcium uptake across 

pregnancy stages, Wróbel et al. reported that calcium transport by everted sacs increased 

with advancing pregnancy in rats, particularly in distal SI collected during the light phase, when 

calcium uptake was lower [272]. Evidence for altered calcium absorption in the jejunum is 

equivocal; ex vivo mucosal Ca2+ transport by proximal and mid-jejunum everted sacs was 

more than 2-fold higher in mid-pregnant compared to non-pregnant rats [259], while calcium 

uptake increased similarly with increasing luminal calcium concentration in mid-jejunal loops 

during static incubation in situ [273]. In contrast, there was no net uptake of calcium by 

perfused ileum in non-pregnant or late pregnant rats [267]. 
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3.6.5.2. Iron 

A single study in humans reported higher absorption of non-haem iron from food at 24 weeks 

(>5-fold) and 36 weeks (>9-fold) of pregnancy compared to non-pregnant women [229]. All 

other studies have been conducted in rodents and included only non- and late-pregnant 

groups. 59Fe uptake from the GI lumen and 59Fe transport (iron absorption) were substantially 

(5-10-fold) higher during late pregnant (GD55 of 65) compared to non-pregnant guinea pigs 

[275]. Iron uptake may increase particularly towards term, as 59Fe uptake and transport were 

78% and 117% higher, respectively, in mice at GD20-21, but similar at GD16-17 compared to 

non-pregnant controls [230]. Iron uptake and transport from ligated in situ duodenal loops were 

also consistently higher in late pregnant (GD20-21) than non-pregnant rats [276-278]. In vitro 

iron transfer across everted duodenal sacs was ~2-fold higher in rats during the last third of 

pregnancy compared to non-pregnant rats [278]. Similarly, the capacity for 59Fe3+ uptake into 

mucosal fragments from mouse duodenum was 47% higher in late pregnant compared to non-

pregnant mice, while the affinity constant for iron transport was similar in both groups [279]. 

Overall, the evidence for increased iron uptake and transport by the duodenum in late 

pregnancy is strong, however the onset of this increase is not well mapped. 

3.6.5.3. Zinc 

Variable changes in acute Zn uptake have been reported during pregnancy. Plasma 

concentrations were similar in non-pregnant women and women in the first, second or third 

trimester of pregnancy 2 and 3 hours after consuming 22.5 mg zinc [280], while intestinal 

absorption of fed 65Zn over a 6 h period was similar in mid- and late-pregnant rats [281]. In 

contrast, 65Zn absorption by ligated duodenal loops during a 15 minute static incubation was 

higher in rats at GD18 (per length) and GD21 (per length and per g dry weight), compared to 

non-pregnant controls [256]. Several studies have utilised double stable isotope approaches 

to calculate the fractional absorption of orally administered zinc in pregnant women. Two 

studies show increased relative fractional absorption of 145% [282] and 148% [283] in late 

pregnancy (34-36 week), compared to non-pregnant or early pregnant women, although the 

133% relative fractional absorption in the third study [284] difference was not significantly 

different. 

3.6.5.4. Others 

Little has been reported on changes in uptake or transport of other minerals such as sodium, 

potassium, chloride and magnesium during pregnancy. In humans, colonic uptake of sodium 

but not potassium was higher during perfusion studies in mid-pregnant women (12-20 weeks) 

compared to non-pregnant women [260]. Ex vivo measures of jejunal sodium transport in 

everted sacs were 48-103% higher in early- (GD2-3) and mid-pregnant (GD12-13) compared 

to non-pregnant rats, while chloride transport was more than doubled in only early pregnancy 
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[259]. Ex vivo jejunal potassium and magnesium transport were over 3-fold and over 9-fold 

higher in mid-pregnant rats compared to non-pregnant rats, respectively [259]. 

3.6.6. Micronutrient uptake – vitamins 

Few studies have examined vitamin uptake and transport during pregnancy. Results 

discussed below are limited to studies of vitamin B12 and B9 

3.6.6.1. Vitamin B12 

Intestinal uptake of 57Co-labelled vitamin B12 (cobalamin) and transfer to the non-GI carcass 

(carcass excluding all GIT contents, i.e. stomach, pancreas, small and large intestines) 16 h 

after administration by gavage were increased by 138% and 189% at GD15-17 of mouse 

pregnancy, respectively, compared to non-pregnant controls [285]. Both intestinal vitamin B12 

uptake (229%) and extra-intestinal transfer (338%) increased further at GD18-21, near term 

[285]. Similarly, increases in circulating concentrations after 1 mg oral administration were 

more than 2-fold higher in pregnant than non-pregnant rats, but the increases did not differ 

after 0.25 or 0.5 mg B12 doses [286]. Vitamin B12 is absorbed in the distal ileum at cubulin 

receptors, which recognise B12 complexed with the glycoprotein intrinsic factor (IF) [287]. Ex 

vivo binding of 57Co-labelled B12-IF to cubulin receptors in intestinal mucosa homogenate was 

1.9- to 2.3-fold higher in late pregnant mice compared to non-pregnant mice, reflecting greater 

numbers of receptors (3.6- to 4.2-fold) and despite lower receptor affinity (~0.2-fold, [285, 288, 

289]). 

3.6.6.2. Vitamin B9 

The appearance of folic acid in circulation following oral administration has been reported in 

two older studies in human pregnancy, using microbiological assays to determine plasma 

folate activity. After a 3 mg oral folic acid dose, Girdwood et al. [290] reported lower plasma 

folate activity at 1 and 1.5 h, and lower peak plasma folic acid concentrations, in pregnant 

compared to non-pregnant women, however baseline activity was not reported; preventing 

assessment of uptake. In a more informative study, Langdon and colleagues [291] reported a 

slower rise in plasma folate activity after oral folate (15 µg/kg body weight) in mid-pregnant 

women (20 weeks), compared to women in early (10 weeks) or late pregnancy (30 or 38 

weeks). In contrast, ex vivo uptake of radiolabelled folic acid from proximal jejunum everted 

sacs over 60 minutes was similar in non-pregnant and late-pregnant (GD18) rats [292]. 

3.6.7. Gastric emptying 

The rate of gastric emptying during pregnancy has been investigated in multiple species using 

a range of methods, spanning phenol red disappearance assessed by repeat sampling of 

gastric contents, bioimpedance, and ultrasound, to passage of radioactive, barium or magnetic 

labels (Fig. 3.5). The available data is equivocal, likely due in part these different assessments 
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as well as the use of a variety of liquids or solids as stimuli for gastric emptying, however, most 

studies find no difference in rates of gastric emptying in pregnant compared to non-pregnant 

individuals (Fig. 3.5). For example, Hunt et al. [293] reported increased rate of gastric emptying 

of saline between week 20 and 30-40 of human pregnancy, but no difference in the emptying 

rate of water. Only a few studies have investigated changes in gastric motility in pregnancy, 

and these likewise report equivocal effects of pregnancy and variable changes across 

pregnancy stages. The frequency of gastric contractions, measured in vivo by EMG, was lower 

in mid-pregnant compared to non-pregnant rats, but not different from controls at early- or late-

pregnancy [221]. Motor activity of the stomach measured through pressure changes of a 

saline-filled balloon in anaesthetised rats was lower at early-pregnancy (GD3, 4, 5 and 7), 

compared to non-pregnant rats [294]. Conversely, the frequency of spontaneous ex vivo antral 

muscle contractions was similar in late-pregnant and non-pregnant guinea pigs [295]. The ex 

vivo contractile force of gastric smooth muscle has been assessed in pregnant guinea pig and 

rat, with conflicting results. The force of spontaneous contractions by mid-antrum strips 

collected from late pregnant guinea pigs was ~71% that of non-pregnant controls [295]. 

However, acetylcholine-induced contraction of isolated stomach smooth muscle cells, 

measured as the proportional reduction in muscle cell length, was nearly doubled in late-

pregnant compared to mid-pregnant rats [296]. Overall, available evidence indicates unaltered 

rate of gastric emptying in pregnancy.  

A. Gastric emptying of liquids 
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N/A PC Water    [303] 

N/A PC Water    [304] 

N/A^ PC Water^ N/A   [238] 

N/A U/S Formula@    [305] 

N/A# U/S 10% LL N/A   [306] 
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B. Gastric emptying of solids 
 

Species 

Strain/ 
population 

M
e

th
o

d
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EP MP LP Source 

        Human N/A FLUOR Egg yolk   [311] 

N/A 13C Bread+egg$    [312] 

        

Rat 
Wistar Beads Beads~    [309] 

Wistar Mag Fe+chow    [221] 

 

Figure 3.5 Gastric emptying of A. liquids and B. solids during pregnancy. Studies are grouped 
by species and method, with each row representing a single study. Numbers in square 
brackets indicate data source. Differences relative to non-pregnant controls are indicated by 
cell colour. Outcomes were available as times or have been converted from % emptied to % 
remaining, so that higher values consistently indicate slower emptying. Grey cells indicate that 
the outcome was not reported at that pregnancy stage, and diagonal lines indicate that 
outcomes at that pregnancy stage were not significantly different from non-pregnant controls 
from the same study. 

13C, 13C-octanoic acid breath test;  51Cr, radiolabelled 51Cr; BAR, location/weight of barium 
label; DOJ, diluted orange juice; EP, early pregnant; FLUOR, fluoroscopy using a barium label; 
GA, gestational age; IMP, impedance tomography; LL, lactulose; LP, late pregnant; Mag, 
gastric emptying time calculated from magnetic intensity readings after feeding a meal 
containing 0.5 g ferrite powder plus 1.5 g chow; MC, methyl cellulose; MP, mid pregnant, N/A, 
not applicable; N/S, not stated; PC, time of maximal circulating paracetamol concentration 
from paracetamol test; PR, phenol red dilution; U/S, ultrasound. %Data from this study are 
expressed relative to mid-pregnant women (16-25 weeks GA). ^Data from this study are 
expressed relative to early-mid-pregnant women (14-16 weeks GA). Paracetamol was taken 
in 50 mL water, but after consumption of a breakfast meal consisting of two Crunch and Slim 
bars.  #Data from this study are expressed relative to early pregnant women (1st trimester). 
@Women were fed 300 mL (405 kcal) of a liquid formula containing 5 % protein, 5 % fat, and 
17 % carbohydrates. $Women were fed a meal of 60 g white bread plus 1 egg, including a 13C-
enriched egg yolk. ~Rats were gavaged with approx. 25 x 1 mm diameter polystyrene beads 
in 1.5 mL saline, and the proportion that passed from the stomach was assessed at 3 h. 

3.6.8. Gastrointestinal and SI motility 

Although the gastric emptying rate of liquids and solids is unchanged during pregnancy, there 

is good evidence that transit through the GI tract as a whole is slower, reflecting slower SI 

transit (Fig. 3.6). Slower transit from mouth to caecum, or through the SI, was reported in 11 

of 13 studies comparing late-pregnant to non-pregnant women, rats and mice (Fig. 3.6). 

Different species may slow SI transit at different pregnancy stages, with slower transit 

consistently reported in mid-pregnant women in the three reports published to date [311, 313, 

314], and no studies of transit in early pregnant women yet reported (Fig. 3.6). GI transit of a 

range of labels was similar in early- and mid-pregnant rats and mice as their non-pregnant 

controls (Fig. 3.6, [221, 307, 315, 316]). The mechanisms underlying slower SI transit are 

largely unknown, with only three studies of SI contractility. The frequency of in vivo 

contractions of jejunum-ileum was similar in mid-late pregnant rats (GD12-18) as in non-
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pregnant controls, although contraction intervals were more variable in the pregnant group 

[317]. Slower SI motility could at least in part be due to a reduction in vagal afferent sensitivity 

in response to stretch and distention of the gut wall [59]. Although maximal contractile 

responses to electrical, acetylcholine and potassium stimuli were similar in ileum strips taken 

from mid-late pregnant mice (GD11-19) and non-pregnant mice, stimulus sensitivity was 

decreased in the pregnant groups [318]. Indeed, the maximal contractile force induced by 

carbachol in ileum strips isolated from mid-pregnant guinea pigs was less than 60% of that 

measured in non-pregnant tissue, whilst the sensitivity to carbachol was unchanged [319]. 

Given the consistent evidence for slower SI transit, particularly in late pregnancy, further 

research is needed to understand the underlying mechanisms. 
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Figure 3.6 Changes in gastrointestinal motility during pregnancy. Studies are grouped by 
species and transit region, with each row representing a single study. Numbers in square 
brackets indicate data source. Differences relative to non-pregnant controls are indicated by 
cell colour, using the same scale as Fig. 3.5. Outcomes were available as times or have been 
converted from % travelled to % remaining, so that higher values consistently indicate slower 
transit. Grey cells indicate that the outcome was not reported at that pregnancy stage, and 
diagonal lines indicate that outcomes at that pregnancy stage were not significantly different 
from non-pregnant controls from the same study 

51Cr, radiolabelled 51Cr; BAR, barium label; CAR, carbon meal; CHAR, charcoal label; Duo 
Infl., duodenal inflexion; EP, early pregnant; FLUOR, fluoroscopy using a barium label; LP, 
late pregnant; Mag, OCTT time calculated from magnetic intensity readings after feeding a 
meal containing 0.5 g ferrite powder plus 1.5 g chow; MP, mid-pregnant; N/A, not applicable; 
N/S, not stated; LONG, longitudinal arm of study with results in the same women compared 
during late pregnancy and after weaning; OCTT, oral-caecal transit time; PILL, transit time for 
pH radiotelemetry pill; X-SECT, cross-sectional arm of study with results of late pregnant 
women compared to non-pregnant women 

# lactulose given as 10% solution in water, after overnight fast. ^Subjects consumed a liquid 
standard test meal containing 420 kcal (15% protein, 35% fat, 50% carbohydrate), with 10 g 
lactulose, after overnight fast. ~Rats were fasted overnight then gavaged with 0.3 mL of 10% 
charcoal in 5% gum acacia. @Rats were fasted 18 h then gavaged with 1 mL of 10% charcoal 
in 154 mM NaCl. 
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Park 
Mouth → SI CAR Carbon meal    [318] 
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3.6.9. Whole SI anatomy 

Of the 25 studies that have reported measures of whole SI anatomy in pregnancy, 17 reported 

increased absolute wet weight and/or length of the SI relative to non-pregnant controls (Fig. 

3.7). Absolute SI weight was greater in late pregnant than non-pregnant rats in most studies, 

but not different between late-pregnant and non-pregnant pigs in a single report (Fig. 3.7). 

Limited data was available in early- or mid-pregnant rats, with no evidence of greater wet SI 

weight compared to non-pregnant rats (Fig. 3.7); changes in wet SI weight during pregnancy 

have not been reported in mice. Increases in SI weight are likely proportional to increases in 

maternal body weight during pregnancy in rodents, with no significant difference in relative SI 

weight reported in rats at mid-pregnancy (106-108%) or late-pregnancy (72-116%) compared 

to non-pregnant controls [323, 324], or in early- (107%), mid- (108%) or late-pregnancy in mice 

(124%) relative to non-pregnant females [178]. Elongation of the SI during pregnancy was 

reported in some but not all studies in rats and in single studies of mice and of another small 

mammal, the shrew (Fig. 3.7).  
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       [175] 

       [326] 
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Figure 3.7 Changes in absolute small intestine wet weight and length during pregnancy. 
Studies are grouped by species, with each row representing a single study. Numbers in square 
brackets indicate data source. Differences relative to non-pregnant controls are indicated by 
cell colour. Grey cells indicate that the outcome was not reported at that pregnancy stage, and 
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diagonal lines indicate that outcomes at that pregnancy stage were not significantly different 
from non-pregnant controls from the same study 

EP, early pregnant; LP, late pregnant; MP, mid pregnant; Nor. Hood., Norwegian Hooded; 
Shrew, Common shrew (Sorex araneus); Vole, Common root vole (Microtus oeconomus). 
#Data for GD14.5 mice relative to non-pregnant. $Data for GD18.5 mice relative to non-
pregnant. *Data for voles are for all stages of pregnancy combined, within spring-caught and 
summer-caught animals. 

Few studies report other SI anatomical outcomes (Supplementary table S3.2). Intestinal 

permeability, assessed by appearance of fluorescein isothiocyanate (FITC)-dextran in blood 

following oral gavage, was 3-fold higher in late pregnant compared to non-pregnant mice in 

one study [336],  while others reported ~1.4-fold higher permeability at GD14.5, but no 

differences at GD18.5 compared to non-pregnant mice [331]. Measures of blood supply to or 

from the small intestine have been reported in rabbit and guinea pig. Portal vein blood flow 

relative to body weight was similar in non-pregnant and late pregnant rabbits before and after 

feeding [236]. Absolute blood flow to the SI (ml.min-1) was also similar in non-pregnant and 

mid- or late- pregnant guinea pigs [337]. Blood flow relative to SI tissue weight was 1.6-fold 

higher in late-pregnant compared to non-pregnant guinea pigs, but not different at earlier 

pregnancy stages [337]. Numbers of specialist gastric cells have been assessed during rat 

pregnancy in a single study. The total number of hydrochloric acid-producing parietal cells, 

determined by multiplying parietal cell densities by the total surface are of the fundus, was 

1.3-fold higher in late-pregnant than non-pregnant rats, but not different at earlier pregnancy 

stages [338]. Numbers of pepsin-producing peptic cells were 1.1 to 1.3-fold higher in mid- and 

late-pregnant rats than in non-pregnant controls [338].  

3.6.10. Region-specific SI anatomy 

Surprisingly few studies have reported effects of pregnancy on SI regional anatomy. Of five 

studies that reported absolute wet weights of SI regions, only one included data at stages 

earlier than late pregnancy, and only for duodenum (Fig. 3.8A). SI region weights were 

increased in most, but not all studies, with less consistent evidence for increased weight 

relative to region length (Fig. 3.8B). Consistent with these, the relative or absolute weights of 

mucosa were increased during rat pregnancy in duodenum [267, 328], jejunum [253, 339] and 

ileum [253, 267, 328].  Only two studies reported the length of SI regions, with no data on 

jejunum (Fig. 3.8C). Reported changes in villi length were inconsistent and varied between 

regions, with several studies reporting longer jejunal villi, but no consistent effects of 

pregnancy on duodenal or ileal villi length (Fig. 3.8D). Whether microvilli length changes during 

pregnancy, to further multiply surface area, has been reported only by a single research group. 

Penzes et al. found no differences in duodenal [340], jejunal [341] or ileal [342] microvilli size 

or density between non-pregnant and late pregnant rats. Only two studies in mice have 

reported crypt depth in pregnancy, with no consistent differences between pregnancy stages 
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across SI regions (Table S2, [178, 331]). In their assessments of ileal morphology, Ribeiro et 

al. also reported similar numbers of goblet cells per crypt at GD14.5 and GD18.5 as non-

pregnant controls, and fewer goblet cells per villus only at GD14.5 [331]. Reports of SI muscle 

depth are also limited, without strong evidence for muscle hypertrophy in duodenum or ileum, 

however both studies reported ~1.5-2-fold thicker jejunal smooth muscle in mid and late-

pregnant rats [218] and mice [178], compared to early-pregnant rats or non-pregnant mice. 

A. Absolute weight 

 
B. Weight:length 

 
C. Region length 

 
D. Villi length 

Species 
Strain/ 
population 

Duodenum  Jejunum  Ileum 
Source 

EP MP LP  EP MP LP  EP MP LP 

              

Rat 

Sprague-Dawley            [175] 

Sprague-
Dawley% 

N/A    N/A    N/A   [218] 

Not stated            [348] 

              

Mouse 

Swiss Albino            [178] 

C57BL/6J 
(GD14.5) 

           [331] 

C57BL/6J 
(GD18.5) 

           [331] 

              
Shrew S. Araneus           [335] 

Figure 3.8 Changes in region-specific small intestine anatomy during pregnancy. Studies are 
grouped by species, with each row representing a single study. Numbers in square brackets 
indicate data source. Differences relative to non-pregnant controls are indicated by cell colour, 

Species 
Strain/ 
population 

Duodenum  Jejunum  Ileum 
Source 

EP MP LP  EP MP LP  EP MP LP 

              

Rat 

Sprague-
Dawley* 

           [343] 

Sprague-
Dawley 

           [344] 

Wistar$            [253] 

              
Mouse MF1            [345] 
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Dawley* 
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using the same scale as Fig. 7. Grey cells indicate that the outcome was not reported at that 
pregnancy stage, and diagonal lines indicate that outcomes at that pregnancy stage were not 
significantly different from non-pregnant controls from the same study  

EP, early pregnant; LP, late pregnant; MP, mid pregnant, N/A, not applicable; Shrew, Common 
shrew (Sorex araneus). *Data shown as ileum for these studies are for combined jejunum and 
ileum. $Methods for this study do not specify whether intestine was washed to remove contents 
before weighing; jejunum and ileum were split into similar lengths rather than divided based 
on anatomy. #Duodenal weight for this study is only for the region from the pylorus to the 
pancreatic duct. ^Jejunal weight for this study is only for the most proximal 11 cm (approx. 1/3 
of total jejunum length). &Jejunal weight for this study is for the proximal 1/3 of the combined 
jejunum-ileum, and ileum weight is for the distal 1/3 of the combined jejunum-ileum. %Data 
from this study are expressed relative to early-pregnant animals. 

3.6.11. Nutrient transporter expression – macronutrients 

3.6.11.1. Carbohydrates 

Only a single study has compared expression of carbohydrate transporters in pregnant and 

non-pregnant mono-gastric mammals. In duodenal mucosa, Slc5a1 transcripts encoding 

sodium-dependent glucose co-transporter 1 (SGLT1), the primary apical transporter of 

glucose and galactose from the gut lumen into enterocytes, were 1.5-fold higher in late 

pregnant compared to non-pregnant rats [223]. Uptake of glucose by SGLT1 requires carriage 

of two sodium ions, and activity of the basolateral Na+/K+-ATPase pump to maintain the 

enterocyte sodium gradient [158]. The duodenum of late pregnant rats had higher abundance 

of Atp1a4 and Atp1b3 encoding sub-units of the Na+/K+-ATPase pump [223], consistent with 

increased glucose uptake capacity in pregnancy.  In the same tissue, transcript abundance of 

Slc2a5, encoding the facilitated glucose transporter 5 (GLUT5), responsible for fructose 

uptake from the gut lumen into enterocytes, was 1.8-fold higher in late pregnant compared to 

non-pregnant rats [223]. Whether transcript abundance of Slc2a2, encoding the facilitated 

glucose transporter 2 (GLUT2), also increases during pregnancy to increase glucose and 

fructose transport out of enterocytes into the maternal circulation has not been reported. There 

are also no published reports that include data on protein expression of these transporters. 

3.6.11.2. Peptides and amino acids 

There are no published studies reporting effects of pregnancy or pregnancy stage on gene or 

protein expression of any SI amino acid or peptide transporters. 

3.6.11.3. Lipids 

There are no published studies reporting effects of pregnancy or pregnancy stage on transcript 

or protein expression of fatty acid translocase (FAT/CD36) or Niemann-Pick C1 like-1 

(NPC1L1), required for fatty acid and cholesterol uptake from the lumen into enterocytes, 

respectively [159]. Likewise, changes at transcript or protein levels in fatty acid binding protein 

2 (Fabp2), which traffics fatty acids to the endoplasmic reticulum (ER) for processing and 
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subsequent export to the lymphatic system [159], have not been reported through pregnancy. 

Interestingly, protein abundance of the apical sodium-dependent bile acid (ASBT) transporter, 

which mediates bile acid reuptake [349], was lower in the distal ileum of late pregnant 

compared to non-pregnant mice without changes in Slc10a2 transcript expression [350]. In a 

second rodent study, ASBT protein expression was lower in brush border membrane vesicles 

from the most distal ileal segment of late pregnant compared to non-pregnant rats [351]. 

3.6.12. Nutrient transporter expression – micronutrients 

Expression of transporters for iron and calcium have been investigated in multiple studies, 

although only in rodents (Table 3.1), while expression of transporters for zinc, magnesium, 

potassium and sulphate have each been reported in a single study and species (Table 3.1), 

as has gene expression of cellular retinal binding protein, CRBP(II), required for vitamin A 

uptake by enterocytes. Evidence on changes in other determinants of micronutrient transport 

during pregnancy, including tight junction proteins is also limited. Furthermore, it is unknown 

how expression of other vitamin transporters, such as the folate and heme iron transporter 

encoded by the Slc46a1 gene, and transporters for other micronutrients including copper and 

phosphate, change during pregnancy. 

3.6.12.1. Calcium 

As with evidence for effects of pregnancy on SI iron transporters, changes reported in calcium 

transporters are equivocal. Only single studies have reported transcript abundance of two of 

the three key transporters responsible for uptake of Ca2+ into enterocytes at the brush border 

[352]: Trpv5 (in mouse [353]) and Cacna1d (in rat [223]). Respective Trpv5 and Cacna1d 

transcript abundance were similar in non-pregnant and late pregnant females (Table 3.1). Data 

on SI Trpv6 transcript expression is extremely variable, ranging from more than 5-fold higher 

or lower in late pregnant compared to non-pregnant rodents, while no studies have reported 

protein expression of these apical Ca2+ transporters (Table 3.1). Binding of 45Ca by duodenal 

mucosa, a measure of total calcium-binding capacity, was reported to be similar in non-

pregnant and late-pregnant rats [354]. Gene and protein expression of the intracellular Ca2+ 

transporter calbindin D9K, was greater in late pregnant compared to non-pregnant rats and 

mice in most studies, although this difference was apparent in only the last few days of 

pregnancy (Table 3.1). Indeed, relative to expression at GD17.5, duodenal mucosal calbindin 

D9K protein abundance was higher at GD19.5, but not GD18.5, GD20.5 and GD21.5 [355].  A 

single study also reported greater duodenal mucosal transcript expression of Calb1, encoding 

Calbindin D28K, in late pregnant compared to non-pregnant rats [223]. There is no published 

evidence on protein abundance of the basolateral Ca2+ transporters, Ca2+-ATPase PMCA1 

and Na+/Ca2+ exchanger NCX1, required to transport calcium from the enterocytes to the 

circulation [352]. Expression of Slc8a1 transcripts, encoding NCX1, has likewise not been 
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reported, while duodenal Atp2b1 transcripts, encoding PMCA1, have been variably reported 

as unchanged or increased at late pregnancy in rodents (Table 1). 

3.6.12.2. Iron 

Despite evidence of enhanced iron uptake later in pregnancy, the available evidence for 

pregnancy changes in specific SI iron transporters is inconsistent (Table 3.1). A single study 

reported similar duodenal transcript abundance of Slc11a2, encoding the brush border Fe2+ 

transporter Dmt1, at early and mid-pregnancy in rats [356], and consistent with this report, 

protein expression of Dmt1 was similar in duodenal enterocytes from mid and non-pregnant 

rats [357]. At late pregnancy, variable increases, or no change in, gene and protein expression 

of Dmt1 are reported in rats and mice (Table 3.1). Higher transcript expression of duodenal 

cytochrome b (encoded by CYBRD1) has been reported at late pregnancy in rat duodenal 

enterocytes [357] and whole mouse duodenum [358], compared to non-pregnant controls, but 

whether protein expression also increases is unknown. This ferrireductase reduces dietary 

non-heme iron to allow its transport into enterocytes by Dmt1 [359]. Expression of the 

ferroxidase hephaestin and transporter ferroportin 1, which act together to transport of iron 

from enterocytes into the circulation at the basolateral surface [359], are reported 

inconsistently as increased or unchanged in late pregnant rats (Table 3.1). Duodenal 

abundance of Slc40a1 transcript [358], encoding ferroportin 1, and membrane protein 

expression [360] are each over 5-fold higher in late pregnant compared to non-pregnant mice. 

Overall, the data suggests that components of the iron transport system are likely upregulated 

in late pregnancy, but additional studies, with larger sample sizes to provide greater power to 

evaluate small differences are needed to define which components change and the underlying 

signals driving changes in iron transporters. 

3.6.12.3. Others 

Consistent with evidence above of increased zinc uptake at late pregnancy, a single study 

[361] has evidenced increase transcript abundance of basolateral and intracellular zinc 

transporters Slc30a1 and Slc30a2, but not Slc30a4, at late pregnancy in rats. Protein 

expression at GD15 and GD20 was reported only for pooled duodenal membrane samples 

generated from 2-3 rats at each stage. Effects of pregnancy on expression of the ZIP4 and 

ZIP5 zinc transporters (encoded by Slc39a4 and Slc39a5) have not been reported. In a single 

study [223], transcript abundance of two subunits of the cation channel that transport 

magnesium at the brush border, Trmp6 and Trmp7, were higher in duodenal mucosa from late 

pregnant compared to non-pregnant rats, although protein expression was not reported (Table 

3.1). Likewise, only a single study in rats has reported effects of pregnancy on ileal gene 

expression of sulphate transporters and did not report protein expression [362]. Changes in 

transcript abundance amongst different members of the Slc26 transporter family were 
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inconsistent between gestational ages, with lower Slc26a3 and Slc26a6 transcript abundance 

only at some gestational ages relative to non-pregnant controls (Table 3.1). Both gene and 

protein expression of potassium resorbing H+/K+ ATPase Type 2 (encoded by Atp12a) were 

higher in the colon of late pregnant compared to non-pregnant rats [363]. Whole SI abundance 

of Rbp2 transcript encoding cellular retinal binding protein, type II, required for vitamin A 

uptake by enterocytes, was ~1.8-fold higher in late pregnancy (GD19 and GD20), although 

not at earlier stages (GD15 and GD17), relative to non-pregnant rats [326]. When the SI was  

subdivided into thirds, the overall increase reflected upregulation of Rbp2 transcripts in the 

proximal and (to a lesser extent) middle third of the SI, with unchanged Rbp2 in the distal third 

[326]. These authors also reported ~1.6-fold higher Rbp2 transcript abundance in enterocytes 

isolated from the proximal 2/3 of the SI at GD20 compared to non-pregnant rats [326]. Despite 

evidence of greater intestinal permeability during pregnancy [331, 336], only a single report 

has reported expression of tight junction proteins during pregnancy.  Abundance of transcripts 

for three tight junction proteins, Tjp1 (encoding ZO1), Cldn9 and Cldn2, were higher in the 

duodenum from late pregnant rats than non-pregnant controls [223], but protein expression 

was not reported.
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Table 3.1: Expression of mineral micronutrient transporters during pregnancy. Gene and protein names are given for rodent forms. Data are 
outcomes relative to non-pregnant controls, with sources cited after the relative expression data. Struck-through text indicates that outcomes at 
that pregnancy stage were not significantly different from non-pregnant controls from the same study. 

Nutrient 
Transporter 

Species 
Gene expression (tissue) Protein expression (tissue) 

Name (function); gene; protein EP MP LP EP MP LP 

Iron 

Divalent metal transporter 1 (brush 
border Fe2+ transporter); Slc11a2; 
DMT1 

Rat 
81-94% 
(WD)[356]  

75-88% 
(WD)[356]  
123%N, 
200%I 
(DE)[357] 

344% 
(GD15), 
300% 
(GD18), 
538% 
(GD21) 
(WD)[356]  
215%N, 
467%I 
(GD15) 
246%N, 
667%I 
(GD18) 
238%N, 
467%I 
(GD21) 
(DE)[357] 

No data 
132% 
(DE)[357] 

320% 
(GD15), 
800% 
(GD18), 
960% 
(GD21), 
(DE)[357] 

Mouse No data No data 
667% 
(WD)[358] 

No data 

Duodenal cytochrome b 
(ferrireductase, works with DMT1 in 
brush border uptake of iron); Cybrd1; 
DCYTB 

Rat No data 
143% 
(DE)[357] 

286-528% 
(DE)[357] 

No data 

Mouse No data No data 
882% (WD) 
[358] 

No data 

H+-coupled folate transporter 1 (also 
transports heme iron); Slc46a1; HCP1 - No data No data 

Hephaestin (ferroxidase, works with 
FPN1 in basolateral transport of iron to 
circulation); Heph; HEPH 

Rat No data 
104% 
(DE)[357] 

320% 
(GD15), 
800% 
(GD18), 
960% 
(GD21) 
(DE)[357] 

No data 
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Ferroportin 1 (basolateral Fe2+ 
transporter, also known as iron-
regulated transporter 1); Slc40a1; 
FPN1 

Rat No data 
122% 
(DE)[357] 

114-128% 
(DE)[357] 

No data 

80% 
(WD)[364] 
108% 
(DE)[357] 

140-250% 
(WD)[364] 
184% 
(GD15), 
161% 
(GD18), 
169% 
(GD21), 
(DE)[357] 

Mouse No data No data 
542% 
(WD)[358] 

No data No data 
560% 
(DMe)[360]  

Calcium 

Transient receptor potential cation 
channel subfamily V member 5 subunit 
(brush border Ca2+ transporter); 
Ecac1; TRPV5 

Mouse No data No data 
90% 
(WD)[353] 
 

No data 

Transient receptor potential cation 
channel subfamily V member 6 subunit 
(brush border Ca2+ transporter); 
Ecac2; TRPV6 

Rat 

No data No data 

157-260% 
(DMu)[223] 

No data 

Mouse 

1177% (Dist. 
WD)[353] 
20-33% 
(WD)[225] 

Calcium channel, voltage-dependent, 
L-type, alpha 1D subunit (brush border 
Ca2+ transporter); Cacna1d; Cav1.3 

Rat No data No data 
107% 
(DMu)[223] 

No data 

Intracellular Ca2+ transporter; S100g; 
Calbindin D9K 

Rat 
90% 
(WD)[365] 

140% 
(WD)[365] 

210% 
(DMu)[365] 
100-140% 
(Prox. 
WD)[366] 

No data 
85% (Prox. 
DMu)[367] 

127-133% 
(GD15-16) 
145-158% 
(GD18-
20.5) 
(Prox. 
DMu)[367] 

Mouse No data No data 

78% 
(WD)[225] 
250% (Dist. 
WD)[353] 

No data No data 

162% 
(WD)[368] 
155% 
(Prox. 
WD)[353] 



145 
 

Intracellular Ca2+ transporter; Calb1; 
Calbindin D28K Rat No data No data 

157% (DMu) 
[223] 

No data 

Ca2+-ATPase (basolateral membrane 
Ca2+ transporter); Atp2b1; PMCA1b 

Rat 
110% 
(DMu)[365] 

170% 
(DMu)[365] 

240% 
(DMu)[365] 

No data 

Mouse No data No data 

96% 
(WD)[225] 
190% (Dist. 
WD)[353] 

No data 

Na+/Ca2+ exchanger (basolateral 
membrane Ca2+ transporter); Slc8a1; 
NXC1 

- No data No data 

Zinc 

Zinc transporter protein 4 (brush 
border zinc transporter); Slc39a4; ZIP4 

- No data No data 

Zinc transporter 1 (basolateral and 
vesicular zinc transporter); Slc30a1; 
ZnT1 

Rat No data No data 

160% 
(GD15), 
240% 
(GD20) 
(DMu) [361] 

No data No data 

108%? 
(GD20 cf. 
GD15) 
(DMe) [361] 

Zinc transporter 2 (vesicular zinc 
transporter); Slc30a2; ZnT2 

Rat No data No data 

209% 
(GD15), 
291% 
(GD20) 
(DMu) [361] 

No data No data 

126%? 
(GD20 cf. 
GD15) 
(DMe) [361] 

Zinc transporter 4 (vesicular zinc 
transporter); Slc30a4; ZnT4 

Rat No data No data 
120% (GD15 
& GD20) 
(DMu) [361] 

No data No data 

52%? 
(GD20 cf. 
GD15) 
(DMe)  
[361] 

Zinc transporter protein 5 (basolateral 
zinc transporter); Slc39a5; ZIP5 

- No data No data 

Copper 
Copper transporter 1 (brush border 
Cu+ transporter); Slc31a1; CRT1 

- 
No data No data 
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Mag-
nesium 

Transient receptor potential cation 
channel subfamily M member 6 (forms 
heterodimer with TRPM7 to transport 
Mg at brush border); Trpm6; TRPM6 

Rat No data No data 
200-288% 
(DMu)[223] 

No data 

Transient receptor potential cation 
channel subfamily M member 7 (forms 
heterodimer with TRPM6 to transport 
Mg at brush border); Trpm7; TRPM7 

Rat No data No data 
150% 
(DMu)[223] 

No data 

Phos-
phate 

Na+-dependent phosphate transporter 
2b (brush border PO4

3- transporter); 
Slc34a2; NaPi-IIb 

- No data No data 

Sulph-ate 

Na+-dependent sulphate transporter 1 
(brush border SO4

2- transporter, 
NaS1); Slc13a1; SLC13A1 

Mouse 
71-84% 
(WI)[362] 

61-79% 
(WI)[362] 

59-84% 
(WI)[362] 

No data 

Diastrophic dysplasia sulphate 
transporter (brush border SO4

2- 
transporter, DTDST); Slc26a2; 
SLC26A2 

Mouse 
90-97% 
(WI)[362] 

83% 
(WI)[362] 

69-97% 
(WI)[362] 

No data 

Chloride anion exchanger (brush 
border SO4

2- transporter, DRA); 
Slc26a3; SLC26A3 

Mouse 
81% (GD4.5) 
75% (GD6.5) 
(WI)[362] 

69% (GD8.5) 
78% 
(GD10.5) 
 (WI)[362] 

63% 
(GD14.5) 
94% 
(GD18.5) 
 (WI)[362] 

No data 

Sulphate anion transporter (brush 
border SO4

2- transporter, PAT1); 
Slc26a6; SLC26A6 

Mouse 
64% (GD4.5) 
82% (GD6.5) 
(WI)[362] 

73-88% 
 (WI)[362] 

55% 
(GD14.5) 
82% 
(GD18.5) 
 (WI)[362] 

No data 

Solute carrier family 26 member 11 
(brush border SO4

2- transporter); 
Slc26a11; SLC26A11 

Mouse 
75-100% 
(WI)[362] 

25-75% 
(WI)[362] 

50-75% 
(WI)[362] 

No data 

Na+-independent sulphate transporter 
1 (sulphate/oxalate, 
sulphate/bicarbonate or 
oxalate/bicarbonate anion exchange, 
basolateral SO4

2- transporter, SAT1); 
Slc26a1; SLC26A1 

Mouse 
0-100% 
(WI)[362] 

100% 
(WI)[362] 

0% (WI)[362] No data 
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Pot-
assium 

H+/K+ ATPase Type 2 (apical 
membrane potassium resorption, 
Atp12a; HKA2 

Rat No data No data 205% (WCo)  No data No data 240% 
(WCo) 

?, no significance tests provided; DE, duodenal enterocytes; DMu, duodenal mucosa; DMe, duodenal membrane fraction; EP, early pregnant; 
GD, gestational day; LP, late pregnant; MP, mid pregnant; Prox., proximal; WCo, whole colon; WD, whole duodenum; WI, whole ileum. 

N non-IRE splice variant of DMT1 Fe2+ transporter; I IRE splice variant of DMT1 Fe2+ transporter
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3.6.13. Gallbladder emptying 

Effects of pregnancy on the gall bladder have been reported only in humans, mostly using 

imaging to assess gallbladder volumes and emptying. Four of five studies reported slower 

fractional gallbladder emptying in pregnancy, with weaker evidence for lower proportional 

nutrient-induced emptying of the gallbladder (Fig. 3.9). These may be offset by greater 

gallbladder volumes, which were higher in women at mid-late pregnancy than in non-

pregnant women (Fig. 3.9). Only one study reported lower gallbladder volume at mid-late 

pregnancy [369], but this was relative to early-pregnant women, when gallbladder 

expansion may already have occurred. Indeed, higher fasting and residual gallbladder 

volumes in early pregnant women, which increased further during the second and third 

trimesters, were reported by Everson et al. in a detailed ultrasound study [370]. 

Gallbladder volumes of pregnant women were consistently twice those of non-pregnant 

women throughout the 20-hour period of this study [370]. Consistent with evidence of 

unchanged bile volume released from the gallbladder during pregnancy, rates of 13C-

labelled bile acid secretion into the duodenum, were similar in non-pregnant women and 

women in each trimester of pregnancy [371]
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Figure 3.9 Changes in gallbladder volume and emptying during human pregnancy. Each row presents data from a single study; how gallbladder 
emptying was stimulated and the time at which final emptying was assessed are indicated. Numbers in square brackets indicate data source. 
Differences relative to non-pregnant controls are indicated by cell colour, using the same scale as Fig. 3.7. Grey cells indicate that the outcome 
was not reported at that pregnancy stage, and diagonal lines indicate that outcomes at that pregnancy stage were not significantly different from 
non-pregnant controls from the same study 
CCG, cholecystogram (X-ray); EP, early pregnant; LP, late pregnant; MP, mid pregnant, N/A, not applicable; U/S, ultrasound. %Data from this 
study are expressed relative to early-pregnant animals.* Gallbladder emptying was fitted to a first-order exponential function, early emptying is 
the rate constant from meal intake to the point of inflexion (50% emptying, ~35 min after meal) and late emptying is the rate constant from the 
point on inflexion to the end of the study (35-90 min after meal) 

Stimuli: a Modified Boyden test meal consisted of 4 egg yolks mixed with an equal amount of milk; b Liquid standard test meal (420 kcal) comprised 
15% protein, 35% fat, 50% carbohydrate; c continuous (6 mL/min) duodenal infusion of a solution containing a mixture of essential amino 
acids;[373] d Breakfast consisted of one egg, two slices of bacon, two pieces of buttered toast, 100 mL orange juice, 240 mL low fat milk and 200 
mL of coffee or tea (610 cal, 12% protein, 44% fat); e Liquid formula test meal (300 mL) containing 135kcal, 5 g protein, 5 g fat, 17 g carbohydrate 
per 100 mL



150 
 

3.6.14. Expression and activity of digestive enzymes 

3.6.14.1. Carbohydrate digestion 

Multiple studies have reported the activity of SI sucrase, lactase and maltase during 

pregnancy. Sucrase (Fig. 3.10A) and lactase (Fig. 3.10B) activities have been reported 

only in rat, and mostly in jejunal and ileal mucosa, with no consistent changes in activity 

evident during pregnancy. Maltase activity (Fig. 3.10C) was compared between pregnancy 

stages in one study in pigs [332] as well as multiple studies in rats, and showed no 

consistent changes. Only one report of enzyme abundance during pregnancy was 

identified – jejunal lactase abundance assessed as immunofluorescence intensity core 

was numerically 2.3-fold higher but not different in late pregnant (GD20) compared to non-

pregnant rats [348]. 
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B. Lactase 
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Figure 3.10 Changes in activity of carbohydrate-digesting enzymes during pregnancy in 
monogastric mammals. A. Sucrase, B. Lactase, C. Maltase. Studies are grouped by 
species, with each row representing a single study. Numbers in square brackets indicate 
data source. Differences relative to non-pregnant controls are indicated by cell colour. 
Grey cells indicate that the outcome was not reported at that pregnancy stage, and 
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diagonal lines indicate that outcomes at that pregnancy stage were not significantly 
different from non-pregnant controls from the same study. 

BB, brush border; bodywt, body weight; Dist., distal; Duo., duodenum; EP, early pregnant; 
Il., ileum; Je., jejunum; LP, late pregnant; Mid., middle; MP, mid pregnant; Mu.; mucosa; 
N/A, not applicable; N/S, not stated; Prox., proximal; U, international units (μmol/min) is 
defined as the amount of enzyme that catalyses the conversion of 1 μmol of substrate per 
minute at 37°C; Whole, whole tissue; WSI, whole small intestine 

&The excised SI was divided into equal thirds, so the data from this study does not 
correspond exactly to duodenum, jejunum and ileum. 

3.6.14.2. Protein digestion 

Key enzymes involved in protein digestion have been measured in stomach and pancreas, 

in only a few studies. Although stimulated pepsin output was unchanged throughout rat 

pregnancy, Takeuchi et al. [375] reported lower pepsin activity per ml of gastric secretion 

at GD10 and GD20 relative to non-pregnant rats, however mucosal pepsin activity at the 

gastric fundus was similar in late pregnant and non-pregnant pigs [332]. A low pH is 

required to activate pepsin, increased gastric acid output has been reported, particularly 

later in pregnancy. Basal gastric acid output was similar in non-pregnant, GD7 (2-fold) and 

GD14 (1.25-fold) anaesthetised rats, and 2.25-fold higher at GD21 [376]; however 

spontaneous gastric acid secretion did not change during pregnancy in a small longitudinal 

study in dogs [377]. Interestingly, pentagastrin-stimulated acid secretion was higher in rats 

at GD7 (2.2-fold), but not at GD14 (1.5-fold) or GD21 (1.6-fold), compared to non-pregnant 

rats [376]. In a third study, stimulated gastric acid secretion volume, acidity and acid output 

were each higher at GD20 than in non-pregnant rats [375].   In the rat, the total activities 

of trypsin and α-chymotrypsin per pancreas, as well as per gram of pancreas, were similar 

pregnant rats at GD7, GD14 and GD21 to non-pregnant rats [378]. In the SI, Rolls and 

colleagues reported that SI mucosal activity of two dipeptidases, glycyl-L-leucine 

dipeptidase and L-alanyl-L- glutamic acid dipeptidase, expressed relative to protein, 

increased during pregnancy and lactation, but their data suggests that activity of each 

increases only late in pregnancy, and even at late pregnancy remained <1.2-fold that of 

non-pregnant rats [378]. The activity of glutaminase, which converts glutamine to 

glutamate, and is essential for intestinal metabolism, was higher in homogenates of whole 

SI tissue and SI mucosa of late pregnant compared to non-pregnant rats [327]. Additional 

evidence is clearly required to draw conclusions about pregnancy-stage effects on protein 

digestion. 

3.6.14.3. Others 

As discussed above, available evidence indicates that secretion of bile acids essential for 

emulsification of fats in the intestine is unaltered during pregnancy. However, activities and 

secretion of the enzymes that subsequently digest lipids, such as pancreatic lipase, are 
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not yet reported. The duodenal-jejunal mucosa activity of carotene dioxygenase, which 

cleaves β-carotene to retinal, itself subsequently metabolised to retinoic acid or retinol, 

was similar in rats at GD7 and GD20 of pregnancy as in non-pregnant rats [379]. 

3.7. Discussion 

This scoping review has identified 159 sources of evidence which describe several GI 

adaptations during pregnancy with unequivocal supporting evidence, often over several 

species, in addition to outcomes for which reported changes are equivocal and others for 

which there is insufficient evidence available to draw conclusions (Fig. 3.11).  

Relative to non-pregnant groups, consistent differences in late pregnancy include greater 

rises in circulating glucose after oral consumption, increased SI uptake of iron, calcium 

and zinc, and slower GI passage of nutrients. The available evidence indicates that acute 

glucose uptake, gastric emptying and activities of sucrase, maltase and lactase do not 

change during pregnancy. Despite statements that villous hypertrophy occurs during 

pregnancy [5], reports of increased SI villous length are inconsistent between SI regions 

and available studies, all of which have been in small mammals. Evidence is insufficient 

to draw conclusions about whether other outcomes change during pregnancy, including 

uptake of specific amino acids and of lipids, most minerals and of vitamins, blood flow to 

and from the GI tract, region-specific anatomy, expression of macro- and micro-nutrient 

transporters and activity or expression of enzymes involved in protein and lipid digestion. 

A further gap in evidence is the timing of SI adaptations during pregnancy, as most studies 

have investigated outcomes in non- pregnant and late pregnant groups, without assessing 

groups at earlier pregnancy stages. Studies of early and mid-pregnancy stages have 

mostly been performed in laboratory rodents, where timed-mating protocols allow accurate 

identification of pregnancy stage. 
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Figure 3.11 Changes in nutrient uptake and its determinants during pregnancy in monogastric mammals. Green triangles indicate an increase 
and red triangles indicate a decrease relative to non-pregnant controls, equal signs indicate no change during pregnancy relative to non-pregnant 
controls. Figure created with BioRender.com 
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Effects of pregnancy on some determinants of nutrient uptake capacity, such as SI 

hypertrophy, appear to differ between species. Evidence of regional or whole SI 

hypertrophy in late pregnancy, particularly in terms of SI weight, was consistent in studies 

of small rodents including rats, mice and common shrews (Sorex araneus), but not 

observed in a single study in pigs [332]. Although additional data from larger species of 

monogastric mammals, such as humans or dogs, is needed to confirm species differences 

in SI hypertrophy, these outcomes are consistent with the relative demands of pregnancy 

in small rodents and pigs. Maternal weight (including the uterus and concepti) increases 

50-100% over the course of a few weeks during pregnancy in rats, mice [14, 53] and 

shrews [380], whereas relative maternal weight gains across a 115-day pregnancy are 

lower in pigs at 20-25% in mature sows [381, 382] and 25-37% in growing nulliparous 

females [332]. It is unknown whether SI hypertrophy occurs during human pregnancy, 

although based on the above relationships, it may not, given the lower relative pregnancy 

weight gain of 10-15% in healthy women carrying a singleton fetus [20, 380, 381], 

compared to litter bearing species. Despite a lack of data regarding changes in SI anatomy 

and nutrient transporter expression in humans, such adaptations may not be necessary to 

increase capacity for nutrient absorption. Slower SI motility would increase contact time 

between ingesta and the SI mucosa, allowing for increased absorption in the absence of 

greater surface area and nutrient transporter expression. To investigate the mechanisms 

responsible for slower SI motility, future studies in larger mammals such as pigs and dogs 

are needed to investigate changes in smooth muscle contractility. Studies in humans 

involving non-invasive techniques to measure changes in smooth muscle electrical 

impedance could also be considered. Unfortunately, the ability to compare adaptations of 

nutrient uptake and its determinants between species is limited because data for many 

outcomes is only available in rodents, particularly on mechanisms that may underlie 

changes in nutrient uptake such as region-specific anatomy and nutrient transporter 

expression. Conversely, although greater gallbladder volumes and slower relative rates of 

gallbladder emptying are consistently reported in late pregnant women, a lack of data in 

other species means such gallbladder changes cannot be generalised to pregnancy in 

monogastric mammals. 

This review has highlighted gaps in evidence, where the impact of pregnancy on 

absorption of nutrients is not well understood. These include uptake and transport of amino 

acids, lipids and many minerals and vitamins. Although the majority of available evidence 

supports unaltered amino acid uptake during pregnancy, this is based on only one or two 

studies each for uptake of leucine [175], glycine [252], methionine [255], lysine [256, 257], 

alanine [257] and proline [257], mostly assessed in vivo by uptake from ligated SI sections 
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in anaesthetised rats. Uptake of other amino acids during pregnancy remains to be 

investigated, as does uptake in other monogastric species, such as mouse or pigs. 

Absorption of tripalmitate was higher in late pregnant than non-pregnant rats [258], but this 

was the only study to report effects of pregnancy on lipid uptake, and clearly requires 

validation. Whether SI absorption of other lipids changes during pregnancy also merits 

investigation, while the impacts of pregnancy on transcript and protein expression of 

peptide, amino acid and lipid transporters also remain to be reported. There is good 

evidence for increased uptake and absorption of iron, calcium and zinc from the gut lumen 

during pregnancy, although the mechanisms are less clear, with inconsistent changes in 

expression of iron and calcium transporters and only a single study reporting upregulation 

of zinc transporter transcript expression. An important gap in knowledge is whether SI 

uptake and transport of other micronutrients crucial for fetal development, such as iodine 

[383], change during pregnancy. Increased uptake and transport of vitamin B12 during late 

pregnancy have been reported in several studies, likely due, in part, to increased numbers 

of intrinsic factor-B12 receptors in the intestinal mucosa. Although uptake of folic acid 

(vitamin B9) has been investigated in two in vivo human studies [290, 291] and one ex vivo 

rat study [292], it is not clear if, or how, its absorption changes during pregnancy. This gap 

in understanding is surprising given the importance of adequate periconceptional B9 status 

for prevention of neural tube defects, and some evidence of poorer folic acid absorption in 

women with prior pregnancies affected by neural tube defects, compared to controls [384, 

385]. Whether carrier-mediated intestinal uptake of other essential vitamins, such as 

vitamin B1 (thiamine), vitamin B7 (biotin), vitamin A or vitamin E [158] changes during 

pregnancy has also not been reported.  

While many pregnancy outcomes have been assessed non-invasively in humans including 

gastric and gallbladder emptying (by ultrasound), the mechanistic basis of these changes 

is poorly understood. Even for outcomes where functional changes have been reported in 

multiple species, there are often gaps in understanding of underlying mechanisms. For 

example, although glucose responses to oral carbohydrates change in pregnancy, only a 

single report has examined the impact of pregnancy on ex vivo glucose uptake, despite 

the importance of these methods to interrogate and inform on mechanisms. Uptake of 

alpha-methyl-D-glucoside, a non-metabolisable glucose analogue transported by SGLT1 

but not the GLUT family of hexose transporters, was 28% and 65% higher per length of 

jejunum and ileum, respectively, in everted sacs from late pregnant compared to non-

pregnant rats [253]. Notwithstanding smaller relative jejunum changes, its functional 

impact on glucose uptake is likely to be greater than ileal changes, since glucose transport 

capacity in the jejunum is double that of ileum [253],  despite the ileum being reported as 
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a third longer than jejunum in rats [168]. Furthermore, avid glucose absorption in the 

duodenum and proximal jejunum means that luminal glucose rarely reaches the ileum 

[386], although further investigation is needed to determine whether, in late pregnancy 

when food intake increases up to 50% in rodents [14, 51, 217], glucose escapes absorption 

in the upper SI and reaches the ileum. 

Strengths of this review include use of a comprehensive search criteria and currency of 

the information achieved by including sources up to June 2023. We developed and 

published the review protocol [235] prior to commencing, and followed this throughout, 

with further refinement of inclusion and exclusion criteria to accept only peer-reviewed 

quantitative studies (including accepted Masters and PhD theses after examination), and 

excluded unreviewed sources. Our broad search criteria and inclusion of multiple 

databases, which returned nearly 27 thousand sources, and thorough screening to identify 

159 sources that met the review criteria, means that few relevant sources are likely to have 

been missed. In accordance with JBI methodology [226] and PRISMA-ScR reporting 

guidelines [227], we applied strict eligibility criteria and performed independent double 

screening, with conflict adjudication by consensus in consultation with at least one other 

member of the review team. Limitations of the review include its restriction to articles 

written in English, although less than 15% of those papers excluded at full text were 

excluded based on not being primary sources or written in languages other than English. 

A lack of available evidence prevented development of overview summaries for several 

outcomes, while for other outcomes, the range of species and settings used made it 

difficult to draw conclusions about GI and SI adaptations during pregnancy across the 

range of monogastric mammalian species.  We did not assess study quality within this 

scoping review, but note small sample sizes in some studies, which may have prevented 

detection of differences between groups. For example, the only studies of SI villi length in 

mice included 4 to 6 individuals in some groups [178, 331]. In human studies, pregnant 

and non-pregnant groups were not always matched, or drawn from the same population 

groups. An early study of gastric emptying by Boyden et al. compared outcomes in nursing 

students to those of pregnant women [311], however no demographic comparison was 

included in the paper. An additional limitation in too much of the literature was a lack of 

information on study settings including nutrition, or variables such as litter size; which are 

likely to impact the outcomes of interest. 

To address these gaps in evidence, we suggest future studies adopt the following 

recommendations. Firstly, we recommend that all studies include a matched non-pregnant 

control group, and that individuals be randomised to groups where possible, such as 

preclinical, cross-sectional studies. In longitudinal studies, the control group may be the 
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same individuals before pregnancy or after weaning, although this may not be possible in 

mechanistic preclinical studies, and may create recruitment, retention and logistical 

challenges in human populations, where up to half of pregnancies are unintended [387]. 

Variation in time to conception could also be a challenge in human studies, given that only 

30% of women conceive in the first month of trying, with ~90% conceiving within a year 

[388]. Lactating individuals should not be treated as a control group given the substantial 

upregulation of food intake and evidence of increased nutrient uptake and SI adaptations 

during lactation. For example, daily food intakes of outbred MF1 mice increased from 5.2 

g/day before mating to a maximum of 7.7 g/day at GD16, and increased more than 3-fold 

further to peak at 23.1 g/day on days 13-16 of lactation [389]. Marked increases in 

determinants of nutrient absorption have also been reported during lactation, including a 

doubling of SI weight with hypertrophy, and increases in duodenal and ileal villi lengths of 

over 50% in rats [175]. Where differences in nutrient uptake and its determinants are 

identified between non-pregnant and late-pregnant individuals, we further recommend that 

subsequent studies should include groups at early- and mid-pregnancy, to identify the 

timing of adaptations. Finally, we recommend additional studies to identify the endocrine 

or other physiological signals that drive these adaptations in nutrient uptake and 

determinants during pregnancy.  
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3.8. Supplementary table S3.1 – search string for each database 

Database 

(final search 

date) 

Search string 

Pubmed (20 

November 

2023) 

(Pregnan* [TW] OR “Pregnancy” [MeSH] OR Gestat* [TW]) AND 

(Gastrointest* [TW] OR “gastrointestinal tract” [MeSH] OR Gastric 

[TW] OR Alimentary [TW] OR Digestive tract [TW] OR Digestive 

system [TW] OR Small intestine [TW] OR Duoden* [TW] OR Jejun* 

[TW]  OR Ileum [TW] OR Ileal [TW] OR Stomach [TW]) AND 

(((Nutrient [TW] OR carbohydrate [TW] OR glucose [TW] OR fructose 

[TW] OR sucrose [TW] OR protein [TW] OR amino acid [TW] OR 

fatty acid [TW] OR lipid [TW] OR vitamin [TW] OR folic acid [TW] OR 

folate [TW] OR  calcium [TW] OR  iron [TW] OR zinc [TW]) AND 

(“biological transport” [MesH] OR absorption [TW] OR uptake [TW] 

OR transport [TW])) OR Motility [TW] OR Transit [TW] OR Gastric 

emptying [TW] OR “anatomy” [MeSH] OR Weight [TW] OR Length 

[TW] OR Surface area [TW] OR Enterocyte [TW] OR Vasculat* [TW] 

OR blood vessel [TW] OR capillary [TW] OR Innervation [TW] OR 

Nerve [TW] OR Vill* [TW] OR Crypt [TW] OR Muscle thickness [TW] 

OR Muscle depth [TW] OR SGLT1 [TW] OR SGLT-1 [TW] OR 

sodium linked glucose transporter 1 [TW] OR GLUT2 [TW] OR 

GLUT-2 [TW] OR glucose transporter 2 [TW] OR Slc2a2 [TW] OR 

GLUT5 [TW] OR GLUT-5 [TW] OR glucose transporter 5 [TW] OR 

Slc2a5 [TW] OR PEPT1 [TW] OR PEPT-1 [TW] OR peptide 

transporter [TW] OR SLC6A6 [TW] OR SLC6A19 [TW] OR “CD36” 

[TIAB] OR “cluster of differentiation 36” [TIAB] OR LFABP [TW] OR 

“Fatty acid binding protein 2” [TIAB]) AND eng[LA] NOT review[PT] 

Scopus (20 

November 

2023) 

( TITLE-ABS-KEY ( ( pregnan*  OR  gestat* ) ) )  AND  ( TITLE-ABS-

KEY ( ( gastrointest*  OR  gastric  OR  alimentary  OR  "Digestive 

tract"  OR  "Digestive system"  OR  "gastrointestinal tract"  OR  

intestine  OR  "Small intestine"  OR  duoden*  OR  jejun*  OR  ileum  

OR  ileal  OR  stomach ) ) )  AND  ( TITLE-ABS-KEY ( ( nutrient  OR  

carbohydrate  OR  glucose  OR  fructose  OR  sucrose  OR  protein  

OR  "amino acid"  OR  "fatty acid"  OR  lipid  OR  vitamin  OR  "folic 

acid"  OR  folate  OR  calcium  OR  iron  OR  zinc ) ) )  AND  ( TITLE-
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ABS-KEY ( "transport at the cellular level"  OR  absorption  OR  

uptake  OR  transport  OR  motility  OR  transit  OR  "Gastric 

emptying"  OR  anatomy  OR  weight  OR  length  OR  "Surface 

area"  OR  enterocyte  OR  vasculat*  OR  "blood vessel"  OR  

capillary  OR  innervation  OR  nerve  OR  vill*  OR  crypt  OR  

"Muscle thickness"  OR  "Muscle depth"  OR  sglt1  OR  "SGLT-1"  

OR  "sodium linked glucose transporter 1"  OR  glut2  OR  "GLUT-2"  

OR  "glucose transporter 2"  OR  slc2a2  OR  glut5  OR  "GLUT-5"  

OR  "glucose transporter 5"  OR  slc2a5  OR  pept1  OR  "PEPT-1"  

OR  "peptide transporter"  OR  slc6a6  OR  slc6a19  OR  "CD36"  OR  

"cluster of differentiation 36"  OR  lfabp  OR  "Fatty acid binding 

protein 2" ) ) 

Web of 

Science (20 

November 

2023)  

(Pregnan* OR Gestat*) AND (Gastrointest* OR Gastric OR 

Alimentary OR “Digestive tract” OR “Digestive system” OR 

“gastrointestinal tract” OR intestine OR “Small intestine” OR Duoden* 

OR Jejun* OR Ileum OR Ileal OR stomach) AND (((Nutrient OR 

carbohydrate OR glucose OR fructose OR sucrose OR protein OR 

“amino acid” OR “fatty acid” OR lipid OR vitamin OR “folic acid” OR 

folate OR calcium OR iron OR zinc ) AND (“transport at the cellular 

level” OR absorption OR uptake OR transport)) OR Motility OR 

Transit OR “Gastric emptying” OR anatomy OR Weight OR Length 

OR “Surface area” OR Enterocyte OR Vasculat* OR “blood vessel” 

OR capillary OR Innervation OR Nerve OR Vill* OR Crypt OR 

“Muscle thickness” OR “Muscle depth” OR SGLT1 OR “SGLT-1” OR 

“sodium linked glucose transporter 1” OR GLUT2 OR “GLUT-2” OR 

“glucose transporter 2” OR Slc2a2 OR GLUT5 OR “GLUT-5” OR 

“glucose transporter 5” OR Slc2a5 OR PEPT1 OR “PEPT-1” OR 

“peptide transporter” OR SLC6A6 OR SLC6A19 OR “CD36” OR 

“cluster of differentiation 36” OR LFABP OR “Fatty acid binding 

protein 2”) 

ProQuest 

Dissertations 

and Theses 

Global (20 

NOFT ((Pregnan* OR Gestat*) AND (Gastrointest* OR Gastric OR 

Alimentary OR "Digestive tract" OR "Digestive system" OR 

"gastrointestinal tract" OR intestine OR "Small intestine" OR Duoden* 

OR Jejun* OR Ileum OR Ileal OR stomach) AND (((Nutrient* OR 

carbohydrate* OR glucose OR fructose OR sucrose OR protein* OR 

("amino acid" OR "amino acids") OR ("fatty acid" OR "fatty acids") 
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November 

2023) 

OR lipid* OR vitamin* OR "folic acid" OR folate OR calcium OR iron 

OR zinc) AND ("transport at the cellular level" OR absorption OR 

uptake OR transport)) OR Motility OR Transit OR "Gastric emptying" 

OR anatomy OR Weight OR Length OR "Surface area" OR 

Enterocyte OR Vasculat* OR "blood vessel" OR capillary OR 

Innervation OR Nerve OR Vill* OR Crypt OR "Muscle thickness" OR 

"Muscle depth" OR SGLT1 OR "sodium linked glucose transporter 1" 

OR GLUT2 OR "glucose transporter 2" OR Slc2a2 OR GLUT5 OR 

"glucose transporter 5" OR Slc2a5 OR PEPT1 OR "peptide 

transporter" OR SLC6A6 OR SLC6A19 OR "CD36" OR "cluster of 

differentiation 36" OR LFABP OR "Fatty acid binding protein 2")) 

AND la.exact("ENG") 

Embase (20 

November 

2023) 

((Pregnan*.af OR exp Pregnancy OR Gestat*.af) AND (Digestive 

system.sh OR exp gastrointestinal tract OR exp stomach OR exp 

intestine OR (Gastrointest* OR gastrointestinal tract OR Gastric OR 

Alimentary OR Digestive tract OR Small intestine OR Duoden* OR 

Jejun* OR Ileum OR Ileal OR stomach).af)  AND (((Nutrient.af OR 

carbohydrate.af OR glucose.af OR fructose.af OR sucrose.af OR 

protein.af OR amino acid.af OR fatty acid.af OR lipid.af OR vitamin.af 

OR folic acid.af OR folate.af OR calcium.af OR iron.af OR zinc.af ) 

AND (exp transport at the cellular level OR absorption.af OR 

uptake.af OR transport.af)) OR Motility.af OR Transit.af OR Gastric 

emptying.af OR exp anatomy OR Weight.af OR Length.af OR 

Surface area.af OR Enterocyte.af OR Vasculat*.af OR blood 

vessel.af OR capillary.af OR Innervation.af OR Nerve.af OR Vill*.af 

OR Crypt.af OR Muscle thickness.af OR Muscle depth.af OR 

SGLT1.af OR SGLT-1.af OR sodium linked glucose transporter 1.af 

OR GLUT2.af OR GLUT-2.af OR glucose transporter 2.af OR 

Slc2a2.af OR GLUT5.af OR GLUT-5.af OR glucose transporter 5.af 

OR Slc2a5.af OR PEPT1.af OR PEPT-1.af OR peptide transporter.af 

OR SLC6A6.af OR SLC6A19.af OR CD36.af OR cluster of 

differentiation 36.af OR LFABP.af OR Fatty acid binding protein 2.af) 

AND English.lg) NOT review.pt 
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3.9. Supplementary table S3.2 Main characteristics and key results for studies investigating changes in 

nutrient absorption and its determinants during pregnancy 

First author 

year; 

species 

(strain); 

study 

design 

[source] 

Nutrition 

Pregnancy 

stage(s) 

(term 

gestation) 

O
u

tc
o

m
e

 t
y
p

e
(s

) 

Extracted outcome(s) 

Diet 

A
v
a

il
a

b
il
it

y
 

Outcome (units - 

where applicable) 

Mean ± SD (n) unless stated, difference 

(comparisons are with non-pregnant group 

unless stated otherwise) 

Ahokas 1984; 

rat (Sprague-

Dawley); rand 

exp [390] 

14% sprayed egg white, 

67% dextrose (Teklad 

Mills, Madison, WI); 29.5 

mg protein/kcal + 

drinking water with 13 mg 

zinc/L 

Ad lib 
NP, GD21 

(22 d) 

Whole SI 

anatomy 

SI weight (g) 
NP: 3.77 ± 0.73 (6) 

GD21: 6.09 ± 1.64 (10), P<0.05 

Organ blood flow (ml·min-

1) 

NP: 4.89 ± 0.7 (6) 

GD21: 9.25 ± 2.1 (10), P<0.05 

Organ blood flow  

(ml·min-1·g-1) 

NP: 1.33 ± 0.34 (6) 

GD21: 1.53 ± 0.32 (10), N/S 

Al-Shboul 

2019; rat 

(Sprague-

Dawley); non-

rand exp [296] 

N/S N/S 
GD10, GD20 

(22 d) 

Gastric 

emptying/SI 

motility 

Stomach smooth muscle 

cell contraction - 

acetylcholine-induced (%) 

GD10: 19 ± 6.3 (10)  

GD20: 36 ± 4.7 (10), P<0.05 vs GD10 
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Amano 1967; 

rat (Wistar); 

non-rand exp 

[391] 

Commercial diet (OA-2, 

Japan CLEA Co.); 26.5% 

protein  

Fasted 16 

h before 

OGTT 

NP, GD19 

(22 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Blood glucose, 0.5 h after 

1.5 g·kg-1 oral glucose, 

mg (%) 

NP: 138.5 ± 22.3 (8)  

GD19: 110.0 ± 21.1 (3), N/S 

Blood glucose, Δ fasting - 

0.5 h after 1.5 g·kg-1 oral 

glucose, mg (%) 

NP: 38 (8) 

GD19: 47 (3), lower 

Ardawi 1987; 

rat (Wistar 

Albino);  

non-rand exp 

[392] 

Standard laboratory diet N/S 
NP, GD19 

(22 d) 

Whole SI 

anatomy 
SI weight (g) 

NP: 4.81 ± 0.47 (12)  

GD21: 7.66 ± 1.65 (17), P<0.01 

Digestive 

enzyme 

activity/ 

expression 

Glutaminase activity in SI 

mucosal scrapings 

(µmol·min-1·g-1 wet 

weight) 

NP: 12.61 ± 2.95 (12)  

GD21: 20.92 ± 5.94 (17), P<0.01 

Glutaminase activity in SI 

mucosal scrapings 

(nmol·min-1·mg-1 protein) 

NP: 117.73 ± 25.97 (12)  

GD21: 208.18 ± 35.94 (17), P<0.01 

Glutaminase activity in 

Whole SI anatomy 

(µmol·min-1·g-1 wet 

weight) 

NP: 6.84 ± 1.63 (18) 

GD21: 9.22 ± 1.87 (19), P<0.01 

Glutaminase activity in 

Whole SI anatomy 

(nmol·min-1·mg-1 protein) 

NP: 33.43 ± 7.45 (18) 

GD21: 42.87 ± 8.61 (19), P<0.01 
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Argiles 1989; 

rat (Wistar); 

non-rand exp 

[258] 

Purina chow 

Ad lib, 

except for 

fast after 

oral lipids 

NP, GD19, 

GD20 (22 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Plasma radioactivity after 

oral 14C tripalmitate - lipid 

uptake  

(dpm·mL-1 plasma) 

30 min 

NP: 100 ± 245 (6-8) 

GD19: 830 ± 245 (6-8), nsd  

GD20: 780 ± 245 (6-8), nsd 

60 min 

NP: 850 ± 367 (6-8) 

GD19: 1800 ± 612 (6-8), P<0.05 

GD20: 3100 ± 980 (6-8), P<0.05 

Bailey 1989; 

mouse (MF1); 

non-rand exp 

[345] 

Mouse breeding diet 

(Heygate and Sons Ltd, 

Northampton, Northants, 

UK) 

Ad lib 
NP, GD19 

(19 d) 

Duodenal 

anatomy 
Duodenum weight (mg) 

NP: 233 ± 28 (8)  

GD19: 391 ± 88 (6), P<0.01 

Jejunal 

anatomy 
Jejunum weight (mg) 

NP: 658 ± 127 (8) 

 GD19: 1246 ± 186 (6), P<0.001 

Ileal 

anatomy 
Ileum weight (mg) 

NP: 400 ± 85 (8)  

GD19: 891 ± 171 (6), P<0.001 

Balesaria 

2012; mouse 

(129/Ola-

C57BL/6 

mixed strain); 

non-rand exp 

[358] 

Dried egg albumin diet 

(RM1 diet, SDS, UK), 50 

ppm iron (adequate iron 

diet) 

N/S 
NP, GD18  

(N/S) 

Nutrient 

transporter 

gene 

expression 

Duodenal expression, 

relative to beta-actin 

expression (ΔCt) 

Dcytb 
NP: 0.85 ± 0.4 (4)  

GD18: 7.5 ± 2.4 (4), P<0.05 

DMT1 
NP: 0.3 ± 0.2 (4) 

GD18: 2.0 ± 0.6 (4), P<0.05 

FPN 
NP: 1.2 ± 0.6 (4) 

GD18: 6.5 ± 3.2 (4), P<0.05 

Barboni 2016; 

human; case 

control [393] 

Standardised meal (70 g 

pasta, 150 g meat, salad, 

300 ml water) eaten over 

10 minutes before study 

Fasted 6 h 

before 

meal 

NP, 3rd Tri 

(280 d) 

Gastric 

emptying/SI 

motility 

Change in gastric antrum 

cross-sectional area, time 

periods after meal (cm2) 

10 - 90 min 
NP: -4.98 ± 6.39 (10) 

3rd Tri: -2.74 ± 3.2 (10), P<0.05 

90 - 240 min 
NP: -5.01 ± 6.89 (10)  

3rd Tri: -4.37 ± 3.05 (10), P<0.05 

10 - 240 min 
NP: -9.99 ± 7.38 (10) 

3rd Tri: -1.62 ± 3.89 (10), P<0.05 
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Barrett 1994; 

human; prosp 

cohort study 

[229] 

For 3 days before each 

iron study, daily dietary 

intake of 13 mg iron (avg. 

4 mg from meat). Meal 

for iron intake study: 60 g 

of cooked lean bacon, 1 

bread roll, and 50 ml 

fresh orange juice, total 

non-haem iron content of 

3.2 mg 

Fasted 

overnight 

before iron 

study 

12 weeks, 

24 weeks, 

36 weeks 

(280 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Absorption of non-haem 

iron from food (%) 

12 weeks: 7.2, 95% CI 4.9-10.9 (12) 

24 weeks: 36.3, 95% CI 27.6-47.3 (12), P<0.001 vs 12 weeks 

36 weeks: 66.1, 95% CI 57.1-76.2 (12), P<0.001 vs 24 weeks 

Batey 1977; 

mouse 

(Sydney 

White); non-

rand exp [230] 

Standard rat cubes 

Fasted for 

16 h prior 

to study 

NP, GD16-

17, GD20-21 

(21 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Intestinal 59Fe uptake  

(% of dose) 

NP: 16.4 ± 9.2 (16) 

GD16-17: 23.0 ± 4.9 (6), nsd 

GD20-21: 29.2 ± 13.5 (9), P<0.01 

Intestinal 59Fe transport 

(% of dose) 

NP: 10.7 ± 4.8 (16) 

GD16-17: 17.0 ± 5.4 (6), nsd 

GD20-21: 24.3 ± 11.4 (9), P<0.01 

Batey 1977; 

rat (Swiss 

Fulins-dorf); 

non-rand exp 

[276] 

Rat cubes (iron content 

280 ppm) 

Fasted 18 

h before 

study 

NP, GD20-

21 (21 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Duodenal 59Fe transport 

(% of dose) 

NP: 18.9 ± 7.0 (15) 

GD20-21: 44.0 ± 15.9 (12), P<0.05 

Batey 1977; 

rat (Swiss 

Fulins-dorf); 

non-rand exp 

[277] 

Rat cubes (iron content 

280 ppm) 

Fasted 18 

h before 

study 

NP, GD15, 

GD20-21 

(21 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Duodenal 59Fe uptake  

(% of dose) 

NP: 31.6 ± 11.6 (15) 

GD15: 41.9 ± 12.7 (7), P<0.05 

GD20-21: 60.4 ± 12.9 (9), P<0.01 

Duodenal 59Fe transport 

(% of dose) 

NP: 18.9 ± 7.0 (15) 

GD15: 18.1 ± 11.6 (7), nsd 

GD20-21: 44.0 ± 13.8 (9), P<0.01 
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Boass 1992; 

rat 

(Holtzman); 

non-rand exp 

[268] 

Pellets: 75% whole 

wheat flour, 13% casein, 

5% cellulose (Alphacel), 

4.4% fat (mostly corn oil), 

2% salt mixture, 1.3% 

vitamin D-free vitamin 

mixture (ICN 

Biochemicals, Cleveland, 

OH), 5 IU 

cholecalciferol/g diet, and 

0.8% CaCO3 (ICN 

Biochemicals), containing 

0.4 Ca, 0.4% P, 0.14% 

Mg 

Unfasted 
NP, GD18, 

GD20 (22 d) 

Direct 

measure of 

nutrient 

uptake – ex 

vivo 

Net calcium transport in 

everted sacs (µg·g-1 wet 

weight) 

Proximal half of 

duodenum 

NP: 69 ± 18 (5) 

GD18: 87 ± 12 (9), nsd  

GD20: 124 ± 22 (6), P<0.05 vs GD18 

Distal half of 

duodenum 

NP: 23 ± 12 (4) 

GD18: 50 ± 24 (9), nsd  

GD20: 132 ± 23 (3), P<0.05 

Boass 1997; 

rat 

(Holtzman); 

non-rand exp 

[266] 

Pelleted 75% whole 

wheat flour, 13% casein, 

5% cellulose (Alphacel), 

4.4% fat (mostly from 

corn oil), 2% salt mixture, 

1.3% vitamin D–free 

vitamin mixture (ICN 

Biochemicals, Cleveland, 

OH, U.S.A.), 5 IU of 

cholecalciferol/g of diet, 

and 0.8% CaCO3 

N/S 
NP, GD21 

(22 d) 

Direct 

measure of 

nutrient 

uptake – ex 

vivo 

Slope jejunal calcium 

absorption vs. calcium 

concentration 

NP: 0.22 ± 0.16 (10) 

GD21: 0.16 ± 0.14 (8), nsd 
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Boyden 1944; 

human; cross 

sectional [311] 

N/S N/S 

NP, 

combined 

2nd & 3rd Tri 

(280 d) 

Gastric 

emptying/SI 

motility 

Time of appearance of 

food past stomach - 

pylorus opening (min) 

NP: 5.06, range 0.25-20 (17) 

2nd & 3rd Tri: 10.85, range 0.3-N/S (18), P<0.05 

Time of appearance of 

food at duodenal inflexion 

- pars inf (min) 

NP: 11.39, range 1.68-35+ (17) 

2nd & 3rd Tri: 20.16, range 0.6-33+ (18), P<0.05 

Braverman 

1980; human; 

cross 

sectional [372] 

N/S 

Overnight 

fast before 

study 

NP, 9-11 

weeks, 14-

37 weeks 

(280 d) 

Gallbladder 

emptying 

Gallbladder volume during 

fasting (ml) 

NP: 15, range 4-24 (11) 

9-11 weeks: 15 ± 14 (8), nsd 

14-37 weeks: 25 ± 20 (25), P<0.005 

Rate of gallbladder 

emptying (slope of line) 

NP: 0.0523 ± 0.0172 (11) 

9-11 weeks: 0.0375 ± 0.0139 (8), P<0.05 

14-37 weeks: 0.0332 ± 0.0135 (25), P<0.005 

Maximum gall bladder 

emptying (%) 

NP: 70.4 ± 7.3 (11) 

9-11 weeks: 63.1 ± 13.6 (8), nsd 

14-37 weeks: 61.0 ± 11.5 (25), P<0.005 

Braverman 

1988; human; 

prospective 

cohort [321] 

Standard liquid test meal 

w/ 420 kcal; 35% fat, 

15% protein, 50% 

carbohydrates 

Fasted on 

night 

before 

study 

NP, 38-42 

weeks  

(280 d) 

Gastric 

emptying/SI 

motility, 

Gallbladder 

emptying 

Intestinal transit time 

(min) 

NP: 131 ± 23 (8) 

38-42 weeks:174 ± 47 (10), P<0.01 

Gallbladder rate of 

emptying, slope (min-1) 

NP: 0.0498 ± 0.0023 (8) 

38-42 weeks: 0.0173 ± 0.0007 (10), P<0.005 

Gallbladder emptying (%) 
NP: 63.1 ± 1.3 (8) 

38-42 weeks: 60.1 ± 1.2 (10), nsd 
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Brown 1977; 

mouse 

(Sydney 

White); non-

rand exp [285] 

N/S N/S 

NP, GD15-

17, GD18-21 

(21 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo, 

Indirect 

measure of 

nutrient 

uptake – ex 

vivo 

Intestinal uptake 

(ng [57Co]B12) 

NP: 12.7 ± 1.5 (9) 

GD15-17: 17.5 ± 6.5 (8), P<0.05 

GD18-21: 29.1 ± 4.1 (10), P<0.001 

Intestinal transport 

(ng [57Co]B12) 

NP: 8.4 ± 2.7 (9) 

GD15-17: 15.9 ± 6.8 (8), P<0.001 

GD18-21: 28.4 ± 4.4 (10), P<0.001 

Intrinsic factor-[57Co]B12 

binding to ileal 

homogenates (ng·mg-1 

mucosal protein) 

NP: 0.21 ± 0.05 (3) 

GD18-21: 0.40 ± 0.10 (3), P<0.05 

Burdett 1979; 

rat (Sprague-

Dawley); non-

rand exp [394] 

Porton Mouse Diet 

(Oakes of Congleton, 

Cheshire, UK) 

Ad lib 
NP, GD18-

20 (22 d) 

Whole SI 

anatomy, 

jejunal 

anatomy, 

ileal 

anatomy, 

digestive 

enzyme 

activity/ 

expression 

Jejunum+ileum length 

(cm) 

NP: 104 ± 4 (11) 

GD18-20: 118 ± 8 (11), P<0.001 

Jejunum+ileum wet 

weight (g) 

NP: 9.3 ± 0.9 (10) 

GD18-20: 13.1 ± 1.3 (11), P<0.001 

Jejunum+ileum mucosal 

epithelium wet weight (g) 

NP: 2.7 ± 0.6 (10) 

GD18-20: 3.6 ± 1.3 (10), P<0.05 

Protein in mucosal 

epithelium (mg) 

Overall (jejunum + 

ileum) 

NP: 405 ± 7 (11) 

GD18-20: 561 ± 13 (11), P<0.03 

Jejunum 
NP: 168 ± 8 (7) 

GD18-20: 263 ± 47 (6), P<0.01 

Proximal ileum 
NP: 150 ± 22 (7) 

GD18-20: 226 ± 22 (6), P<0.0005 

Distal ileum 
NP: 109 ± 23 (7) 

GD18-20: 148 ± 17 (6), P<0.003 

Lactate dehydrogenase 

specific activity (units·mg-

1 protein) 

Overall (jejunum + 

ileum) 

NP: 2.46 ± 0.63 (10) 

GD18-20: 2.30 ± 0.63 (7), nsd 

Jejunum NP: 3.10 ± 0.80 (4) 
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GD18-20: 3.50 ± 0.70 (3), nsd 

Proximal ileum 
NP: 2.70 ± 1.20 (4) 

GD18-20: 2.70 ± 0.20 (3), nsd 

Distal ileum 
NP: 1.20 ± 0.20 (3) 

GD18-20: 1.20 ± 0.20 (3), nsd 

Succinate-tetrazolium 

reductase specific activity 

(units·mg-1 protein) 

Overall (jejunum + 

ileum) 

NP: 1.61 ± 0.56 (11) 

GD18-20: 1.25 ± 0.36 (9), nsd 

Jejunum 
NP: 2.00 ± 0.80 (7) 

GD18-20: 1.70 ± 0.60 (15), nsd 

Proximal ileum 
NP: 1.50 ± 0.50 (7) 

GD18-20: 1.40 ± 0.40 (5), nsd 

Distal ileum 
NP: 1.60 ± 0.80 (7) 

GD18-20: 1.10 ± 0.70 (5), nsd 

Glucose-6-

dehydrogenase specific 

activity (units·mg-1 

protein) 

Overall (jejunum + 

ileum) 

NP: 10.4 ± 1.80 (9) 

GD18-20: 14.3 ± 3.20 (10), P<0.003 

Jejunum 
NP: 11.5 ± 1.70 (6) 

GD18-20: 13.8 ± 2.60 (7), P<0.05 

Proximal ileum 
NP: 9.50 ± 1.50 (6) 

GD18-20: 12.5±1.0 (6), P<0.002 

Distal ileum 
NP: 10.8 ± 0.70 (6) 

GD18-20: 12.4 ± 2.60 (7), nsd 

Isocitrate dehydrogenase 

specific activity (units·mg-

1 protein) 

Overall (jejunum + 

ileum) 

NP: 36.7 ± 4.0 (3) 

GD18-20: 54.8 ± 12.3 (5), P<0.02 

Jejunum 
NP: 39.6 ± 7.0 (4) 

GD18-20: 54.9 ± 11.9 (5), P<0.02 

Proximal ileum 
NP: 32.5 ± 4.0 (4) 

GD18-20: 52.3 ± 14.0 (4), P<0.02 
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Distal ileum 
NP: 40.6 ± 13.4 (4) 

GD18-20: 59.8 ± 17.2 (5), P<0.05 

Sucrase specific activity 

(units·mg-1 protein) 

Overall (jejunum + 

ileum) 

NP: 93 ± 32.2 (18) 

GD18-20: 106 ± 33.5 (13), P<0.05 

Jejunum 
NP: 134 ± 56 (14) 

GD18-20: 146 ± 48 (7), nsd 

Proximal ileum 
NP: 119 ± 45 (14) 

GD18-20: 167 ± 58 (7), P<0.05 

Distal ileum 
NP: 21.3 ± 10.8 (13) 

GD18-20: 43 ± 27 (6), P<0.05 

Campbell 

1971; human; 

prosp cohort 

[239] 

N/S 

Fasted 

overnight 

before test 

22 weeks, 

32 weeks 

(280 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Blood glucose before and 

after OGTT, 50 g glucose 

(mg/100 ml) 

Fasting 

22 weeks: 72.7 ± 5.3 (15) 

32 weeks: 77.2 ± 7.2 (15), nsd vs 22 

weeks 

30 min 

22 weeks: 104 ± 20.0 (15)  

32 weeks: 119.9 ± 18.3 (15), nsd vs 

22 weeks 

Campbell 

1994; human; 

prosp cohort 

[237] 

Test meal: 14.4 g protein, 

17.5 g fat, 58.7 g 

carbohydrate, 453 kcal 

energy 

Fasted 

pre-test 

16 weeks, 

26 weeks, 

36 weeks 

(280 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Plasma glucose before 

and after a test meal 

(mM·L-1)  

Fasting 

16 weeks: 4.35 ± 0.39 (27) 

26 weeks: 4.20 ± 0.36 (29), nsd vs 16 

weeks 

36 weeks: 4.07 ± 0.46 (26), nsd vs 16 

weeks 

30 min 

16 weeks: 6.04 ± 0.76 (27) 

26 weeks: 6.29 ± 0.68 (29), nsd vs 16 

weeks 

36 weeks: 6.12 ± 0.61 (26), nsd vs 16 

weeks 
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Chang 1995; 

rat (Sprague-

Dawley); non-

rand exp [316] 

Standard laboratory 

chow 

Ad lib, then 

fasted 18 h 

before 

motility 

experiment 

NP, GD7, 

GD14, GD21 

(22 d) 

Gastric 

emptying/SI 

motility 

Gastrointestinal transit (% 

of SI traversed after 15 

min) 

NP: 42.6 ± 4.4 (10) 

GD7: 43.0 ± 11.3 (8), nsd 

GD14: 46.0 ± 17.0 (8), nsd 

GD21: 36.0 ± 8.5 (8), nsd 

Chang 1998; 

rat (Sprague-

Dawley); non-

rand exp [395] 

Standard laboratory 

chow 

Ad lib, then 

overnight 

fast before 

study 

NP, GD7, 

GD14, GD21 

(22 d) 

Gastric 

emptying/SI 

motility 

Gastric emptying (% 

remaining after 15 min) 

NP: 53.5 ± 7.0 (11) 

GD7: 50.1± 13.2 (7), nsd 

GD14: 58.2 ± 19.4 (6), nsd 

GD17: 57.7 ±10.1 (7), nsd 

Intestinal transit 

(geometric centre of 

radioactivity/10 segments) 

NP: 4.98 ± 0.43 (11) 

GD7: 4.54 ± 0.66 (7), nsd 

GD14: 4.47 ± 0.42 (6), nsd 

GD21: 3.61 ± 0.71 (7), P<0.01 

Charoenphan-

dhu 2009; rat 

(Sprague-

Dawley), non-

rand exp [274] 

Standard pellets Ad lib 
NP, GD14, 

GD21 (22 d) 

Direct 

measure of 

nutrient 

uptake – ex 

vivo 

Duodenal transcellular 

calcium flux  

(nmol·h-1·cm-2) 

NP: 36 ± 6 (8) 

GD14: 48 ± 8 (8), P<0.05 

GD21: 50 ± 8 (8), P<0.05 

Chen 1995; 

rat (Sprague-

Dawley); non-

rand exp [376] 

Rat chow Ad lib 

NP, GD7, 

GD14, GD21 

(22 d) 

Digestive 

enzyme 

activity/ 

expression 

Basal acid output, 

stomach (µmol·35 

minutes-1) 

NP: 2.0 ± 0.6 (9) 

GD7: 4.0 ± 3.7 (6), nsd 

GD14: 2.5 ± 1.2 (6), nsd 

GD21: 4.5 ± 2.4 (6), P<0.01 

Pentagastrin-stimulated 

acid output, stomach 

(µmol·35 minutes-1) 

NP: 10 ± 3.0 (9) 

GD7: 22 ± 12.2 (6), P<0.01 

GD14: 15 ± 9.8 (6), nsd 

GD21: 16 ± 7.3 (6), nsd  
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Chiloiro 2001; 

human; prosp 

cohort [306] 

N/S 

Fasted 

overnight 

before 

study 

1st Tri, 3rd Tri 

(280 d) 

Gastric 

emptying/SI 

motility 

Gastric emptying – half 

emptying time (min) 

1st Tri: median 38.2, IQR 25.2-87.3 (11) 

3rd Tri: median 39.8 (11), IQR 25.4-76.4, nsd vs 1st Tri 

Gastric emptying – final 

time (min) 

1st Tri: median 95, IQR 70.0-170.0 (11) 

3rd Tri: median 70, IQR 50.0-167.0 (11), nsd vs 1st Tri 

Orocecal transit time 

(min) 

1st Tri: median 80, IQR 50.0-235.5 (11) 

3rd Tri: median 100, IQR 50.5-240.0 (11), P<0.05 vs 1st Tri 

Clapp 2000; 

human; prosp 

cohort [396] 

N/S N/S 

NP, 16 ± 2 

weeks,  

26 ± 2 

weeks,  

36 ± 2 

weeks  

(280 d) 

Whole SI 

anatomy 

Portal vein diameter at 

recumbent rest (mm) 

NP: 12.2 ± 1.5 (12) 

16±2 weeks: 12.6 ± 1.5 (12), nsd 

26±2 weeks: 12.8 ± 1.5 (12), nsd 

36±2 weeks: 12.3 ± 1.2 (12), nsd 

Portal vein blood flow at 

recumbent rest (ml·min-1) 

NP: 560 ± 196 (6) 

16±2 weeks: 670 ± 245 (6), nsd 

26±2 weeks: 1130 ± 588 (6), nsd 

36±2 weeks: 1060 ± 416 (6), nsd 

Clark 1957; 

dog; non-rand 

exp. [377] 

Normal mixed kennel fare N/S 

NP, 

pregnant 

(59-63 d) 

Digestive 

enzyme 

activity/ 

expression 

Gastric acid secretion  

(m.Equiv) 

NP: 1.12 ± 0.67 (3) 

Pregnant: 1.47 ± 0.49 (3), N/S 
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Clark 1983; 

human; rand 

double-

blinded [300] 

N/S 

Fasted 

from 07.00, 

studied for 

2 h prior to 

afternoon 

surgery 

NP, 1st Tri 

(280 d) 

Gastric 

emptying/SI 

motility 

Plasma paracetamol 

concentrations after oral 

0.50 mg.kg-1 paracetamol 

(µg·mL-1) 

15 min 
NP: 7.5 ± 3.2 (10) 

1st Tri: 7.3 ± 3.2 (10), N/S 

30 min 
NP: 15.4 ± 5.7 (10) 

1st Tri: 14.1 ± 5.9 (10), N/S 

45 min 
NP: 19.3 ± 5.7 (10) 

1st Tri: 14.1 ± 7.0 (10), N/S 

60 min 
NP: 19.6 ± 5.1 (10) 

1st Tri: 15.5 ± 4.5 (10), N/S 

AUC0-60 plasma 

paracetamol 

(µg·min-1·ml-1) 

NP: 53.7 ± 16.5 (10) 

1st Tri: 44.7 ± 12.2 (10), P<0.05 

Coltart 1972; 

human; cross 

sectional [248] 

N/S 

Fasted 

overnight 

before 

sucrose 

tolerance 

test 

NP, at term 

(280 d) 

Indirect 

measure of 

nutrient 

uptake – in 

vivo 

Plasma glucose  

(mg·100 ml-1), after oral 1 

g·kg-1 sucrose  

Fasting 
NP: 81 ± 8.5 (10) 

Term: 69 ± 5.4 (10), P<0.01 

15 min 
NP: 104 ± 17.7 (10) 

Term: 97 ± 16.1 (10), nsd 

30 min 
NP: 115 ± 18.3 (10) 

Term: 116 ± 19.0 (10), nsd 

Δ plasma glucose 

(mg·100 ml-1) from 

fasting, time after 1 g·kg-1 

sucrose 

15 min 
NP: 23 ± 25 (10) 

Term: 27 ± 32 (10), nsd 

30 min 

NP: 34 ± 41 (10) 

Term: 47 ± 63 (10), nsd 

 

Plasma fructose  

(mg·100 ml-1), after oral 1 

g·kg-1 sucrose 

Fasting 
NP: 0.5 ± 0.3 (10) 

Term: 0.7 ± 0.6 (10), nsd 

15 min 
NP: 2.9 ± 1.3 (10) 

Term: 4.1 ± 2.8 (10), nsd 

30 min NP: 5.3 ± 2.2 (10) 
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Term: 5.5 ± 3.2 (10), nsd 

Δ plasma fructose 

(mg·100 ml-1) from 

fasting, time after oral 1 

g·kg-1 sucrose 

15 min 
NP: 2.4 ± 3.2 (10) 

Term: 3.5 ± 3.8 (10), nsd 

30 min 
NP: 4.7 ± 5.4 (10) 

Term: 4.9 ± 5.4 (10), nsd 

Craft 1970; rat 

(Wistar); non-

rand exp [397] 

Cube diet (Oxoid No. 

41B) 

Ad lib, then 

fasted 18-

24 h before 

experiment

s  

NP, GD18-

20 (22 d) 

Direct 

measure of 

nutrient 

uptake – ex 

vivo, Whole 

SI anatomy 

SI length (cm) 
NP: 107.1 ± 6.5 (25) 

GD18-20: 107.4 ± 7.5 (25), nsd 

SI wet weight (g) 
NP: 3.75 ± 0.50 (25)  

GD18-20: 4.49 ± 0.65 (25), P<0.001 

SI wet weight (mg·cm-1) 
NP: 35.15 ± 5.65 (25) 

GD18-20: 42.00 ± 6.60 (25), P<0.001 

SI dry weight (g) 
NP: 1.00 ± 0.15 (25) 

GD18-20: 1.20 ± 0.20 (25), P<0.001 

SI dry weight (mg/cm) 
NP: 9.34 ± 1.80 (25) 

GD18-20: 11.23 ± 1.95 (25), P<0.01 

Glucose absorption by 

proximal jejunum  

(mg·g-1 dry intestine 

weight·5 min-1) 

10 mM glucose 
NP:6.83 ± 0.9 (5) 

GD18-20: 14.1 (5), N/S 

20 mM glucose 
NP: 14.1 ± 2.0 (12) 

GD18-20: 13.5 (7), N/S 

Ex vivo glycine absorption 

by proximal jejunum 

(mg·g-1 dry intestine 

weight·5 min-1) 

10 mM glycine 
NP: 2.95 ± 0.40 (5) 

GD18-20: 2.3 (4), nsd 

20 mM glycine 
NP: 5.1 (5) 

GD18-20: 4.0 (5), nsd 

50 mM glycine 
NP: 10.7 ± 2.7 (10) 

GD18-20: 10.5 (10), nsd 
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Crean 1971; 

rat (Wistar); 

non-rand. exp. 

[338] 

N/S N/S 

NP, GD7, 

GD14, GD21 

(22 d) 

Whole SI 

anatomy 

Total parietal cell 

population in stomach 

fundus (millions) 

NP: 41.1 ± 2.4 (18) 

GD7: 38.7 ± 2.4 (6), nsd 

GD14: 42.7 ± 5.9 (6), nsd 

GD21: 49.2 ± 5.6 (6), P<0.01 

Total peptic cell 

population in stomach 

fundus (millions) 

NP: 61.3 ± 3.2 (18) 

GD7: 58.6 ± 6.8 (6), nsd 

GD14: 68.3 ± 10.0 (6), P<0.05 

GD21: 81.3 ± 8.1 (6), P<0.01 

Cripps 1975; 

rat (Sprague-

Dawley); non-

rand exp [175] 

Food cubes (Fielder's Pty 

Ltd, Tamworth, NSW, 

Australia); 20% crude 

protein, 7.5% fat 

Ad lib 
NP, GD12-

15 (22 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo, Whole 

SI anatomy, 

duodenal 

anatomy, 

ileal 

anatomy 

Small intestine wet weight 

(g) 

NP: 7.450 ± 1.204 (13) 

GD12-15: 7.453 ± 0.688 (6), nsd 

Small intestine dry weight 

(g) 

NP: 1.528 ± 0.339 (13) 

GD12-15: 1.554 ± 0.213 (6), nsd 

Small intestine length 

(mm) 

NP: 1135 ± 83 (13) 

GD12-15: 1140 ± 27 (6), nsd 

Duodenal villus height 

(µm) 

NP: 456 ± 32 (13) 

GD12-15: 511 ± 42 (6), P<0.05 

Duodenal smooth muscle 

thickness (µm) 

Circular 
NP: 41 ± 11 (13) 

GD12-15: 42 ± 7 (6), nsd 

Longitudinal 
NP: 29 ± 7 (13) 

GD12-15: 30 ± 5 (6), nsd 

Ileal villus height (µm) 
NP: 374 ± 58 (13) 

GD12-15: 428 ± 47 (6), nsd 

Ileal smooth muscle 

thickness (µm) 

Circular 
NP: 33 ± 7 (13) 

GD12-15: 39 ± 12 (6), nsd 

Longitudinal 
NP: 27 ± 7 (13) 

GD12-15: 27 ± 12 (6), nsd 

Leucine absorption (µmol·h-1) NP: 328.4 ± 32 (9) 



176 
 

GD12-15: 352.4 ± 42.6 (6), nsd 

(mm) 
NP: 0.294 ± 0.039 (9) 

GD12-15: 0.310 ± 0.042 (6), nsd 

(g·wet weight-1) 
NP: 47.54 ± 6.7 (9) 

GD12-15: 47.30 ± 4.07 (6), nsd 

(g·dry weight-1) 
NP: 235.1 ± 38.4 (9) 

GD12-15: 229.3 ± 35.3 (6), nsd 

Glucose absorption 

(µmol·h-1) 
NP: 377.1 ± 43.2 (9) 

GD12-15: 413.2 ± 62.2 (6), nsd 

(mm) 
NP: 0.337 ± 0.051 (9) 

GD12-15: 0.364 ± 0.061 (6), nsd 

(g·wet weight-1) 
NP: 54.89 ± 10.20 (9) 

GD12-15: 55.25 ± 4.58 (6), nsd 

(g·dry weight-1) 
NP: 270.9 ± 51.0 (9) 

GD12-15 270.0 ± 33.8 (6), nsd 
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Datta 1974; 

mouse 

(Alderley 

Park); non-

rand exp [318] 

N/S 

Fasted for 

24 h before 

intestinal 

propulsion 

study. 

N/S for 

isolated 

ileum 

studies. 

NP, GD11-

19 (21 d) 

Gastric 

emptying/SI 

motility 

Intestinal transit (% of 

tract traversed after 15 

min) 

NP: 46.0 ± 10.6 (28) 

GD11-19: 26.6 ± 7.6 (13), P<0.001 

Log EC50 for ileal 

response to acetylcholine 

stimulation (ng·ml-1) 

NP: 1.399 ± 0.383 (10-30) 

GD11-19: 1.870 ± 0.263 (10-30), P<0.001 

Log EC50 for ileal 

response to potassium 

stimulation (ng·ml-1) 

NP: 1.853 ± 0.241 (10-30) 

GD11-19: 0.183 ± 0.225 (10-30), P<0.001 

Log Hz50 for ileal 

response to electrical 

stimulation 

NP: 0.642 ± 0.285 (10-30) 

GD11-19: 0.820 ± 0.268 (10-30), P<0.05 

Slope of log 

concentration-response 

relationship for 

acetylcholine (log ng·ml-1) 

NP: 50.9 ± 11.5 (10-30) 

GD11-19: 79.2 ± 39.9 (10-30), P<0.01 

Slope of log 

concentration-response 

relationship for potassium 

(log ng·ml-1) 

NP: 110.34 ± 67.59 (10-30) 

GD11-19: 117.32 ± 41.90 (10-30), nsd 

Slope of log 

concentration-response 

relationship for electrical 

stimulation (log Hz)  

NP: 85.18 ± 35.82 (10-30) 

GD11-19: 80.86 ± 24.05 (10-30), nsd 
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Datta 1984; 

rat (Charles-

Foster); non-

rand exp [308] 

N/S 

Fasted 18-

20 h before 

start of 

experiment

, allowed 

free 

access to 

water 

NP, GD20 

(21 d) 

Gastric 

emptying/SI 

motility 

Gastric emptying (% 

release after 15 min) 

NP: 76.99 ± 2.94 (7) 

GD20: 50.21 ± 2.74 (6), P<0.001 

Intestinal transit (% 

travelled after 15 min) 

NP: 65.52 ± 6.59 (7) 

GD20: 44.19 ± 5.13 (7), P<0.001 

Davies 1977; 

rat (Hooded 

Lister); non-

rand exp [256] 

Stock colony diet (Oxoid, 

H. C. Styles, Bewdley, 

Worcs); 100 mg/kg Zn, 

20 mg/kg Cu  

Ad lib 

NP, GD12, 

GD15, 

GD18, GD21 

(21 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Duodenal Zn absorption  

(µg·15 min-

1·loop) 

NP: 0.40 ± 0.11 (5) 

GD12: 0.37 ± 0.04 (5), nsd 

GD15: 0.47 ± 0.12 (4), nsd 

GD18: 0.55 ± 0.12 (6), P<0.01 

GD21: 0.72 ± 0.11 (5), P<0.001 

(µg·15 min-1·g-1 

dry wt tissue) 

NP: 1.44 ± 0.47 (6) 

GD12: 1.16 ± 0.09 (5), nsd 

GD15: 1.60 ± 0.50 (4), nsd 

GD18: 1.55 ± 0.22 (6), nsd 

GD21: 2.43 ± 0.49 (5), P<0.001 

Duodenal lysine uptake  

(µg·15 min-

1·loop) 

NP: 12.5 ± 0.51 (6) 

GD12: 12.6 ± 0.45 (5), nsd 

GD15: 12.5 ± 0.80 (4), nsd 

GD18: 13.1 ± 0.49 (6), nsd 

GD21: 11.6 ± 1.34 (5), nsd 

(µg·15 min-1·g-1 

dry wt tissue) 

NP: 44.3 ± 5.90 (6) 

GD12: 40.1 ± 2.95 (5), nsd 

GD15: 42.0 ± 5.60 (4), nsd 

GD18: 37.9 ± 4.41 (6), nsd 
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GD21: 40.6 ± 6.73 (5), nsd 

Davison 1970; 

human; cross 

sectional [297] 

N/S N/S 

NP, ≥34 

weeks (280 

d) 

Gastric 

emptying/SI 

motility 

Gastric emptying half time 

(min) 

NP: 11.2 ± 5.0 (11) 

≥34 weeks: 17.75 ± 9.6 (11), nsd 

Gastric total emptying 

time (min) 

NP: 74.8 ± 28.2 (11) 

≥34 weeks: 119.5 ± 57.0 (11), P<0.05 

Dawson 2012; 

mouse (CD1); 

rand exp [398] 

Standard rodent chow 

(AIN93G; Glen Forrest 

Stockfeed); 46.6 mg/kg 

potassium sulfate, 0.275 

mg/kg chromium 

potassium sulfate, L-

cystine (3000 g/kg) 

Ad lib 

NP, GD4.5, 

GD6.5, 

GD8.5, 

GD10.5, 

GD14.5, 

GD18.5 

(21 d) 

Nutrient 

transporter 

gene 

expression 

Ileal Slc13a1 gene 

expression (relative to 

18S rRNA) 

NP: 38 ± 4 (3-5) 

GD4.5: 32 ± 5.5 (3-5), nsd 

GD6.5: 27 ± 1.625 (3-5), nsd 

GD8.5: 30 ± 3 (3-5), nsd 

GD10.5: 23 ± 6.25 (3-5), nsd 

GD14.5: 22.5 ± 1.75 (3-5), nsd 

GD18.5: 32 ± 1.75 (3-5), nsd 

Ileal Slc26a1 gene 

expression (relative to 

18S rRNA) 

NP: 0.1 ± 0(3-5) 

GD4.5: 0.1 ± 0 (3-5), nsd 

GD6.5: 0 ± 0.025 (3-5), nsd 

GD8.5: 0.1 ± 0.025 (3-5), nsd 

GD10.5: 0.1 ± 0.025 (3-5), nsd 

GD14.5: 0 ± 0 (3-5), nsd 

GD18.5: 0 ± 0 (3-5), nsd 

Ileal Slc26a2 gene 

expression (relative to 

18S rRNA) 

NP: 14.5 ± 2 (3-5) 

GD4.5: 13 ± 1.625 (3-5), nsd 

GD6.5: 14 ± 2 (3-5), nsd 

GD8.5: 12 ± 0.325 (3-5), nsd 

GD10.5: 12 ± 1.25 (3-5), nsd 

GD14.5: 10 ± 1.25 (3-5), nsd 

GD18.5: 14 ± 0.625 (3-5), nsd 



180 
 

Ileal Slc26a3 gene 

expression (relative to 

18S rRNA) 

NP: 8 ± 1.25 (3-5) 

GD4.5: 6.5 ± 0.875 (3-5), nsd 

GD6.5: 6 ± 0.325 (3-5), P<0.05 

GD8.5: 5.5 ± 0.325 (3-5), P<0.05 

GD10.5: 6.25 ± 0.5 (3-5), nsd 

GD14.5: 5 ± 1.125 (3-5), P<0.01 

GD18.5: 7.5 ± 0.25 (3-5), nsd 

Ileal Slc26a6 gene 

expression (relative to 

18S rRNA) 

NP: 8.25 ± 0.15 (3-5) 

GD4.5: 5.25 ± 0.1875 (3-5), P<0.05 

GD6.5: 6.75 ± 0.65 (3-5), nsd 

GD8.5: 6.0 ± 0.55 (3-5), nsd 

GD10.5: 7.25 ± 0.7 (3-5), nsd 

GD14.5: 4.5 ± 0.75 (3-5), P<0.05 

GD18.5: 6.75 ± 0.375 (3-5), nsd 

Ileal Slc26a11 gene 

expression (relative to 

18S rRNA) 

NP: 0.4 ± 0.025 (3-5) 

GD4.5: 0.4 ± 0.1 (3-5), nsd 

GD6.5: 0.3 ± 0.05 (3-5), nsd 

GD8.5: 0.1 ± 0.075 (3-5), nsd 

GD10.5: 0.3 ± 0.05 (3-5), nsd 

GD14.5: 0.3 ± 0.075 (3-5), nsd 

GD18.5: 0.2 ± 0.1 (3-5), nsd 

Delorme 

1979; rat 

(Wistar); non-

rand exp [399] 

UAR-103, 0.9% Ca, 0.9% 

P, 4000 IU vitamin D3/kg 
Ad lib 

GD17.5, 

GD18.5, 

GD19.5, 

GD20.5, 

GD21.5 

(22 d) 

Nutrient 

transporter 

protein 

expression 

Ca-binding protein in 

duodenal mucosa (µg·mg-

1 protein) 

GD17.5: 4.0 ± 1.2 (4-6) 

GD18.5: 6.0 ± 2.5 (4-6), nsd vs GD17.5 

GD19.5: 9.0 ± 2.5 (4-6), P<0.05 vs GD17.5 

GD20.5: 7.0 ± 2.0 (4-6), nsd vs GD17.5 

GD21.5: 7.4 ± 2.9 (4-6), nsd vs GD17.5 
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Doguer 2017; 

mouse 

(C57BL/6); 

non-rand exp 

[400] 

N/S 

Fasted 15-

16 h before 

iron 

absorption 

studies 

NP,  

GD18-20  

(21 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Iron absorption (% of 

dose administered) 

NP: 31.23 ± 13.37 (5) 

GD18-20: 47 ± 10 (5), N/S 

Donangelo 

2005; human; 

cross 

sectional [283] 

EP: Energy 1910 +/- 660 

(kcal/d), Protein (g/d) 69 

+/- 30, Zinc (mg/d) 9 +/- 

5, Iron (mg/d) 13 +/- 6, 

Dietary fibre (g/d) 20 +/- 

9  

LP: Energy 2130 +/- 400 

(kcal/d), Protein (g/d) 79 

+/- 26, Zinc (mg/d) 9 +/- 

2, Iron (mg/d) 14 +/- 5, 

Dietary fibre (g/d) 22 +/- 

8 

N/S 

10-12 

weeks,  

34-36 weeks  

(280 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Fractional Zn absorption 
10-12 weeks: 0.29 ± 0.06 (10) 

34-36 weeks: 0.43 ± 0.10 (8), P<0.05 vs 10-12 weeks 

Dudley 1992; 

rat (strain 

N/S); non-

rand exp [401] 

Purina Rodent 

Laboratory Chow (5001) 
N/S 

NP, GD20 

(term N/S) 

Jejunal 

anatomy, 

Digestive 

enzyme 

activity/ 

expression 

Jejunal lactase specific 

activity (µmol·min-1·g-1 

protein) 

NP: 33 ± 8 (4) 

GD20: 34 ± 10 (4), nsd 

Jejunal villous length (µm) 
NP: 244 ± 42 (4) 

GD20: 263 ± 12 (4), P<0.05 

Jejunal IF intensity (scale 

0-4+), anti-lactase Mab 

NP: 1.3 ± 0.8 (4) 

GD20: 2.9 ± 0.8 (4), nsd 
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Dugas 1970; 

rat 

(Holtzman); 

non-rand exp 

[402]  

Purina Lab Chow Ad lib 

NP, GD7, 

GD14, GD21 

(21 d) 

Direct 

measure of 

nutrient 

uptake – ex 

vivo, Whole 

SI anatomy 

SI length (cm) 

NP: 113 ± 7.2 (36) 

GD7: 114 ± 6.0 (16), nsd 

GD14: 113 ± 9.3 (15), nsd 

GD21: 122 ± 6.7 (14), nsd 

SI length (cm·100 g-1 

body weight) 

NP: 49.7 ± 5.4 (36) 

GD7: 51.0 ± 3.2 (16), nsd 

GD14: 45.1 ± 3.5 (15), nsd 

GD21: 36.4 ± 3.0 (14), nsd 

Serosal accumulation of 

alanine (µmol·g-1 dry SI 

weight) 

NP: 5.89 ± 2.08 (12) 

GD7: 6.83 ± 2.70 (9), nsd 

GD14: 5.89 ± 2.55 (8), nsd 

GD21: 6.52 ± 2.42 (12), nsd 

Serosal accumulation of 

lysine (µmol·g-1 dry SI 

weight) 

NP: 2.63 ± 1.47 (24) 

GD7: 5.60 ± 2.40 (9), P<0.01 

GD14: 2.39 ± 1.16 (15), nsd 

GD21: 1.90 ± 0.90 (9), nsd 

Serosal accumulation of 

proline (µmol·g-1 dry SI 

weight) 

NP: 3.37 ± 2.42 (12) 

GD7: 1.95 ± 1.50 (9), nsd 

GD14: 3.03 ± 1.41 (8), nsd 

GD21: 1.62 ± 2.08 (12), nsd 
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Everson 1982; 

human; cross 

sectional [370] 

Breakfast consisted of 

one egg, two slices of 

bacon, two pieces of 

buttered toast, 100 ml 

orange juice, 240 ml low 

fat milk, and 200 ml of 

coffee or tea (610 kcal, 

12% protein, 44% fat). 

Evening 

before 

study: ½ 

turkey 

sandwich, 

250 ml 

whole milk, 

then 

overnight 

fast. Diet 

on study 

day: 2228 

cal, 15% 

protein, 

46% fat; 

ate at 

0830h, 

1200 h, 

1700 h, 

2000 PM.  

NP, 1st Tri, 

2nd Tri, 3rd 

Tri (280 d) 

Gallbladder 

emptying 

Gallbladder fasting 

volume (ml) 

NP: 17.2 ± 5.2 (22) 

1st Tri: 23.7 ± 6.3 (7), P<0.04 

2nd Tri: 33.7 ± 9.0 (10), P<0.001 

3rd Tri: 32.4 ± 9.0 (8), P<0.001 

Early rate constant of 

emptying (min-1) 

NP: 0.022 ± 0.003 (22) 

1st Tri: 0.025 ± 0.006 (7), nsd 

2nd Tri: 0.026 ± 0.005 (10), nsd 

3rd Tri: 0.018 ± 0.003 (8), nsd 

Late rate constant of 

emptying (min-1) 

NP: 0.009 ± 0.002 (22) 

1st Tri: 0.007 ± 0.002 (7), nsd 

2nd Tri: 0.005 ± 0.002 (10), nsd 

3rd Tri: 0.004 ± 0.002 (8), P<0.005 

Gallbladder emptying (%) 

NP: 74.1 ± 12.2 (22) 

1st Tri: 71.8 ± 7.2 (7), nsd 

2nd Tri: 70.8 ± 12.3 (10), nsd 

3rd Tri: 67.0 ± 6.6 (8), nsd 

Fairweather-

Tait 1984; rat 

(Wistar); non-

rand exp [403] 

Synthetic diet (g/kg): 326 

starch, 326 sucrose, 168 

casein, 80 maize oil, 40 

solka floc, 40 mineral 

mix, 20 vitamin mix 

Ad lib, 

overnight 

fast prior to 

each Zn 

absorption 

study 

NP, GD3, 

GD10, GD17 

(22 d)  

Direct 

measure of 

nutrient 

uptake – in 

vivo 

65Zn retention (% of 

administered dose) 

NP: 0.188 ± 0.042 (17) 

GD3: 0.224 ± 0.045 (19), nsd 

GD10: 0.182 ± 0.045 (19), nsd 

GD17: 0.208 ± 0.045 (19), P<0.01 
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Fudge 2010; 

mouse (Black 

Swiss); non-

rand exp [225] 

2% calcium, 1.25% 

phosphorus, 20% lactose 

(TekLad TD96348; 

Harlan Tek-lad, Madison, 

WI) 

N/S 
NP, GD16.5 

(19 d) 

Nutrient 

transporter 

gene 

expression 

Duodenal Trpv6, 

microarray (fold-

expression relative to NP) 

NP: 1 (2) 

GD16.5: 0.33 (2), P<0.01 

Duodenal Pmca1, 

microarray (fold-

expression relative to NP) 

NP: 1 (2) 

GD16.5: 0.96 (2), nsd 

Duodenal S100g, 

microarray (fold-

expression relative to NP) 

NP: 1 (2) 

GD16.5: 0.78 (2), nsd 

Duodenal Trpv6, RT-PCR 

(fold-expression relative 

to GAPDH and NP) 

NP: 1.0 ± 0.4 (3) 

GD16.5: 0.2 ± 0.4 (3), P<0.05 

Fung 1997; 

human; prosp. 

cohort [284] 

Non-vegetarian 

Overnight 

fast before 

Zn 

absorption 

studies 

 

NP, 24-26 

weeks, 34-

36 weeks 

(280 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Fractional Zn absorption 

(%) 

NP: 14.6 ± 4.7 (13) 

24-26 weeks: 18.9 ± 8.3 (13), nsd 

34-36 weeks: 19.4 ± 9.4 (13), nsd 

Gallagher 

1982; rat 

(Wistar); non-

rand exp [404] 

N/S 

Fasted for 

16 h before 

tissue 

collection 

NP, GD18-

19 (22 d) 

Nutrient 

transporter 

protein 

expression 

IF-57CoCbl binding to ileal 

brush borders  

(pg·mg-1 protein) 

NP: 126.3 ± 58.4 (10) 

GD18-19: 270.8 ± 69.2 (12), P<0.01 

Number of ileal brush 

border IF-Cbl receptors 

NP: 7.2 x 1010 (10) 

GD18-19: 16 x 1010 (12), different (text) 

Affinity constant of ileal 

brush border IF-Cbl 

receptors  

NP: 11.7 x 1011 mol-1 (10) 

GD18-19: 6.9 x 1011 mol-1 (12), different (text) 
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Gao 2015; rat 

(Sprague-

Dawley); non-

rand exp [364] 

Standard rodent pellet 

diet (370 mg iron/kg) 
N/S 

NP, GD9, 

GD15, 

GD18, GD21 

(22 d) 

Nutrient 

transporter 

protein 

expression 

Duodenal FPN1 protein 

(relative to beta-actin) 

NP: 1.0 ± 0.05 (12) 

GD9: 0.8 ± 0.15 (12), nsd 

GD15: 1.4 ± 0.20 (12), P<0.05 

GD18: 2.5 ± 0.02 (12), P<0.01 

GD21: 2.1 ± 0.15 (12), P<0.01 

Gębczyńska 

1971; Root 

vole (Microtus 

oeconomus); 

cross 

sectional [334] 

N/S N/S 

NP, 

Pregnant 

(20-22 d) 

Whole SI 

anatomy 

SI length (mm) 

Spring-caught 
NP: 215 ± 28 

Pregnant: 216 ± 13, N/S 

Summer-caught 
NP: 248 ± 17 

Pregnant: 248 ± 25, N/S 

Empty SI weight (g) 

Spring-caught 
NP: 73 ± 16 

Pregnant: 83 ± 15, N/S 

Summer-caught 
NP: 96 ± 10 

Pregnant: 98 ± 16, N/S 
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Gerdes 1938; 

human; cross 

sectional [369] 

Evening before study: tea 

& toast. 

Test meal: 

4 egg yolks 

mixed w/ 

equal amt 

milk 

1st Tri, 

combined 

2nd & 3rd Tri 

(280 d) 

Gallbladder 

emptying 

Basal gallbladder volume, 

2 min after test meal 

(cm3) 

1st Tri: 56.1 ± 36.2 (5) 

2nd-3rd Tri: 41.2 ± 16.0 (13), N/S 

Gallbladder emptying 

after test meal (%) 

8 min 

1st trimester: 16.3 ± 11.4 (5) 

2nd-3rd trimester: 8.2 ± 10.4 (13), P<0.05 vs 1st 

trimester 

12 min 

1st trimester: 32.5 ± 19.4 (5) 

2nd-3rd trimester: 14.0 ± 15.1 (13), P<0.05 vs 1st 

trimester 

20 min 

1st trimester: 52.3 ± 13.1 (5) 

2nd-3rd trimester: 28.0 ± 21.2 (13), P<0.05 vs 1st 

trimester 

30 min 

1st trimester: 62.9 ± 6.3 (5) 

2nd-3rd trimester: 42.1 ± 21.1 (13), P<0.05 vs 1st 

trimester 

40 min 

1st trimester: 69.7 ± 10.2 (5) 

2nd-3rd trimester: 49.3 ± 18.2 (13), P<0.05 vs 1st 

trimester 

Gillmer 1975; 

human; prosp. 

cohort [240] 

Day before study: fed 

180 g/d carbohydrate 

Fasted 

overnight 

before 

OGTT 

12-22 

weeks, 32-

35 weeks 

(280 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Plasma glucose before 

and after 50 g glucose 

OGTT (mmol·L-1) 

Fasting 
12-22 weeks: 4.4 ± 0.4 (9) 

32-35 weeks: 4.2 ± 0.2 (9), N/S 

30 min 
12-22 weeks: 7.0 ± 0.7 (9) 

32-35 weeks: 6.6 ± 0.7 (9), N/S 

60 min 
12-22 weeks: 7.3 ± 0.8 (9) 

32-35 weeks: 7.0 ± 0.8 (9), N/S 
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Girdwood 

1961; human; 

cross 

sectional [290] 

N/S N/S 

NP, 

Pregnant 

(280 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Serum folic acid after 3 

mg oral folic acid  

(µg·mL-1) 

60 min 
NP: 87.5 (23) 

Pregnant: 55.1 (21), N/S 

90 min 
NP: 100 (23) 

Pregnant: 60 (21), N/S 

Time to peak serum [folic 

acid] after 3 mg oral folic 

acid (min) 

NP: 107.9 ± 41.5 (23) 

Pregnant: 63.19 ± 45.6 (21), N/S 

Gohir 2019; 

mouse 

(C57BL/6); 

non-rand exp 

[405] 

17% fat, 29% protein, 

54% carbohydrate, 3.40 

kcal (HT8640 Teklad 

22/5 Rodent Diet; Harlan, 

Indianapolis, IN, USA) 

Ad lib 
NP, GD18.5 

(21 d) 

Whole SI 

anatomy 

Plasma FITC-dextran 

(Maternal intestinal barrier 

functional integrity),  

RFU x 104 

NP: 0.15 ± 0.15 (6) 

GD18.5: 0.45 ± 1.0 (14), P<0.05 
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Hagen 1961; 

human; prosp 

cohort [241] 

N/S N/S 

3 months, 5 

months, 7 

months, 9 

months  

(280 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Blood sugar after 1 g 

glucose.kg-1 OGTT 

(mg·100 ml-1) 

Fasting 

3rd month: 88.4 (28)  

5th month: 89.5 (28), N/S 

7th month: 83.1 (28), P<0.05 vs other pregnancy 

stages 

9th month: 89.6 (28), N/S 

20 min 

3rd month: 137.6 (28) 

5th month: 131.5 (28), N/S 

7th month: 125.9 (28), N/S 

9th month: 127.0 (28), N/S 

40 min 

3rd month: 149.3 (28) 

5th month: 146.7 (28), N/S 

7th month: 151.9 (28), N/S 

9th month: 145.9 (28), N/S 

60 min 

3rd month: 139.7 (28) 

5th month: 144.3 (28), N/S 

7th month: 152.9 (28), N/S 

9th month: 145.6 (28), N/S 

Halloran 

1980; rat 

(Holtzman); 

non-rand exp 

[269] 

Purified diet: 0.44% Ca, 

0.30% P, plus 25 IU 

vitamin D/day in 0.1 ml 

cottonseed-soybean oil 

(Wesson). 

N/S 
NP, GD20 

(21 d) 

Direct 

measure of 

nutrient 

uptake – ex 

vivo 

Duodenal calcium 

transport ratio 

(serosal:mucosal [Ca] 

ratio) 

NP: 3.1 ± 1.1 (5) 

GD20:5.9 ± 1.3 (5), P<0.001 

Hambidge 

2017; human; 

prosp cohort 

[282] 

Major food staple maize N/S 

8 weeks,  

34 weeks 

(280 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Fractional Zn absorption 
8 weeks: 0.22 ± 0.10 (8) 

34 weeks: 0.32 ± 0.15 (8), P=0.0008 vs 8 weeks 

Total absorbed zinc 

(mg·d-1) 

8 weeks: 1.87 ± 0.70 (8) 

34 weeks: 3.12 ± 1.37 (8), P<0.05 vs 8 weeks 
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Hellegers 

1957; rat 

(Sprague-

Dawley); non-

rand exp [286] 

 Basic casein diet N/S 
NP, GD12-

20 (22 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Vitamin B12 absorption 

(µg of 50 µg dose) 

NP: 20 (14) 

GD12-20: 40.2 (14), P<0.05 

Hirst Bruns 

1978; rat 

(Sprague-

Dawley); non-

rand exp [367] 

Normal rat chow (Ralston 

Purina, St Louis) 
Ad lib 

NP, GD13, 

GD15, 

GD16, 

GD18, 

GD19, 

GD20.5  

(22 d) 

Nutrient 

transporter 

protein 

expression 

Calcium binding protein in 

proximal duodenal 

mucosa  

(µg CaBP·mg-1 protein) 

NP: 3.3 ± 1.3 (20) 

GD13: 2.8 ± 0.5 (3-7), nsd 

GD15: 4.2 ± 1.3 (3-7), nsd 

GD16: 4.4 ± 2.1 (3-7), nsd 

GD18: 5.2 ± 2.1 (3-7), P<0.05 

GD19: 4.8 ± 2.1 (3-7), P<0.05 

GD20.5: 4.9 ± 1.3 (11), P<0.05 

Hornnes 

1984; human; 

prosp cohort 

[242] 

Normal diet N/S 

15 ± 1 

weeks, 28 ± 

1 weeks, 37 

± 0 weeks  

(280 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Change in plasma 

glucose after 50 g glucose 

OGTT (mmol·L-1) 

15 min 

15 ± 1 weeks: 1.2 (17) 

28 ± 1 weeks: 1.1 (17), N/S 

37 weeks: 0.9 (17), N/S 

30 min 

15 ± 1 weeks: 2.3 (17) 

28 ± 1 weeks: 2.6 (17), N/S 

37 weeks: 2.8 (17), N/S 

45 min 

15 ± 1 weeks: 2.2 (17)  

28 ± 1 weeks: 3.9 (17), N/S 

37 weeks: 3.6 (17), N/S 

60 min 

15 ± 1 weeks: 1.7 (17)  

28 ± 1 weeks: 1.8 (17), N/S 

37 weeks: 3.9 (17), N/S 
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Hunt 1958; 

human; prosp 

cohort [293] 

Test meal containing 

phenol red marker 

Fasted 

overnight 

before 

each study 

16-25 

weeks, 26-

30 weeks, 

31-35 

weeks, 35-

40 weeks 

(280 d) 

Gastric 

emptying/SI 

motility 

Gastric volume 10 

minutes after a 750 ml 

saline test meal (mL) 

16-25 weeks: 407 ± 107 (6) 

26-30 weeks: 345 ± 130 (6), N/S 

31-35 weeks: 345 ± 175 (6), N/S 

35-40 weeks: 330 ± 85 (7), lower that 16-25 weeks (text) 

Gastric volume 20 

minutes after a 750 ml 

water test meal (mL) 

16-25 weeks: 325 ± 122 (6) 

26-30 weeks: 393 ± 73 (6), N/S 

31-35 weeks: 378 ± 98 (6), N/S 

35-40 weeks: 363 ± 68 (7), N/S 

Ibrahim 1984; 

rat (strain 

N/S); non-

rand exp [270] 

Purina Rodent 

Laboratory Chow 

(Ralston Purina Co., St. 

Louis, Mo.) w. 1.2% Ca, 

0.2% Mg, 0.8% P 

Ad lib 
NP, GD21 

(22 d) 

Direct 

measure of 

nutrient 

uptake – ex 

vivo 

SI calcium transport ratio 

(serosal/mucosal 45Ca 

ratio), proximal duodenum 

NP: 1.5 ± 0.5 (5-7) 

GD21: 3.0 ± 0.8 (5-7), P<0.001 

Jaroszewska 

2006; 

common 

shrew (Sorex 

araneus); 

cross 

sectional [335] 

N/S N/S 

NP, first 2 

weeks, 3rd 

week (20 d) 

Whole SI 

anatomy, 

Duodenal 

anatomy 

Duodenum length (mm) 

NP: 5.9 ± 0.5 (5) 

First 2 weeks: 7.0 ± 0.6 (7), nsd 

3rd week: 8.2 ± 2.1 (7), P=0.05 

Mesenteric SI 

(jejunum+ileum) length 

(mm) 

NP: 94.5 ± 11.1 (5) 

First 2 weeks: 98.0 ± 15.6 (7), nsd 

3rd week: 103.1 ± 33.1 (7), nsd 

Height of villi (µm) 

Duodenum 

NP: 415.6 ± 68.5 (5) 

First 2 weeks: 428.7 ± 90.5 (7), nsd 

3rd week: 410.6 ± 58.6 (7), nsd 

Proximal 

mesenteric 

intestine 

NP: 442.5 ± 62.7 (5) 

First 2 weeks: 415.8 ± 26.7 (7), nsd 

3rd week: 499.8 ± 42.9 (7), P<0.05 
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Middle 

mesenteric 

intestine 

NP: 358.5 ± 34.3 (5) 

First 2 weeks: 380.8 ± 44.5 (7), nsd 

3rd week: 398.3 ± 64.6 (7), nsd 

Distal mesenteric 

intestine 

NP: 355.8 ± 12.6 (5) 

First 2 weeks: 308.7 ± 38.7 (7), nsd 

3rd week: 297.8 ± 36.2 (7), nsd 

External area (mm2) 

Duodenum 

NP: 53.3 ± 15.8 (5) 

First 2 weeks: 63.1 ± 8.0 (7), nsd 

3rd week: 87.1 ± 28.2 (7), nsd  

Proximal 

mesenteric 

intestine 

NP: 279.9 ± 54.4 (5) 

First 2 weeks: 271.0 ± 60.7 (7), nsd 

3rd week: 348.8 ± 95.3 (7), nsd 

Middle 

mesenteric 

intestine 

NP: 258.9 ± 72.9 (5) 

First 2 weeks: 260.9 ± 35.6 (7), nsd 

3rd week: 285.8 ± 79.2 (7), nsd 

Distal mesenteric 

intestine 

NP: 253.1 ± 45.8 (5) 

First 2 weeks: 240.6 ± 60.7 (7), nsd 

3rd week: 263.2 ± 88.4 (7), nsd 

Total internal area (mm2) 

Duodenum 

NP: 554.7 ± 154.9 (5) 

First 2 weeks: 394.7 ± 61.8 (7), nsd 

3rd week: 786.4 ± 127.9 (7), nsd 

Proximal 

mesenteric 

intestine 

NP: 2213.2 ± 823.2 (5) 

First 2 weeks: 2221.4 ± 726.6 (7), nsd 

3rd week: 3293.5 ± 1235.4 (7), nsd 

Middle 

mesenteric 

intestine 

NP: 2216.4 ± 705.1 (5) 

First 2 weeks: 2092.9 ± 232.9 (7), nsd 

3rd week: 2368.8 ± 728.4 (7), nsd 
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Distal mesenteric 

intestine 

NP: 1842.6 ± 541.4 (5) 

First 2 weeks: 1895.9 ± 625.3 (7), nsd 

3rd week: 1853.6 ± 514.1 (7), nsd 

Total internal area/length 

of segment (mm2·mm-1) 

Duodenum 

NP: 94.5 ± 23.5 (5) 

First 2 weeks: 57.1 ± 8.0 (7), nsd 

3rd week: 85.8 ± 21.3 (7), nsd 

Proximal 

mesenteric 

intestine 

NP: 73.5 ± 28.4 (5) 

First 2 weeks: 68.9 ± 15.1 (7), nsd 

3rd week: 91.9 ± 21.6 (7), nsd 

Middle 

mesenteric 

intestine 

NP: 73.9 ± 24.1 (5) 

First 2 weeks: 67.1 ± 9.6 (7), nsd 

3rd week: 71.9 ± 18.1 (7), nsd 

Distal mesenteric 

intestine 

NP: 60.2 ± 19.4 (5) 

First 2 weeks: 61.3 ± 12.3 (7), nsd 

3rd week: 59.6 ± 8.2 (7), nsd 

Total internal area/body 

mass (mm2·g-1) 

Duodenum 

NP: 66.5 ± 21.4 (5) 

First 2 weeks: 41.8 ± 4.4 (7), nsd 

3rd week: 78.2 ± 21.1 (7), nsd 

Proximal 

mesenteric 

intestine 

NP: 267.8 ± 101.9 (5) 

First 2 weeks: 245.4 ± 91.2 (7), nsd 

3rd week: 332.7 ± 148.3 (7), nsd 

Middle 

mesenteric 

intestine 

NP: 254.5 ± 90.9 (5) 

First 2 weeks: 228.8 ± 29.4 (7), nsd 

3rd week: 242.7 ± 67.2 (7), nsd 

Distal mesenteric 

intestine 

NP: 221.2 ± 60.9 (5) 

First 2 weeks: 215.4 ± 80.1 (7), nsd 

3rd week: 188.1 ± 40.7 (7), nsd 
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Internal surface area of 

whole small intestine 

(mm2) 

NP: 6826.6 ± 1007.7 (5) 

First 2 weeks: 6598.9 ± 1284.3 (7), nsd 

3rd week: 8302.2 ± 1690.4 (7), nsd 

Johnson 

2019; rat 

(Wistar); non-

rand exp [234] 

Standard rodent breeding 

diet (801730, Special 

Diets Service Essex, UK) 

Ad lib 

NP, GD4, 

GD12, GD18 

(22 d) 

Whole SI 

anatomy, 

Duodenal 

anatomy 

SI wet mass (g) 

GD4: 5.4 ± 1.3 (7) 

GD12: 6.0 ± 2.1 (7), P<0.05 vs GD4 

GD18: 6.3 ± 1.3 (7), P<0.05 vs GD4 

SI length (cm) 

NP: 70 (6) 

GD4: 73 ± 2.6 (7), P<0.05 

GD12: 76 ± 2.6 (7), P<0.05 

GD18: 82 ± 2 (7), P<0.05 

Duodenal circumference 

(mm) 

NP: 8.4 (6) 

GD4: 11.3 ± 2.1 (7), P<0.001 

GD12: 10.7 ± 4.0 (7), nsd 

GD18: 10.8 ± 1.3 (7), nsd 

Jolicoeur 

1981; rat 

(Sprague-

Dawley); rand 

exp [344] 

N/S 

Fasted 

overnight 

before 

tissue 

collection 

NP, GD7, 

GD14, GD21 

(22 d) 

Duodenal 

anatomy, 

Digestive 

enzyme 

activity/ 

expression 

 

Duodenum weight (mg) 

NP: 319.7 ± 94.3 (41) 

GD7: 375.9 ± 47.1 (11), P<0.05 

GD14: 421.3 ± 44 (12), P<0.001 

GD21: 439.5 ± 63.9 (10), P<0.001 

Duodenal total protein 

content (mg) 

NP: 40.5 ± 7.9 (41) 

GD7: 44.1 ± 6.0 (11), P<0.01 

GD14: 51.9 ± 8.7 (12), P<0.001 

GD21: 52.9 ± 7.6 (10), P<0.001 

Duodenal total maltase 

activity (U) 

NP: 1.5 ± 0.7 (41) 

GD7: 2.0 ± 1.0 (11), nsd 

GD14: 1.4 ± 0.7 (12), nsd 

GD21: 1.0 ± 0.3 (10), P<0.05 
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Kent 1991; 

human; cross 

sectional [261] 

N/S 

Fasted 

overnight 

before 

study 

NP, 36 

weeks  

(280 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Fractional calcium 

absorption (%) 

NP: 58.7 ± 11.7 (26) 

36 weeks: 72.5 ± 11.9 (49), P<0.001 

Kern 1981; 

human; cross 

sectional [371] 

Asked to follow a 

standard diet containing 

500 mg/d of cholesterol 

without other restrictions 

1 week before being 

studied 

N/S 

NP, 1st Tri, 

2nd Tri, 3rd 

Tri (280 d) 

Gallbladder 

emptying 

Bile acid secretion  

(µmol·kg-1·h-1) 

NP: 19.1 ± 5.2 (16) 

All pregnant combined: 18.4 ± 6.4 (18), nsd 

1st Tri: 19.3 ± 6.5 (8), nsd 

2nd Tri: 16.7 ± 4.5 (9), nsd 

3rd Tri: 19.1 ± 9.0 (9), nsd 

Indices of gallbladder 

function, b  

(rate constant of 

emptying) 

NP: 0.041 ± 0.017 (8) 

All pregnant combined: 0.022 ± 0.008 (8), P<0.02 

Gallbladder fasting 

volume (ml) 

NP: 18.5 ± 5 (8) 

All pregnant combined: 21.3 ± 6 (8), nsd 

Gallbladder residual 

volume (ml) 

NP: 6.1 ± 3 (8) 

All pregnant combined: 7.6 ± 4 (8), nsd 

Gallbladder emptying (%) 
NP: 68.1 ± 12.7 (8) 

All pregnant combined: 61.3 ± 11.3 (8), nsd 
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Kirksey 1967; 

rat (Sprague-

Dawley); non-

rand exp [346] 

26% casein, 18.85% 

sucrose-vitamin mix, 34% 

cornstarch, 10% fat, 5% 

corn oil, 4% Jones-Foster 

salt mix, 2% agar, 0.15% 

L-cystine, 0.8 % 

pyridoxine 

Ad lib 
NP, GD21 

(22 d) 

Duodenal 

anatomy 

Duodenum weight 

(g·20 cm-1) 

NP: 1.12 (10) 

GD21: 1.25 (10), nsd 

Kostial 1972; 

rat (Albino); 

non-rand exp 

[406] 

1.2% Ca, 1.86 μg Sr, 

0.8% P per 100 g dry 

food 

N/S 

NP, GD7-10, 

GD16-19  

(21 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

45Ca or 47Ca absorption 

from oral dose (%) 

NP: 13.8 ± 2.6 (18) 

GD7-10: 16.9 ± 2.3 (11), text states higher in pregnancy 

GD16-19: 16.4 ± 1.3 (10), text states higher in pregnancy 

Calcium absorption  

(mg·d-1) 

NP: 26.8 ± 4.5 (18) 

GD7-10: 34.7 ± 4.6 (11), N/S 

GD16-19: 40.5 ± 3.2 (10), N/S 

85Sr absorption from oral 

dose (%) 

NP: 7.3 ± 2.5 (18) 

GD7-10: 8.1 ± 1.0 (11), N/S 

GD16-19: 7.0 ± 0.6 (10), N/S 

Daily Sr absorption  

(µg·d-1) 

NP: 21.9 ± 3.4 (18) 

GD7-10: 25.6 ± 3.0 (11), text states increased in pregnancy 

GD16-19: 26.8 ± 2.5 (10), text states increased in pregnancy 
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Krishnamra 

1990; rat 

(Wistar); non-

rand exp [265] 

Laboratory rat pellets 

(F.F. Zuellig Ltd., 

Thailand) 

Ad lib, 

fasted 

overnight 

prior to 

experiment

s 

NP, GD20 

(22 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Calcium absorption under 

anaesthesia: plasma 45Ca 

after gavage with 5 mM 

CaCl labelled with 45Ca 

(% administered dose) 

5 min 
NP: 2.2 ± 0.4 (5) 

GD20: 4.0 ± 2.9 (5), nsd 

10 min 
NP: 2.5 ± 0.3 (5) 

GD20: 5.0 ± 3.8 (5), nsd 

15 min 
NP: 3.1 ± 0.2 (5) 

GD20: 5.4 ± 1.5 (5), nsd 

30 min 
NP: 3.5 ± 0.3 (5) 

GD20: 5.2 ± 0.9 (5), nsd 

60 min 
NP: 3.1 ± 0.3 (5) 

GD20: 4.8 ± 0.7 (5), P<0.05 

Krisinger 

1992; rat 

(Sprague-

Dawley); non-

rand exp [407] 

Standard diet (1% Ca, 

0.61% P, 4.5 IU/g vitamin 

D) 

Ad lib 

NP, GD16, 

GD18, GD20 

(22 d) 

Nutrient 

transporter 

gene 

expression 

Calbindin mRNA (AU – 

absolute), proximal 

duodenum 

NP: 100 ± 29 (6) 

GD16: 55 ± 54 (6), nsd 

GD18: 52.3 ± 34 (6), P<0.05 

GD20: 90 ± 50 (6), nsd 

Calbindin mRNA (AU – 

relative to beta-actin), 

proximal duodenum 

NP: 1 ± 0.3 (6) 

GD16: 1.18 ± 0.5 (6), N/S 

GD18: 1 ± 0.5 (6), N/S 

GD20: 1.4 ± 0.5 (6), N/S 

Krisinger 

1993; rat 

(Sprague-

Dawley); non-

rand exp [366] 

Standard diet (1% Ca, 

0.61% P, 4.5 IU/g vitamin 

D) 

Ad lib 

GD20, 

GD21, GD22 

(22 d) 

Nutrient 

transporter 

transcript 

expression 

Calbindin-D9K mRNA 

(densitometric units), 

proximal duodenum 

GD20: 95 ± 20 (6-11) 

GD21: 135 ± 40 (6-11), nsd vs GD20 

GD22: 175 ± 15 (6-11), nsd vs GD21 
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Kühl 1975; 

human; 

pregnant 

cohort 

longitudinal, 

non-pregnant 

cohort cross 

sectional [243] 

Normal full diet 

Fasted 10-

12h before 

test 

NP,  

11-19 

weeks,  

24-29 

weeks,  

32-36 weeks 

(280 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Serum glucose (mmol·L-1) 

– after 50 g glucose 

OGTT 

Basal 

NP: 4.5 ± 1.4 (46) 

11-19 weeks: 4.7 ± 0.3 (9), nsd 

24-29 weeks: 4.7 ± 0.3 (9), nsd 

32-36 weeks: 4.7 ± 0.3 (9), nsd 

2 min 

NP: 4.5 ± 1.4 (46) 

11-19 weeks: 5.0 ± 0.3 (9), nsd 

24-29 weeks: 4.7 ± 0.3 (9), nsd 

32-36 weeks: 4.8 ± 0.3 (9), nsd 

5 min 

NP: 4.6 ± 1.4 (46) 

11-19 weeks: 5.0 ± 0.3 (9), nsd 

24-29 weeks: 5.0 ± 0.3 (9), nsd 

32-36 weeks: 5.1 ± 0.3 (9), nsd 

10 min 

NP: 5.3 ± 1.4 (46) 

11-19 weeks: 5.6 ± 0.6 (9), nsd 

24-29 weeks: 5.2 ± 0.3 (9), nsd 

32-36 weeks: 5.4 ± 0.6 (9), nsd 

20 min 

NP: 6.4 ± 2.1 (46) 

11-19 weeks: 6.3 ± 0.6 (9), nsd 

24-29 weeks: 6.1 ± 0.9 (9), nsd 

32-36 weeks: 6.7 ± 0.9 (9), nsd 

30 min 

NP: 7.0 ± 3.5 (46) 

11-19 weeks: 7.2 ± 0.6 (9), nsd 

24-29 weeks: 7.0 ± 1.2 (9), nsd 

32-36 weeks: 7.8 ± 1.2 (9), P<0.05 

40 min 

NP: 7.4 ± 3.5 (46) 

11-19 weeks: 7.0 ± 0.6 (9), nsd 

24-29 weeks: 7.2 ± 1.5 (9), nsd 
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32-36 weeks: 8.3 ± 1.2 (9), P<0.05 

50 min 

NP: 6.8 ± 3.5 (46) 

11-19 weeks: 6.4 ± 0.6 (9), nsd 

24-29 weeks: 7.6 ± 1.5 (9), nsd 

32-36 weeks: 8.4 ± 1.2 (9), P<0.05 

Landon 1972; 

human; prosp 

cohort [291] 

N/S 

Fasted on 

morning of 

test 

10 weeks, 

20 weeks, 

30 weeks, 

38 weeks 

(280 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Plasma folate activity after 

15 µg oral folic acid 

(ng·mL-1) 

Basal 

10 weeks: 8.3 ± 8.4 (12) 

20 weeks: 6.1 ± 3.3 (10), N/S 

30 weeks: 6.8 ± 2.7 (10), N/S 

38 weeks: 5.3 ± 2.0 (9), N/S 

15 minutes 

10 weeks: 9.9 ± 9.6 (12) 

20 weeks: 6.5 ± 3.1 (10), N/S 

30 weeks: 6.9 ± 2.9 (10), N/S 

38 weeks: 6.0 ± 1.8 (9), N/S 

30 minutes 

10 weeks: 15.5 ± 13.0 (12) 

20 weeks: 10.4 ± 7.4 (10), N/S 

30 weeks: 14.8 ± 16.5 (10), N/S 

38 weeks: 11.1 ± 6.3 (9), N/S 

Change in plasma folate 

activity activity after 15 µg 

oral folic acid 

(ng·mL-1) 

15 minutes 

10 weeks: 1.5 ± 4.6 (12) 

20 weeks: 0.5 ± 1.3 (10), N/S 

30 weeks: 0.1 ± 1.4 (10), N/S 

38 weeks: 0.7 ± 1.5 (9), N/S 

30 minutes 

10 weeks: 7.1 ± 7.6 (12) 

20 weeks: 4.3 ± 6.1 (10), N/S 

30 weeks: 8.0 ± 15.3 (10), N/S 

38 weeks: 5.7 ± 6.6 (9), N/S 
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Larralde 1966; 

rat (Wistar); 

non-rand exp 

[231] 

N/S N/S 

NP,  

GD12-15  

(22 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Whole SI anatomy 

absorption of glucose 

from perfusate  

(µmol·cm-1) 

20 mM glucose 
NP: 5.0 ± 0.09 (7) 

GD12-15: 7.0 ± 0.4 (7), P<0.01 

75 mM glucose 
NP: 13.0 ± 0.02 (12) 

GD12-15: 16.8 ± 0.2 (10), P<0.01 

150 mM glucose 
NP: 20.0 ± 0.05 (9) 

GD12-15: 26.1 ± 0.7 (10), P<0.01 

300 mM glucose 
NP: 43.3 ± 0.8 (8) 

GD12-15: 52.1 ± 0.5 (9), P<0.01 

Lawson 1985; 

human; prosp 

cohort [314] 

N/S 

Fasted 

overnight 

before test 

1st Tri, 2nd 

Tri, 3rd Tri 

(280 d) 

Gastric 

emptying/SI 

motility 

Gastrointestinal transit 

time (min) 

1st Tri: 99 ± 39 (8) 

2nd Tri: 125 ± 48 (12), P<0.005 vs 1st Tri 

3rd Tri: 137 ± 58 (22), P<0.005 vs 1st Tri 

Leazer 2002; 

rat (Sprague-

Dawley); non-

rand exp [356] 

Rodent chow (Teklad, 

Harland Sprague-

Dawley, Indianapolis, IN) 

Ad lib 

NP, GD3, 

GD6, GD9, 

GD12, 

GD15, 

GD18, GD21 

(22 d) 

Nutrient 

transporter 

gene 

expression 

Duodenal Dmt1 mRNA 

(relative to total RNA) 

NP: 80 ± 30 (4) 

GD3: 75 ± 20 (4), nsd 

GD6: 65 ± 30 (4), nsd 

GD9: 70 ± 30 (4), nsd 

GD12: 60 ± 15 (4), nsd 

GD15: 275 ± 200 (4), P<0.05 

GD18: 240 ± 60 (4), nsd 

GD21: 430 ± 300 (4), P<0.05 
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Lefebvre 

1998; rat 

(Wistar); non-

rand exp [309] 

N/S 

Fasted 24 

h prior to 

gastric 

emptying 

studies 

NP, GD6-7, 

GD18-20  

(22 d) 

Gastric 

emptying/SI 

motility 

Gastric emptying of a 

liquid meal, 100 ml of 

1.5% methylcellulose 

(% emptied @ 20 min) 

NP: 54 ± 19 (10) 

GD6-7: 58 ± 20 (8), nsd 

GD18-20: 78 ± 21 (9), P<0.05 

Gastric emptying of 

beads, 25 x 1 mm 

diameter polyustyrene 

bead sin 1.5 mL saline (% 

emptied @ 3 h) 

NP: 53 ± 40 (11) 

GD6-7: 36 ± 23 (8), nsd 

GD18-20: 70 ± 23 (8), nsd 

Levy 1994; 

human; cross 

sectional [304] 

N/S 

Fasted at 

least 4 h 

before test 

NP,  

8-12 weeks  

(280 d) 

Gastric 

emptying/SI 

motility 

Maximum [paracetamol] 

(µg·mL-1) 

NP: 29.9 ± 11.5 (20) 

8-12 weeks: 23.3 ± 7.5 (20), P<0.05 

Time at maximum 

[paracetamol] (min) 

NP: 48.0 ± 28.2 (20) 

8-12 weeks: 69.0 ± 29.0 (20), P<0.05 

Paracetamol appearance 

after 1.5 g oral 

paracetamol (µg·ml-1·min) 

AUC 0-60 min 
NP: 1075 ± 534 (20) 

8-12 weeks: 636 ± 330 (20), P<0.01 

AUC 0-120 min 
NP: 2275 ± 743 (20) 

8-12 weeks: 1172 ± 514 (20), P<0.05 

  



201 
 

Lind 1973; 

human; prosp 

cohort [244] 

N/S 

Fatsed at 

least 10 h 

before test 

10 weeks, 

20 weeks, 

30 weeks, 

38 weeks  

(280 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Plasma glucose after 50 g 

glucose OGTT  

(mg·100 mL-1) 

Fasting 

10 weeks: 75.0 ± 8.3 (19) 

20 weeks: 71.1 ± 7.2 (19), N/S 

30 weeks: 74.3 ± 7.2 (19), N/S 

38 weeks: 68.8 ± 7.7 (19), N/S 

15 min 

10 weeks: 104.9 ± 14.9 (19) 

20 weeks: 95.4 ± 11.4 (19), N/S 

30 weeks: 101.3 ± 16.0 (19), N/S 

38 weeks: 89.7 ± 12.8 (19), N/S 

30 min 

10 weeks: 112.3 ± 21.5 (19) 

20 weeks: 105.5 ± 18.9 (19), N/S 

30 weeks: 119.1 ± 23.4 (19), N/S 

38 weeks: 113.1 ± 15.5 (19), N/S 

45 min 

10 weeks: 111.9 ± 24.0 (19) 

20 weeks: 107.1 ± 23.8 (19), N/S 

30 weeks: 122.3 ± 28.8 (19), N/S 

38 weeks: 121.7 ± 20.7 (19), N/S 

Time to maximum glucose 

after 50 g glucose OGTT 

(min) 

10 weeks: 33.9 ± 15.2 (19) 

20 weeks: 36.9 ± 15.2 (19), N/S 

30 weeks: 44.1 ± 16.3 (19), N/S 

38 weeks: 54.9 ± 15.3 (19), N/S 
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Liuzzi 2003; 

rat (Sprague-

Dawley); non-

rand exp [408] 

Commercial diet (Teklad 

8604; Harlan; 60 mg 

Zn/kg) 

Ad lib 
NP, GD15, 

GD20 (22 d) 

Nutrient 

transporter 

gene 

expression, 

nutrient 

transporter 

protein 

expression 

Duodenal Zinc transporter 

1 (ZnT1), relative mRNA 

abundance 

NP: 1 ± 0.5 (3) 

GD15: 1.6 ± 0.4 (3), nsd 

GD20: 2.4 ± 1.2 (3), P<0.05 

Duodenal Zinc transporter 

2 (ZnT2), relative mRNA 

abundance 

NP: 1.1 ± 0.4 (3) 

GD15: 2.3 ± 1 (3), nsd 

GD20: 3.2 ± 0.4 (3), P<0.05 

Duodenal Zinc transporter 

4 (ZnT4), relative mRNA 

abundance 

NP: 1 ± 0.4 (3) 

GD15: 1.2 ± 0.8 (3), nsd 

GD20: 1.2 ± 0.6 (3), nsd 

Duodenal ZnT1 protein 

(relative densitometric 

units) 

GD15: 1.2 ± 1 (2-3) 

GD20: 1.3 ± 1 (2-3), N/S 

Duodenal ZnT2 protein 

(relative densitometric 

units) 

GD15: 3.4 ± 1 (2-3) 

GD20: 4.3 ± 1 (2-3), N/S 

Duodenal ZnT4 protein 

(relative densitometric 

units) 

GD15: 3.3 ± 1 (2-3) 

GD20: 1.7 ± 1 (2-3), N/S 
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Macfie 1991; 

human; cross 

sectional [302] 

N/S 

Fasted for  

> 6 h prior 

to gastric 

emptying 

study 

NP, 10-12 

weeks,  

15-18 

weeks,  

37-40 weeks 

(280 d) 

Gastric 

emptying/SI 

motility 

Time to peak paracetamol 

concentration, after 1.5 g 

oral paracetaml (min) 

NP: 61 ± 27 (15) 

10-12 weeks: 74 ± 33 (15), nsd 

15-18 weeks: 59 ± 36 (15), nsd 

37-40 weeks: 45 ± 19 (15), nsd 

Maximum concentration 

of paracetamol (μgꞏml-1) 

NP: 28 ± 6 (15) 

10-12 weeks: 23 ± 8 (15), nsd 

15-18 weeks: 27 ± 10 (15), nsd 

37-40 weeks: 28 ± 8 (15), nsd 

Paracetamol AUC 0-60 

min (μgꞏminꞏml-1) 

NP: 750 ± 387 (15) 

10-12 weeks: 550 ± 484 (15), P<0.05 

15-18 weeks: 700 ± 484 (15), nsd 

37-40 weeks: 950 ± 581 (15), nsd 

Paracetamol AUC 0-120 

min (μgꞏminꞏml-1) 

NP: 2200 ± 387 (15) 

10-12 weeks: 1500 ± 387 (15), P<0.05 

15-18 weeks: 1800 ± 581 (15), nsd 

37-40 weeks: 2100 ± 310 (15), nsd 
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Maes 1999; 

human; cross 

sectional [312] 

N/S 

Test meal 

– 60 g 

white 

bread & 1 

egg yolk 

(250 kcal) 

w/ 91 mg 

of  

[1-13C]-

octanoic 

acid (99% 

enrichment

) 

NP, 17 ± 3.7 

weeks  

(280 d) 

Gastric 

emptying/SI 

motility 

Gastric emptying 

coefficient 

NP: 3.39, IQR 3.10-3.56 (36) 

17 ± 3.7 weeks: 2.29, IQR 2.90-3.23 (10), nsd 

Gastric half-emptying time 

(min) 

NP: 72, IQR 59-85 (36)  

17 ± 3.7 weeks: 94, IQR 76-102 (10), nsd 

Duration of lag phase 

(min) 

NP: 37, IQR 28-50 (36) 

17 ± 3.7 weeks: 38, IQR 22-68 (10), nsd 

Mainoya 

1975; rat 

(Sprague-

Dawley); non-

rand exp [259] 

Purina rat breeder “white 

diet” (Simonsen Labs) 
N/S 

NP, GD2-3, 

GD12-13 (22 

d) 

Direct 

measure of 

nutrient 

uptake – ex 

vivo 

Mucosal fluid transport  

(ml·g-1 wet wt·h-1) 

Segment III (jejunum) 

NP: 1.11 ± 0.26 (7) 

GD2-3: 1.77 ± 0.34 (4), P<0.01 

GD12-13: 1.50 ± 0.39 (9), P<0.05 

Segment IV 

(jejunum) 

NP: 1.32 ± 0.13 (7)  

GD2-3: 1.77 ± 0.38 (4), P<0.05 

GD12-13: 1.95 ± 0.45 (9), P<0.01 

Mucosal Na+ transport 

(uequiv.·g-1 wet wt·h-1) 

Segment III (jejunum) 

NP: 123.9 ± 27.5 (7) 

GD2-3: 252.3 ± 60.6 (4), P<0.001 

GD12-13: 183.4 ± 43.2 (9), P<0.01 

Segment IV 

(jejunum) 

NP: 138.1 ± 33.3 (7) 

GD2-3: 252.9 ± 59.4 (4), P<0.01 

GD12-13: 253.1 ± 62.7 (9), P<0.001 

Mucosal Cl- transport 

(uequiv.·g-1 wet wt·h-1) 
Segment III (jejunum) 

NP: 23.3 ± 11.6 (7) 

GD2-3: 60.4 ± 26.8 (4), P<0.01 



205 
 

GD12-13: 32.1 ± 27.9 (9), nsd 

Segment IV 

(jejunum) 

NP: 15.8 ± 16.9 (7) 

GD2-3: 48.0 ± 4.6 (4), P<0.01 

 GD12-13: 49.2 ± 42.6 (9), nsd 

Mucosal K+ transport 

(uequiv.·g-1 wet wt·h-1) 

Segment III (jejunum) 
NP: 1.5 ± 0.2 (6) 

GD12-13: 4.8 ± 1.1 (8), P<0.001 

Segment IV 

(jejunum) 

NP: 1.6 ± 0.5 (6) 

GD12-13: 5.4 ± 1.1 (8), P<0.001 

Mucosal Ca2+ transport 

(uequiv.·g-1 wet wt·h-1) 

Segment III (jejunum) 
NP: 1.1 ± 1.0 (6) 

GD12-13: 2.7 ± 1.4 (8), P<0.05 

Segment IV 

(jejunum) 

NP: 1.7 ± 0.5 (6) 

GD12-13: 3.9 ± 1.1 (8), P<0.001 

Mucosal Mg2+ transport 

(uequiv.·g-1 wet wt·h-1) 

Segment III (jejunum) 
NP: 0.1 ± 0.5 (6) 

GD12-13: 0.9 ± 0.6 (8), P<0.05 

Segment IV 

(jejunum) 

NP: 0.1± 0.2 (6) 

GD12-13: 1.2 ± 0.8 (8), P<0.01 
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Manis 1962; 

rat (Sherman); 

non-rand exp 

[278] 

N/S N/S 
NP, 3rd week 

(N/S) 

Direct 

measure of 

nutrient 

uptake – ex 

vivo, Direct 

measure of 

nutrient 

uptake – in 

vivo 

Fe transferred to serosal 

side, duodenum  

(µmol·gut sac) 

NP: 23 (7) 

3rd week: 49 (7), N/S 

Fe concentration ratio, 

serosal/mucosal, 

duodenum 

NP: 2.0 (7) 

3rd week: 4.7 (7), P<0.001 

Absorption of 59Fe from 

lumen, duodenum  

(counts min(10-3)·loop-1) 

Exp. 1 
NP: 2.3 (5) 

3rd week: 3.1 (6), P<0.01 

Exp. 2 
NP: 2.8 (6) 

3rd week: 3.1 (6), nsd 

59Fe transferred to blood 

fromlumen, duodenum 

(counts min(10-3)·loop-1) 

Exp. 1 
NP: 0.8 (5) 

3rd week: 1.9 (6), P<0.001 

Exp. 2 
NP: 1.3 (6) 

3rd week: 1.9 (6), nsd 

Matos 2016; 

rat (Wistar); 

rand exp [409] 

Presence Nutrição 

Animal, Paulínia, SP, 

Brazil 

Ad lib 

NP, GD7, 

GD14, GD20 

(22 d) 

Gastric 

emptying/SI 

motility 

Gastric emptying (min) 

NP: 113 ± 15 (6) 

GD7: 168 ± 17 (6), P<0.001 

GD14: 165 ± 15 (6), P<0.001 

GD20: 95 ± 7 (6), nsd 

Gastric contraction 

frequency (cpm) 

NP:  70 ± 7.0 (6) 

GD7: 66 ± 6.0 (6), P<0.03  

GD14: 59 ± 7.0 (6), P<0.03 

GD20: 65 ± 9.0 (6), nsd 

Oro-caecum transit time 

(min) 

NP: 254 ± 10.8 (6) 

GD7: 244 ± 16.0 (6), nsd 

GD14: 255 ± 14.8 (6), nsd 

GD20: 259 ± 19.9 (6), nsd 
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Mazgaj 2021; 

mouse (B6; 

129S7); non-

rand exp [360] 

Control diet containing 48 

ppm Fe  

(Harlan Laboratories, 

Madison, WI, USA)  

N/S 
NP, GD18.5 

(20 d) 

Nutrient 

transporter 

protein 

expression 

FPN protein in duodenum 

membrane fractions  

(AU, density relative to 

beta-actin) 

NP: 0.25 ± 0.25 (N/S) 

GD18.5: 1.40 ± 0.50 (N/S), P<0.001 

Millard 2004; 

rat (Sprague-

Dawley); non-

rand exp [357] 

Standard rodent pellet 

diet (370 mg Fe·kg-1) 
N/S 

NP, GD9, 

GD15, 

GD18, GD21 

(22 d) 

Nutrient 

transporter 

gene 

expression, 

nutrient 

transporter 

protein 

expression 

Dmt (non-IRE form) gene 

expression, isolated 

duodenal enterocytes  

(AU relative to GAPDH) 

NP: 0.13 ± 0.14 (4) 

GD9: 0.16 ± 0.16 (4), nsd 

GD15: 0.28 ± 0.14 (4), P<0.05 

GD18: 0.32 ± 0.14 (4), P<0.01 

GD21: 0.31 ± 0.30 (4), nsd 

Dcytb gene expression, 

isolated duodenal 

enterocytes  

(AU relative to GAPDH) 

NP: 0.28 ± 0.28 (4) 

GD9: 0.40 ± 0.10 (4), nsd 

GD15: 0.80 ± 0.32 (4), P<0.05 

GD18: 0.95 ± 0.20 (4), P<0.05 

GD21: 0.90 ± 0.30 (4), P<0.05 

DMT (IRE form) gene 

expression, isolated 

duodenal enterocytes  

(AU relative to GAPDH) 

NP: 0.15 ± 0.10 (4) 

GD9: 0.30 ± 0.25 (4), nsd 

GD15: 0.70 ± 0.50 (4), nsd 

GD18: 1.00 ± 0.40 (4), P<0.05 

GD21: 0.70 ± 0.50 (4), nsd 

Hephaestin (Hp) gene 

expression, isolated 

duodenal enterocytes  

(AU relative to GAPDH) 

NP: 0.54 ± 0.14 (4) 

GD9: 0.56 ± 0.16 (4), nsd 

GD15: 0.58 ± 0.08 (4), nsd 

GD18: 0.59 ± 0.10 (4), nsd 

GD21: 0.64 ± 0.04 (4), nsd 

Ireg1 (Slc40a1) gene 

expression, isolated 

NP: 0.87 ± 0.28 (4) 

GD9: 1.06 ± 0.47 (4), nsd 

GD15: 0.99 ± 0.05 (4), nsd 
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duodenal enterocytes (AU 

relative to GAPDH) 

GD18: 1.08 ± 0.09 (4), nsd 

GD21: 1.11 ± 0.09 (4), nsd 

Ireg1 (FPN) relative 

protein expression, 

isolated duodenal 

enterocytes (AU) 

NP: 1.86 ± 0.86 (4) 

GD9: 2.00 ± 1.00 (4), nsd 

GD15: 3.42 ± 0.71 (4), P<0.05 

GD18: 3.00 ± 0.71 (4), nsd 

GD21: 3.14 ± 1.00 (4), nsd 

DMT relative protein 

expression, isolated 

duodenal enterocytes 

(AU) 

NP: 0.25 ± 0.20 (4) 

GD9: 0.33 ± 0.34 (4), nsd 

GD15: 0.80 ± 0.60 (4), nsd 

GD18: 2.00 ± 0.60 (4), P<0.05 

GD21: 2.40 ± 2.20 (4), nsd 
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Moffett 2013; 

rat (Wistar); 

non-rand exp 

[246] 

Standard rodent 

maintenance diet (10% 

fat, 30% protein and 60% 

carbohydrate, Trouw 

Nutrition, Cheshire, UK) 

Ad lib, 18 h 

fast before 

tests 

NP, GD21 

(22 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo, 

Indirect 

measure of 

nutrient 

uptake – in 

vivo, Whole 

SI anatomy 

Plasma glucose after 

OGTT, 3.2 g glucose/kg 

(mM) 

Basal 
NP: 6 ± 1 (6) 

GD21: 4 ± 1 (6), P<0.01 

30 min 
NP: 12 ± 5 (6) 

GD21: 9 ± 3 (6), nsd 

Plasma GIP after OGTT, 

3.2 g glucose/kg (mM) 

Basal 
NP: 160 ± 25 (6) 

GD21: 140 ± 25 (6), nsd 

30 min 
NP: 340 ± 50 (6) 

GD21: 260 ± 75 (6), nsd 

Plasma GIP after oral fat 

challenge, 1.38 g corn 

oil/kg (mM) 

Basal 
NP: 180 ± 25 (6) 

GD21: 210 ± 25 (6), nsd 

30 min 
NP: 310 ± 50 (6) 

GD21: 310 ± 50 (6), nsd 

60 min 
NP: 400 ± 50 (6) 

GD21: 430 ± 50 (6), nsd 

Intestinal wet weight (g) 
NP: 5.5 ± 2.5 (6) 

GD21: 7.0 ± 2.0 (6), P<0.01 

Intestinal GIP content 

(pmol·g-1 wet weight) 

NP: 180 ± 50 (6) 

GD21: 380 ± 100 (6), P<0.01 

Moore 2011; 

dog 

(mongrel); 

non-rand exp 

[247] 

PMI Nutrition canine diet 

(5006, St. Louis, MO, 

and Kal Kan, Vernon, 

CA); 31% protein, 26% 

fat, 42% carbohydrate, 

1,650 –1,850 kcal/day 

Overnight 

fast before 

OGTT 

NP, 6-7 

weeks  

(63 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Plasma glucose after 

OGTT 0.9 g glucose/kg 

(mmol·L-1) 

Basal 
NP: 5.9 ± 0.4 (3) 

6-7 weeks: 5.7 ± 0.4 (4), nsd 

40 min 
NP: 9.5 ± 0.8 (3) 

6-7 weeks: 8.0 ± 0.8 (4), nsd 

  



210 
 

Moore 2012; 

dog 

(mongrel); 

non-rand exp 

[410] 

Once daily a diet of meat 

(Pedigree; Mars PetCare, 

Franklin, TN, USA) and 

chow (Purina Lab Canine 

Diet no. 5006; PMI 

Nutrition, Henderson, 

CO, USA) combined: 

34% protein, 14.5% fat, 

46% carbohydrate, 5.5% 

fibre dry weight. Diet 

nutritionally adequate for 

P dogs, animals in both 

groups consumed 

approximately 6908–

7745 kJ/d (1650–1850 

kcal/d). 

Fed once 

per day. 

Fasted for 

18 h prior 

to 

experiment 

NP, 7-8 

weeks 

(63 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Arterial plasma glucose 

(mg·L-1), time from start of 

30 min infusion of liquid 

diet (2.8 g/kg whey 

protein, 0.6 g/kg lipid, 3.6 

g/kg D-glucose, labelled 

with 250 μCi [U-14C])  

Fasted 
NP: 1100 ±75 (8) 

6-7 weeks: 1100 ± 75 (8), nsd 

30 min 
NP: 1450 ± 150 (8) 

6-7 weeks: 1530 ± 200 (8), nsd 

45 min 
NP: 1500 ± 200 (8) 

6-7 weeks: 1670 ± 200 (8), nsd 

60 min 
NP: 1480 ± 300 (8) 

6-7 weeks: 1780 ± 150 (8), nsd 

90 min 
NP: 1400 ± 300 (8) 

6-7 weeks: 1900 ± 200 (8), P<0.05 

Portal vein plasma 

glucose, time from start of 

liquid meal as above 

(mg·L-1) 

Fasted 
NP: 1100 ± 75 (6) 

6-7 weeks: 1100 ± 75 (6), nsd 

30 min 
NP: 1750 ± 75 (8) 

6-7 weeks: 1700 ± 1000 (8), nsd 

45 min 
NP: 1850 ± 200 (8) 

6-7 weeks: 1950 ± 500 (8), nsd 

60 min 
NP: 1820 ± 500 (8) 

6-7 weeks: 2080 ± 300 (8), nsd 

90 min 
NP: 1770 ± 300 (8) 

6-7 weeks: 2250 ± 400 (8), P<0.05 

Net gut glucose balance, 

time from start of liquid 

meal as above 

(mg·kg-1·min-1) 

Fasted 
NP: -0.8 ± 0.3 (8) 

6-7 weeks: -0.2 ± 0.3 (8), nsd 

30 min 
NP: 5.0 ± 1.4 (8) 

6-7 weeks: 2.8 ± 1.4 (8), nsd 

45 min 
NP: 5.8 ± 1.4 (8) 

6-7 weeks: 4.8 ± 0.8 (8), nsd 

60 min NP: 5.2 ± 2.0 (8) 
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6-7 weeks: 4.9 ± 1.4 (8), nsd 

90 min 
NP: 5.3 ± 2.8 (8) 

6-7 weeks: 6.0 ± 1.0 (8), nsd 

Mottino 2001; 

rat (Sprague-

Dawley); non-

rand exp [411] 

N/S Ad lib 
NP, GD19-

20 (22 d) 

Jejunal 

anatomy 

Intestine mass, proximal 

jejunum (g·cm-1) 

NP: 0.071 ± 0.015 (3) 

GD19-20: 0.077 ± 0.012 (3), nsd 

Mucosal mass, proximal 

jejunum (g·cm-1) 

NP: 0.046 ± 0.012 (3) 

GD19-20: 0.051 ± 0.008 (3), nsd 

Mottino 2002; 

rat (Sprague-

Dawley); non-

rand exp [412] 

N/S Ad lib 
NP, GD20 

(22 d) 

Nutrient 

transporter 

protein 

expression 

Asbt protein expression in 

ileal brush border 

membrane vesicles (AU) 

Segment VI (ileum) 

NP: 0.4 ± 0.1 (3)- 

v 

GD20: 0.7 ± 0.3 (3), nsd 

Segment VII (ileum) 
NP: 1.6 ± 0.6 (3) 

GD20: 2.3 ± 0.4 (3), nsd 

Segment VIII (ileum) 
NP: 1.8 ± 0.3 (3) 

GD20: 1.6 ± 0.4 (3), nsd 

Segment IX (ileum) 
NP: 4.0 ± 0.8 (3) 

GD20: 2.6 ± 0.6 (3), P<0.05 

Musacchai 

1970; Golden 

Hamster 

(Mesocricetus 

auratus); non-

rand. exp. 

[413] 

Wayne Lab Blox 

Ad lib, 

fasted 24 h 

prior to 

experiment

ation 

NP (virgin 

and 

breeder), 

GD8-GD15 

(15-18 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

D-glucose absorbed in 30 

minutes, jejunum and 

ileum  

(µmol. g-1 dry weight) 

Virgin: 77 ± 13 (10) 

Breeder: 64 ± 20 (13) 

GD15-18: 87 ± 11 (9), P<0.001 vs breeder, P<0.025 vs virgin 
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Nakai 2002; 

human; cross 

sectional [414] 

N/S N/S 

NP, 1st Tri, 

2nd Tri, 

3rd Tri 

(280 d) 

Whole SI 

anatomy 

Portal vein cross-sectional 

area (cm2) 

NP: 1.23 ± 0.42 (22) 

1st Tri: 1.28 ± 0.28 (13), nsd 

2nd Tri: 1.01 ± 0.63 (25), nsd 

3rd Tri: 1.82 ± 0.72 (29), P<0.05 

Portal vein blood flow  

(L·min-1) 

NP: 1.25 ± 0.46 (22) 

1st Tri: 0.93 ± 0.38 (13), nsd 

2nd Tri: 1.04 ± 0.79 (25), nsd 

3rd Tri: 1.92 ± 0.83 (29), nsd 

Omi 2001; rat 

(Sprague-

Dawley); non-

rand exp [264] 

F-2 diet (Funabashi Co., 

Japan); 1.2% Ca, 0.96% 

P 

Ad lib 

NP, GD1-3, 

GD4-6, 

GD7-9, 

GD10-12, 

GD13-15, 

GD16-18 (22 

d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Intestinal calcium 

absorption, from diet 

(mg/d) 

NP: 100 ± 32 (10) 

GD1-3: 160 ± 30 (10), P<0.001 

GD4-6: 145 ± 25 (10), P<0.01 

GD7-9: 170 ± 35 (10), P<0.01 

GD10-12: 165 ± 32 (10), P<0.01 

GD13-15: 210 ± 25 (10), P<0.001 

GD16-18: 180 ± 15 (10), P<0.001 

Rate of calcium 

absorption, from diet (%) 

NP: 60 ± 20 (10) 

GD1-3: 75 ± 5 (10), P<0.05 

GD4-6: 70 ± 5 (10), nsd 

GD7-9: 65 ± 8 (10), P<0.05 

GD10-12: 67 ± 5 (10), P<0.05 

GD13-15: 80 ± 5 (10), P<0.001 

GD16-18: 78± 5 (10), P<0.001 

O’Sullivan 

1984; human; 

cross 

sectional [320] 

N/S 

Overnight 

fast prior to 

study 

NP, 3rd Tri 

(280 d) 

Gastric 

emptying/SI 

motility 

Gut transit time, mouth to 

excretion (h) 

NP: 55.0 ± 29.2 (11) 

3rd Tri: 53.6 ± 35.2 (14), nsd 
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O’Sullivan 

1987; human; 

cross 

sectional [298] 

N/S 

Fasted for 

at least 4 h 

prior to 

study 

NP, 3rd Tri 

(280 d) 

Gastric 

emptying/SI 

motility 

Time at 30% gastric 

emptying, after 

drinking500 ml of water or 

diluted orange 

concentrate (min) 

NP: 5.2 ± 2.2 (13) 

3rd Tri: 4.4 ± 2.1 (18), nsd 

Time at 50% gastric 

emptying, as above (min) 

NP: 8.3 ± 3.2 (13) 

3rd Tri: 7.2 ± 2.5 (18), nsd 

Time at 70% gastric 

emptying, as above (min) 

NP: 11.1 ± 4.7 (13) 

3rd Tri: 9.8 ± 3.4 (18), nsd 

Ovadia 2019; 

mouse 

(C57BL/6); 

non-rand exp 

[350] 

Normal chow diet (RM3 

control diet, Special Diets 

Services, Essex, UK) 

Ad lib 
NP, GD18 

(19.5 d) 

Nutrient 

transporter 

gene 

expression, 

Nutrient 

transporter 

protein 

expression 

Asbt gene expression, 

distal ileum (relative 

mRNA normalised to 

cyclophilin) 

NP: median 1.1, IQR 0.8-1.35 (6-8) 

GD18: median 0.9, IQR 0.7-1.3 (6-8), nsd 

Asbt protein expression, 

distal ileum (relative 

mRNA normalised to 

beta-actin) 

NP: median 0.7, IQR 0.4-1.9 (6-8) 

GD18: median 0.25, IQR 0.2-0.3 (6-8), P=0.036 

Oyesola 2009; 

rat (Wistar); 

non-rand exp 

[374] 

N/S N/S 

NP, GD1-7, 

GD8-14, 

GD15-21  

(22 d) 

Digestive 

enzyme 

activity/ 

expression 

Sucrase activity, SI 

mucosa (N/S) 

NP: 0.852 ± 0.329 (N/S) 

GD1-7: 1.190 ± 0.066 (N/S), P<0.01 

GD8-14: 1.538 ± 0.253 (N/S), P<0.01 

GD15-21: 1.640 ± 0.454 (N/S), P<0.01 

Lactase activity, SI 

mucosa (N/S) 

NP: 0.117 ± 0.038 (N/S) 

GD1-7: 0.224 ± 0.339 (N/S), nsd 

GD8-14: 0.280 ± 0.100 (N/S), P<0.01 

GD15-21: 0.164 ± 0.097 (N/S), nsd 

Maltase activity, SI 

mucosa (N/S) 

NP: 2.020 ± 0.239 (N/S) 

GD1-7: 1.728 ± 0.152 (N/S), nsd 
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GD8-14: 1.940 ± 0.246 (N/S), nsd 

GD15-21: 1.910 ± 0.606 (N/S), nsd 

Palmer 1980; 

rat 

(Norwegian 

Hooded); non-

rand exp [415] 

Commercial laboratory 

diet (Spratts Laboratory 

Diet 1) 

Ad lib 

NP, 

1st week, 

2nd week, 3rd 

week 

(22 d) 

Whole SI 

anatomy 

Gut weight, Whole SI 

anatomy (g) 

NP: 8.36 ± 1.53 (9) 

1st week: 9.46 ± 1.08 (9), nsd 

2nd week: 9.70 ± 1.19 (8), nsd 

3rd week: 9.86 ± 0.85 (8), P<0.05 

Gut length, Whole SI 

anatomy (cm) 

NP: 110.0 ± 12.9 (9) 

1st week: 110.2 ± 3.3 (9), nsd 

2nd week: 107.9 ± 6.5 (8), nsd 

3rd week: 108.5 ± 6.5 (8), nsd 

Protein in mucosa, Whole 

SI anatomy (mg) 

NP: 341 ± 126 (9) 

1st week: 432 ± 84 (9), nsd 

2nd week: 389 ± 42 (8), nsd 

3rd week: 424 ± 54 (8), nsd 

Parkman 

1993; guinea 

pig (N/S); 

non-rand exp 

[295] 

N/S 

Fasted 

overnight 

before 

study 

NP, GD50-

55 (70 d) 

Gastric 

emptying/SI 

motility 

Force of spontaneous 

antral contractions, in vitro 

circular muscle strips 

(kg·cm2) 

NP: 1.10 ± 0.29 (7) 

GD50-55: 0.78 ± 0.32 (7), P<0.05 

Slow wave frequency, in 

vitro as above (n·min-1) 

NP: 5.9 ± 0.5 (7) 

GD50-55: 6.3 ± 0.8 (7), nsd 

Frequency of 

spontaneous antral 

contractions (n·min-1) 

NP: 6.0 ± 0.5 (7) 

GD50-55: 6.1 ± 0.5 (7), nsd  

Parry 1970; 

human; cross 

sectional [313] 

N/S N/S 

NP, 12-20 

weeks  

(280 d) 

Gastric 

emptying/SI 

motility 

Mean transit time – time 

to reach caecum (h) 

NP: 51.7 ± 9.6 (8) 

12-20 weeks: 57.9 ± 12.1 (22), P<0.05 
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Parry 1970; 

human; cross 

sectional [260] 

N/S 

Given 

fluids but 

not solid 

foods in 8 

hrs before 

each test 

NP, 12-20 

weeks  

(280 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Net transport (uptake) of 

Na+ across colon 

(µEq·min-1) 

NP: 323 ± 79 (5) 

12-20 weeks: 470 ± 99 (15), P<0.001 

Net transport (efflux) of K+ 

across colon (µEq·min-1) 

NP: -15.9 ± 7.4 (5) 

12-20 weeks: -19.9 ± 9.1 (15), nsd 

Peeters 1980; 

guinea pig 

(Albino); non-

rand exp [337] 

N/S Ad lib 

NP,  

39-56 days, 

57-66 days 

(68 d) 

Whole SI 

anatomy  

Regional blood flow, small 

intestine  

(ml·min-1) 

NP: 15.6 ± 2.0 (5) 

GD39-56: 16.1 ± 5.1 (8), nsd 

GD57-66: 18.0 ± 2.7 (6), nsd 

Regional blood flow, small 

intestine  

(ml·min-1·100 g-1) 

NP: 107 ± 27 (5) 

GD39-56: 127 ± 45 (8), nsd 

GD57-66: 168 ± 34 (6), P<0.05 
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Pelletier 1987; 

pig 

(Landrace); 

non-rand. exp. 

[416] 

Pelleted commercial 

nonpurified concentrated 

diet 

2.35 

kg/day, 

once daily 

NP, GD110 

(114 d) 

Whole SI 

anatomy, 

Duodenal 

anatomy, 

Digestive 

enzyme 

activity/ 

Expression 

SI weight (g) 
NP: 1471 ± 248 (10) 

GD110: -2 ± 242 (12), nsd 

SI length (cm) 
NP: 1817 ± 191 (10) 

GD110: 1630 ± 186 (12), nsd 

Duodenum weight (g) 
NP: 20.3 ± 13.9 (10) 

GD110: 24.1 ± 15.3 (12), nsd 

Duodenum DNA content 

(mg) 

NP: 109.5 ± 88.9 (10) 

GD110: 108.4 ± 97.4 (12), nsd 

Duodenum protein 

content (mg) 

NP: 2.22 ± 1.93 (10) 

GD110: 2.44 ± 2.12 (12), nsd 

Duodenum RNA content 
NP: 72.5 ± 59.0 (10) 

GD110: 66.7 ± 64.7 (12), nsd 

Log (maltase) activity, 

duodenum (k units) 

NP: 3.82 ± 1.25 (10) 

GD110: 3.94 ± 1.37 (12), nsd 

Log (pepsin) activity, 

fundic mucosa of stomach 

(k units) 

NP: 17.30 ± 1.72 (10) 

GD110: 17.25 ± 1.89 (12), nsd 

Penzes 1968; 

rat (Wistar); 

non-rand exp 

[323] 

Standard laboratory 

chow (Phylaxia, 

Budapest; 3.1% fibre, 

20% protein) 

Ad lib 

NP, GD10, 

GD16, GD21 

(22 d) 

Whole SI 

anatomy 

SI weight (% of body 

weight) 

NP: 3.2 (12-15) 

GD10: 3.4 (4-5), nsd 

GD16: 3.1 (4-5), nsd 

GD21: 2.3 (4-5), nsd 

Penzes 1968; 

rat (Wistar); 

non-rand exp 

[417] 

N/S 

Fasted 18 

h before 

study 

NP, GD10, 

GD16, GD21 

(22 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Absorption of dL-

methionine from SI 

perfusion (%) 

NP: 81.1 ± 7.1 (69) 

GD10: 83.1 ± 4.7 (5), nsd 

GD16: 78.2 ± 5.0 (10), nsd 

GD21: 83.1 ± 3.3 (20), nsd 
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Penzes 1985; 

rat 

(RLEF1/LAT1)

; non-rand exp 

[341] 

Standard laboratory diet 

(LAT1), Godollo, Hungary 
Ad lib 

NP, GD18 

(22 d) 

Jejunal 

anatomy 

Jejunal microvilli height 

(µm) 

NP: 1.143 ± 0.266 (10) 

GD18: 1.298 ± 0.208 (9), nsd 

Jejunal microvilli width 

(µm) 

NP: 0.106 ± 0.006 (10) 

GD18: 0.103 ± 0.009 (9), nsd 

Jejunal microvilli density 

(n·µm cell surface-1) 

NP: 6.8 ± 0.398 (10) 

GD18: 6.2 ± 0.501 (9), nsd 

Jejunal microvilli surface 

area per µm2  

NP: 17.66 ± 3.92 (10) 

GD18: 16.06 ± 2.48 (9), nsd 

Penzes 1988; 

rat 

(RLEF1/LAT1)

; non-rand exp 

[342] 

Standard laboratory diet 

(LAT1), Godollo, Hungary 
Ad lib 

NP, GD18 

(22 d) 

Ileal 

anatomy 

Ileal microvilli height (µm) 
NP: 0.769 ± 0.144 (9) 

GD18: 0.910 (2), nsd 

Ileal microvilli width (µm) 
NP: 0.114 ± 0.012 (9) 

GD18: 0.109 (2), nsd 

Ileal microvilli density 

(n·µm cell surface-1) 

NP: 7.032 ± 0.828 (9) 

GD18: 6.763 (2), nsd 

Ileal microvilli surface 

area per µm2  

NP: 14.386 ± 4.653 (9) 

GD18: 15.402 (2), nsd 

Penzes 1988; 

rat 

(RLEF1/LAT1)

; non-rand exp 

[340] 

Standard laboratory diet 

(LAT1), Godollo, Hungary 
Ad lib 

NP, GD18 

(22 d) 

Duodenal 

anatomy 

Duodenal microvilli height 

(µm) 

NP: 1.518 ± 0.285 (9) 

GD18: 1.662 ± 0.141 (9), nsd 

Duodenal microvilli width 

(µm) 

NP: 0.140 ± 0.015 (9) 

GD18: 0.133 ± 0.009 (9), nsd 

Duodenal microvilli 

density  

(n·µm cell surface-1) 

NP: 5.2 ± 0.6 (9) 

GD18: 5.1 ± 0.4 (9), nsd 

Duodenal microvilli 

surface area per µm2  

NP: 18.28 ± 2.49 (9) 

GD18: 18.75 ± 2.88 (9), nsd 
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Pere 1992; 

rabbit (New-

Zealand); 

non-rand exp 

[236] 

Laboratory chow (16% 

protein, 15% 

carbohydrate, 3% fat, 

14% fibre) 

Ad lib 
NP, GD27 

(31-32 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo, Whole 

SI anatomy 

Portal vein blood flow, 

time after 15 g meal 

(ml·min-1·kg-1) 

Basal 
NP: 40.4 ± 5.7 (10) 

GD27: 44.5 ± 4.2 (12), nsd 

15 min 
NP: 38.9 ± 13.9 (10) 

GD27: 47.8 ± 8.3 (12), nsd 

30 min 
NP: 42.8 ± 10.1 (10) 

GD27: 50.2 ± 12.8 (12), nsd  

45 min 
NP: 41.3 ± 7.6 (10) 

GD27: 41.9 ± 17.0 (12), nsd  

60 min 
NP: 44.0 ± 9.2 (10) 

GD27: 50.2 ± 11.4 (12) 

Arterial blood glucose, 

time after 15 g meal (mM) 

Basal 
NP: 5.3 ± 0.9 (10) 

GD27: 4.5 ± 0.7 (12), P<0.001 

15 min 
NP: 5.75 ± 0.9 (10) 

GD27: 6.2 ± 1.0 (12), P<0.001 

30 min 
NP: 5.7 ± 1.3 (10) 

GD27: 6.3 ± 1.0 (12), P<0.001 

Net gut glucose balance, 

time after 15 g meal 

(µM·min-1·kg-1) 

Basal 
NP: -3 ± 3 (10) 

GD27: -2 ± 3 (12), nsd 

15 min 
NP: 13 ± 11 (10) 

GD27: 14 ± 7 (12), nsd 

30 min 
NP: 8.5 ± 11 (10) 

GD27: 17.5 ± 10 (12), nsd 

Peshin 1976; 

rat (Charles 

River); non-

rand exp [354] 

N/S N/S 
NP, GD22 

(22 d) 

Nutrient 

transporter 

protein 

expression 

CaBP, specific activity of 

[45Ca]BP  

(count·min-1·µg protein-1) 

NP: 13 ± 0.4 (5) 

GD20: 14 ± 0.5 (6), nsd 



219 
 

Peters 1967; 

rat (Wistar);  

non-rand exp 

[418] 

Purina laboratory chow Ad lib 
NP, 3rd week 

(22 d) 

Whole SI 

anatomy 
SI dry weight (g) 

NP: 0.555 (26) 

3rd week: 0.620 ± 0.156 (16), P<0.01  

Pond 1986; 

pig (Chester 

White x 

Landrace x 

Large White x 

Yorkshire); 

non-rand exp 

[333] 

Standard corn-soybean 

meal-type gestation diet 

containing 14% protein, 

1.0% Ca and 0.8% P 

6000 kcal, 

once daily 

NP, GD84, 

GD108 

(115 d) 

Whole SI 

anatomy 

SI wet weight (g) 

NP: 978 ± 49 (17) 

GD84: 975 ± 49 (8), nsd 

GD108: 925 ± 49 (9), nsd 

SI wet weight 

(% of bodyweight) 

NP: 0.736 ± 0.155 (17) 

GD84: 0.698 ± 0.155 (8), nsd 

GD108: 0.630 ± 0.155 (9), nsd 
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Prieto 1994; 

rat (Wistar); 

non-rand exp 

[419] 

Standard animal chow 

(UAR A03, Panlab, 

Barcelona) 

Ad lib 
NP, GD19±2 

(22 d) 

Whole SI 

anatomy, 

duodenal 

anatomy, 

jejunal 

anatomy, 

ileal 

anatomy 

SI length (cm) 
NP: 112.09 ± 3.01 (6) 

GD19±2: 128.02 ± 2.87 (6), P<0.05 

SI weight (g) 
NP: 5.83 ± 0.56 (6)  

GD19±2: 7.51 ± 0.51 (6), P<0.05 

Intestinal weight  

(mg·cm-1) 

Duodenum 
NP: 52 ± 8 (6) 

GD19±2: 73 ± 3 (6), P<0.05 

Proximal jejunum-

ileum 

NP: 51 ± 2 (6) 

GD19±2: 66 ± 7 (6), P<0.05 

Medial jejunum-ileum 
NP: 50 ± 5 (6) 

GD19±2: 64 ± 8 (6), P<0.05 

Distal jejunum-ileum 
NP: 45 ± 2 (6) 

GD19±2: 47 ± 6 (6), nsd 

Mucosal weight (mg·cm-1) 

Duodenum 
NP: 26 ± 5 (6) 

GD19±2: 38 ± 5 (6), P<0.05 

Proximal jejunum-

ileum 

NP: 23 ± 3 (6) 

GD19±2: 35 ± 15 (6), P<0.05 

Medial jejunum-ileum 
NP: 22 ± 5 (6) 

GD19±2: 30 ± 4 (6), P<0.05 

Distal jejunum-ileum 
NP: 15 ± 3 (6) 

GD19±2: 18 ± 4 (6), P<0.05 

Mucosal DNA (µg·cm-1) 

Duodenum 
NP: 130 ± 37 (6) 

GD19±2: 150 ± 17 (6), nsd 

Proximal jejunum-

ileum 

NP: 110 ± 24 (6) 

GD19±2: 125 ± 12 (6), nsd 

Medial jejunum-ileum 
NP: 100 ± 17 (6) 

GD19±2: 95 ± 24 (6), nsd 

Distal jejunum-ileum NP: 70 ± 17 (6) 



221 
 

GD19±2: 75 ± 6 (6), nsd 

Mucosal protein (µg·cm-1) 

Duodenum 
NP: 3.4 ± 0.6 (6) 

GD19±2: 4.8 ± 1.5 (6), P<0.05 

Proximal jejunum-

ileum 

NP: 2.8 ± 0.4 (6) 

GD19±2: 4.0 ± 0.5 (6), P<0.05 

Medial jejunum-ileum 
NP: 2.5 ± 0.8 (6) 

GD19±2: 2.2 ± 0.5 (6), nsd 

Distal jejunum-ileum 
NP: 1.2 ± 0.2 (6) 

GD19±2: 1.4 ± 0.4 (6), nsd 

Mucosal protein:DNA ratio 

Duodenum 
NP: 22 ± 5 (6) 

GD19±2: 33 ± 5 (6), P<0.05 

Proximal jejunum-

ileum 

NP: 24 ± 1 (6) 

GD19±2: 30 ± 4 (6), P<0.05 

Medial jejunum-ileum 
NP: 23 ± 2 (6) 

GD19±2: 23.5 ± 6 (6), nsd 

Distal jejunum-ileum 
NP: 18 ± 4 (6) 

GD19±2: 21 ± 4 (6), nsd 
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Prieto 1994; 

rat (Wistar); 

non-rand exp 

[339] 

Standard animal chow 

(UAR A03, Panlab, 

Barcelona) 

Ad lib 
NP, GD19  

(22 d) 

Jejunal 

anatomy, 

Ileal 

anatomy, 

Digestive 

enzyme 

activity/ 

expression 

Jejunal mucosal weight 

(mg·cm-1) 

NP: 22 ± 4 (8) 

GD19: 35 ± 6 (8), P<0.05 

Ileal mucosal weight  

(mg·cm-1) 

NP: 15 ± 6 (8) 

GD19: 18 ± 6 (8), P<0.05 

Jejunal mucosal 

disaccharidase enzyme 

activity (mU·mg-1 protein) 

Lactase 
NP: 17 ± 6 (8) 

GD19: 19 ± 2 (4), nsd 

Sucrase 
NP: 88 ± 11 (80) 

GD19: 86 ± 78 (4), nsd 

Maltase 
NP: 286 ± 79 (8) 

GD19: 209 ± 2 (4), nsd 

Trehalase 
NP: 110 ± 6 (8) 

GD19: 107 ± 2 (4), nsd 

Ileal mucosal 

disaccharidase enzyme 

activity  

(mU·mg-1 protein) 

Lactase 
NP: 6 ± 3 (8) 

GD29: 6 ± 2 (4), nsd 

Sucrase 
NP: 47 ± 8 (8) 

GD19: 30 ± 8 (4), P<0.05 

Maltase 
NP: 176 ± 8 (8) 

GD19: 155 ± 34 (4), nsd 

Trehalase 
NP: 20 ± 3 (8) 

GD19: 20 ± 8 (4), nsd 

Jejunal brush border 

membrane 

disaccharidase enzyme 

activity 

(mU·mg-1 protein) 

Lactase 
NP: 169 ± 65 (8) 

GD19: 154 ± 20 (8), nsd 

Sucrase 
NP: 396 ± 141 (8) 

GD19: 402 ± 28 (8), nsd 

Maltase 
NP: 1387 ± 458 (8) 

GD19: 1374 ± 153 (8), nsd 

Trehalase NP: 468 ± 119 (8) 
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GD19: 363 ± 23 (8), P<0.05 

Ileal brush border 

membrane 

disaccharidase enzyme 

activity 

(mU·mg-1 protein) 

Lactase 
NP: 30 ± 11 (8) 

GD19: 33 ± 11 (8), nsd 

Sucrase 
NP: 158 ± 48 (8) 

GD19: 190 ± 88 (8), nsd 

Maltase 
NP: 808 ± 320 (8) 

GD19: 895 ± 303 (8), nsd 

Trehalase 
NP: 140 ± 59 (8) 

GD19: 110 ± 8 (8), nsd 

Jejunal mucosal 

disaccharidase enzyme 

activity 

(mU·cm-1·kg-1 

bodyweight) 

Lactase 
NP: 200 ± 141 (8) 

GD19: 300 ± 100 (4), P<0.05 

Sucrase 
NP: 900 ± 141 (8) 

GD19: 1300 ± 200 (4), P<0.05 

Maltase 
NP: 2800 ± 707 (8) 

GD19: 2700 ± 100 (4), nsd 

Trehalase 
NP: 1100 ± 141 (8) 

GD19: 1600 ± 100 (4), P<0.05 

Ileal mucosal 

disaccharidase enzyme 

activity 

(mU·cm-1·kg-1 

bodyweight) 

Lactase 
NP: 50 ± 50 (8) 

GD19: 100 ± 25 (4), nsd 

Sucrase 
NP: 250 ± 50 (8) 

GD19: 200 ± 50 (4), nsd 

Maltase 
NP: 750 ± 50 (8) 

GD19: 800 ± 200 (4), nsd 

Trehalase 
NP: 150 ± 50 (8) 

GD19: 150 ± 50 (4), nsd 
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Prieto 1996; 

rat (Wistar); 

non-rand exp 

[253] 

Standard animal chow 

(UAR A-03. Panlab, 

Barcelona, Spain); dry 

wt: 26.7% protein, 56.6% 

carbohydrate, 5.7% 

lipids, 4.5% cellulose, 

6.5% ashes (13.4 MJ/kg) 

Ad lib 

NP,  

GD19 ± 1 

(22 d) 

Direct 

measure of 

nutrient 

uptake – ex 

vivo, Jejunal 

anatomy, 

Ileal 

anatomy, 

Digestive 

enzyme 

activity/ 

expression 

Jejunal anatomy 

Tissue mass (g) 
NP: 2.84 ± 0.34 (6+) 

GD19±1: 4.13 ± 0.69 (6+), P<0.05 

Mucosal mass (g) 
NP: 1.12 ± 0.24 (6+) 

GD19±1: 2.03 ± 0.42 (6+), P<0.05 

Nominal surface area 

(cm2) 

NP: 48.7 ± 3.43 (6+) 

GD19±1: 69.8 ± 4.2 (6+), P<0.05 

Jejunal mucosa enzyme 

activities (U) 

Sucrase 
NP: 11.3 ± 2.4 (6+) 

GD19±1: 13.6 ± 2.2 (6+), nsd 

Maltase 
NP: 37.5 ± 4.2 (6+) 

GD19±1: 35.4 ± 3.7 (6+), nsd 

Lactase 
NP: 2.2 ± 0.5 (6+) 

GD19±1: 2.8 ± 0.2 (6+), nsd 

Ileum anatomy 

Tissue mass (g) 
NP: 2.55 ± 0.27 (6+) 

GD19±1: 2.77 ± 0.42 (6+), nsd 

Mucosal mass (g) 
NP: 0.77 ± 0.32 (6+) 

GD19±1: 1.05 ± 0.66 (6+), P<0.05 

Nominal surface area 

(cm2) 

NP: 49.2 ± 3.7 (6+) 

GD19±1: 70.9 ± 3.2 (6+), P<0.05 

Ileal mucosa enzyme 

activities (U) 

Sucrase 
NP: 6.4 ± 1.2 (6+) 

GD19±1: 5.4 ± 1.2 (6+), nsd 

Maltase 
NP: 23.5 ± 4.2 (6+) 

GD19±1: 19.8 ± 5.9 (6+), nsd 

Lactase 
NP: 1.1 ± 0.7 (6+) 

GD19±1: 1.2 ± 0.5 (6+), nsd 

Km (mM) 
NP: 8.83 ± 2.86 (8+) 

GD19±1: 9.74 ± 3.17 (8+), nsd 
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Kinetic parameters for 

active uptake of α-methyl-

D-glucose (jejunum) 

Vmax (nmol·100 mg-

1·min-1) 

NP: 252 ± 56 (8+) 

GD19±1: 251 ± 58 (8+), nsd 

Vmax (μmol·cm-1·min-

1) 

NP: 12.7 ± 2.83 (8+) 

GD19±1: 16.3 ± 3.7 (8+), P<0.05 

Kd (nmol·cm-1·min-

1·mM-1) 

NP: 646 ± 178 (8+) 

GD19±1: 724 ± 153 (8+), P<0.05 

Kinetic parameters for 

active uptake of α-methyl-

D-glucose (ileum) 

Km (mM) 
NP: 6.1 ± 3.7 (8+) 

GD19±1: 5.5 ± 2.6 (8+), nsd 

Vmax (nmol·100 mg-

1·min-1) 

NP: 108 ± 44 (8+) 

GD19±1: 169 ± 49 (8+), P<0.05 

Vmax (μmol·cm-1·min-

1) 

NP: 4.75 ± 1.92 (8+) 

GD19±1: 7.83 ± 2.29 (8+), P<0.05 

Kd (nmol·cm-1·min-

1·mM-1) 

NP: 746 ± 144 (8+) 

GD19±1: 728 ± 116 (8+), nsd 

Quan-Sheng 

1989; rat 

(Sprague-

Dawley); non-

rand exp [273] 

Purified diet similar to the 

AIN-76A diet, containing 

0.7% Ca and 0.55% P 

N/S 

NP, GD7, 

GD14, GD20 

(22 d) 

Direct 

measure of 

nutrient 

uptake – ex 

vivo, 

Duodenal 

anatomy 

In vitro uptake of 45Ca, 

proximal duodenum  

(% in 10 min) 

NP: 33 ± 9 (5) 

GD7: 37 ± 18 (5), nsd 

GD14: 40 ± 9 (5), P<0.05 

GD20: 62 ± 18 (5), P<0.05 

In situ duodenal 

absorption of 45Ca  

(% in 15 min) 

NP: 44 ± 12 (5) 

GD7: 48 ± 10 (5), nsd 

GD14: 60 ± 10 (5), P<0.05 

GD20: 80 ± 22 (5), P<0.05 

Duodenum weight  

(g·mm-1) 

NP: 7.5 ± 0.9 (5) 

GD7: 7.7 ± 1.3 (5), nsd 

GD14: 8.8 ± 0.4 (5), P<0.05 

GD20: 9.7 ± 0.9 (5), P<0.05 
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Quick 1989; 

rat (Sprague-

Dawley); non-

rand exp [326] 

Standard rat chow 

(Wayne #8604-00, 

Continental Grain Co.) 

Ad lib 

NP, GD15, 

GD17, 

GD19, GD20 

(22 d) 

Whole SI 

anatomy, 

Nutrient 

transporter 

protein 

expression 

SI weight (% of pre-trial 

controls) 

NP: 100 (3) 

GD15: 100 ± 35 (3), N/S 

GD17: 85 ± 14 (3), N/S 

GD19: 120 ± 14 (3), N/S 

GD20: 117 ± 25 (3), N/S 

CRBP protein, whole SI 

(% of pre-trial controls) 

NP: 100 (3) 

GD15: 105 ± 35 (3), N/S 

GD17: 80 ± 12 (3), N/S 

GD19: 120 ± 12 (3), N/S 

GD20: 110 ± 22 (3), N/S 

CRBP(II) protein, whole 

SI (% of pre-trial controls) 

NP: 100 (3) 

GD15: 95 ± 35 (3), N/S 

GD17: 105 ± 20 (3), N/S 

GD19: 182 ± 12 (3), N/S 

GD20: 180± 30 (3), N/S 

CRBP(II) nmol·segment-1 

Proximal 

NP: 25 ± 4.3 (3) 

GD15: 29 ± 11.3 (3), N/S 

GD17: 25 ± 6.9 (3), N/S 

GD19: 54 ± 4.3 (3), N/S 

GD20: 47 ± 8.7 (3), N/S 

Middle 

NP: 23 ± 1.7 (3) 

GD15: 16 ± 4.3 (3), N/S 

GD17: 21 ± 4.3 (3), N/S 

GD19: 29 ± 5.2 (3), N/S 

GD20: 35 ± 8.7 (3), N/S 

Distal 
NP: 4 ± 1.7 (3) 

GD15: 3 ± 0.5 (3), N/S 
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GD17: 5 ± 0.5 (3), N/S 

GD19: 5 ± 1.7 (3), N/S 

GD20: 5 ± 1.7 (3), N/S 

     

CRBP(II) nmol·g-1 wet 

tissue 

Proximal 

NP: 9.5 ± 1.7 (3) 

GD15: 11.0 ± 3.5 (3), N/S 

GD17: 10.0 ± 1.7 (3), N/S 

GD19: 17.5 ± 1.5 (3), N/S 

GD20: 16.8 ± 2.4 (3), N/S 

Middle 

NP: 8.8 ± 0.5 (3) 

GD15: 6.0 ± 0.5 (3), N/S 

GD17: 8.2 ± 0.5 (3), N/S 

GD19: 9.6 ± 1.2 (3), N/S 

GD20: 13.0 ± 4.3 (3), N/S 

Distal 

NP: 1.7 ± 0.5 (3) 

GD15: 1.5 ± 0.2 (3), N/S 

GD17: 2.6 ± 0.2 (3), N/S 

GD19: 2.3 ± 0.5 (3), N/S 

GD20: 2.5 ± 1.7 (3), N/S 

CRBP nmol·g-1 wet tissue 

Proximal 

NP: 0.160 ± 0.021 (3) 

GD15: 0.178 ± 0.017 (3), N/S 

GD17: 0.150 ± 0.017 (3), N/S 

GD19: 0.173 ± 0.012 (3), N/S 

GD20: 0.170 ± 0.010 (3), N/S 

Middle 

NP: 0.155 ± 0.021 (3) 

GD15: 0.162 ± 0.008 (3), N/S 

GD17: 0.148 ± 0.025 (3), N/S 

GD19: 0.173 ± 0.017 (3), N/S 
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GD20: 0.163 ± 0.017 (3), N/S 

Distal 

NP: 0.188 ± 0.010 (3) 

GD15: 0.190 ± 0.030 (3), N/S 

GD17: 0.148 ± 0.017 (3), N/S 

GD19: 0.154 ± 0.012 (3), N/S 

GD20: 0.175 ± 0.038 (3), N/S 
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Rådberg 

1989; human; 

cross 

sectional [305] 

N/S 

Fasted 

overnight 

before 

study 

NP, 33-39 

weeks  

(280 d) 

Indirect 

measure of 

nutrient 

uptake – in 

vivo, Gastric 

emptying/SI 

motility, 

Gallbladder 

emptying 

Gastric volume change 

(%) following ingestion of 

300 ml liquid test meal 

15 min 
NP: 90 ± 5 (16) 

33-39 weeks: 112 ± 10 (14), nsd 

30 min 
NP: 85 ± 7 (16) 

33-39 weeks: 110 ± 8 (14), nsd 

45 min 
NP: 85 ± 5 (16) 

33-39 weeks: 102 ± 7 (14), nsd 

60 min 
NP: 87 ± 5 (16) 

33-39 weeks: 92 ± 7 (14), nsd 

75 min 
NP: 80 ± 5 (16) 

33-39 weeks: 86 ± 6 (14), nsd 

90 min 
NP: 72 ± 5 (16) 

33-39 weeks: 100 ± 8 (14), nsd 

105 min 
NP: 73 ± 6 (16) 

33-39 weeks: 87 ± 8 (14), nsd 

Plasma CCK before and 

after following ingestion of  

300 ml liquid test meal 

(pmol·L-1) 

Basal 
NP: 4 ± 1 (8) 

33-39 weeks: 2.5 ± 1 (9), nsd 

15 min 
NP: 23 ± 6 (8) 

33-39 weeks: 16.5 ± 5 (9), nsd 

30 min 
NP: 18.5 ± 4 (8) 

33-39 weeks: 16.5 ± 2 (9), nsd 

45 min 
NP: 17 ± 30 (8) 

33-39 weeks: 20 ± 4 (9), nsd 

Gallbladder volume - 

residual volume 75-105 

min after 300 ml liquid test 

meal (%) 

NP: 40 ± 5 (19) 

33-39 weeks: 38 ± 6 (16), nsd 
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Gallbladder volume - 

basal volume (ml) 

NP: 10.7 ± 1.3 (19) 

33-39 weeks: 15.5 ± 1.9 (16), P<0.01 

Raja 1987; 

mouse (To); 

non-rand exp 

[279] 

Standard rodent diet (K 

and K. Greef Chemicals 

Ltd, Croydon, England) 

N/S 
NP, GD18 

(21 d) 

Direct 

measure of 

nutrient 

uptake – ex 

vivo 

Apparent affinity constant 

for [59Fe3+] uptake by 

duodenal fragments, Kapp
t 

(µmol·L-1) 

NP: 61.0 ± 24.5 (6) 

GD18: 78.0 ± 25.5 (8), nsd 

Apparent maximal 

capacity for [59Fe3+] 

uptake by duodenal 

fragments, Vapp
max 

(pmol·min-1·mg-1 tissue) 

NP: 9.7 ± 2.0 (6) 

GD18: 14.3 ± 4.0 (8), P<0.05 
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Remesar 

1981; rat 

(Rattus 

norvegicus); 

non-rand exp 

[420] 

Breeding-type rat pellets 

(Saunders, Barcelona, 

Spain) 

Ad lib 

NP, GD12, 

GD19, GD21 

(22 d) 

Whole SI 

anatomy 

SI weight (g) 

NP: 4.48 ± 0.72 (6-9) 

GD12: 5.51 ± 2.01 (6-9), nsd 

GD19: 5.68 ± 0.84 (6-9), P<0.05 

GD21: 6.49 ± 1.47 (6-9), P<0.05 

SI weight (% of 

bodyweight) 

NP: 2.35 ± 0.52 (6-9) 

GD12: 2.53 ± 0.75 (6-9), nsd 

GD19: 2.47 ± 0.57 (6-9), nsd 

GD21: 2.72 ± 0.48 (6-9), nsd 

SI DNA (mg·g-1) 

NP: 2.43 ± 1.23 (6-9) 

GD12: 2.03 ± 1.23 (6-9), nsd 

GD19: 2.03 ± 1.16 (6-9), nsd 

GD21: 2.05 ± 3.21 (6-9), nsd 

SI protein (mg·g-1) 

NP: 111 ± 12 (6-9) 

GD12: 105 ± 15 (6-9), nsd 

GD19: 107 ± 18 (6-9), nsd 

GD21: 103 ± 24 (6-9), nsd 

SI length (cm) 

NP: 94 ± 12 (6-9) 

GD12: 106 ± 9 (6-9), P<0.05 

GD19: 109 ± 12 (6-9), P<0.05 

GD21: 115 ± 12 (6-9), P<0.05 
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Ribeiro 2023; 

mouse 

(C57BL/6J); 

non-rand exp 

[331] 

Standard chow: 17% kcal 

fat, 54% kcal 

carbohydrates, 29% kcal 

protein, 3 kcal/g; Harlan 

8640 Teklad 22/5 Rodent 

Diet 

Ad lib 

NP, GD14.5, 

GD18.5 

(18.5 d) 

Whole SI 

anatomy, 

Ileal 

anatomy 

Intestinal permeability, 

FITC fluorescence  

(AUC, RFU x 104·min-1) 

NP: median 6.5, IQR 5-8 (12) 

GD14.5: median 9, IQR 7.5-12.5 (12), P<0.05 

GD18.5: median 8.5, IQR 7-10 (7), nsd 

Small intestine length 

(cm) 

NP: median 36, IQR 35.25-38 (4) 

GD14.5: median 38.5, IQR 38-42 (5), nsd 

GD18.5: median 42, IQR 41.5-42.5 (6), P<0.05 

Ileal crypt depth (µm) 

NP: median 120, IQR 105-125 (4) 

GD14.5: median 130, IQR 120-140 (9), nsd 

GD18.5: median 125, IQR 110-145 (6), nsd 

Ileal villus length (µm) 

NP: median 225, IQR 200-230 (4) 

GD14.5: median 235, IQR 220-240 (8), nsd 

GD18.5: median 225, IQR 215-235 (6), nsd 

Ileal goblet cells/crypt (n) 

NP: median 12, IQR 11-14 (4) 

GD14.5: median 11.5, IQR 11-13 (9), nsd 

GD18.5: median 13, IQR 10.5-14.5 (5), nsd 

Ileal goblet cells/villus (n) 

NP: median 22, IQR 20-26 (4) 

GD14.5: median 16, IQR 14.5-19 (8), P<0.05 

GD18.5: median 19, IQR 18-21 (6), nsd 
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Robertson 

1979; mouse 

(QS); non-

rand exp [288] 

N/S N/S 
NP, GD19-

20 (21 d) 

Indirect 

measure of 

nutrient 

uptake – ex 

vivo 

IF-Cbl bound to 

homogenate, ileal mucosa 

(ng [57Co]cobalamin· 

mg-1 protein) 

NP: 0.21 ± 0.03 (3) 

GD19-20: 0.40 ± 0.05 (3), P<0.001 

Ka, binding affinity of IF 

receptors for CoCbl, ileal 

mucosa (M-1) 

NP: 2.8 x 1012 (3) 

GD19-20: 0.7 x 1012 (3), text states lower 

Number of IF receptors, 

ileal mucosa 

(n·mg-1 protein) 

NP: 0.8 x 1012 (3) 

GD19-20: 3.4 x 1012 (3), text states higher 

Robertson 

1983; mouse 

(QS); non-

rand exp [289] 

N/S N/S 
NP, GD18-

20 (21 d) 

Indirect 

measure of 

nutrient 

uptake – ex 

vivo 

IF-Cbl binding to 

receptors, ileal mucosa 

(ng [57Co]cobalamin· 

mg-1 protein)  

NP: 0.18 ± 0.04 (3) 

GD18-20: 0.42 ± 0.09 (3), P<0.001 

IF-receptors, ileal mucosa 

(n·mg-1 protein) 

NP: 0.8 x 1011 (3) 

GD18-20: 2.9 x 1011 (3), text states increased 

Association constant (B12 

affinity) of IF-receptors, 

ileal mucosa (M-1) 

NP: 2.8 x 1012 (3) 

GD18-20: 0.6 x 1012 (3), text states decreased 
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Rolls 1975; rat 

(Norwegian 

Hooded); rand 

exp [421] 

Autoclaved Spillers’ 

Small Animal Diet 
Ad lib 

NP, GD7, 

GD14, GD21 

(22 d) 

Digestive 

enzyme 

activity/ 

expression 

Total activity of glycyl-L-

leucine dipeptidase, SI 

mucosa (μmolꞏmol-1) 

NP: 1200 ± 190 (14) 

GD7: 1300 ± 120 (6), N/S 

GD14: 1400 ± 240 (6), N/S 

GD21: 1500 ± 240 (6), N/S 

Text states increased during pregnancy 

Total activity of L-alanyl-L-

glutamic acid dipeptidase, 

SI mucosa (μmolꞏmol-1) 

NP: 650 ± 200 (14) 

GD7: 700 ± 240 (6), N/S 

GD14: 800 ± 240 (6), N/S 

GD21: 850 ± 480 (6), N/S 

Text states increased during pregnancy 

Specific activity of glycyl-

L-leucine dipeptidase, SI 

mucosa (μmolꞏmol-1) 

NP: 21 ± 2 (14) 

GD7: 21 ± 2 (6), N/S 

GD14: 23 ± 1 (6), N/S 

GD21: 25 ± 2 (6), N/S 

Text states increased during pregnancy 

Specific activity of L-

alanyl-L-glutamic acid 

dipeptidase, SI mucosa 

(μmolꞏmol-1) 

NP: 12 ± 4 (14) 

GD7: 11.5 ± 2 (6), N/S 

GD14: 13 ± 1 (6), N/S 

GD21: 14 ± 5 (6), N/S 

Text states increased during pregnancy 
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Rolls 1979; rat 

(Norwegian 

Hooded); non-

rand exp [378] 

Spratts laboratory diet 1 Ad lib 

NP, GD7, 

GD14, GD21 

(22 d) 

Digestive 

enzyme 

activity/ 

expression 

Total trypsin activity, 

pancreas (μmol substrate 

hydrolysed·min-

1·pancreas-1) 

NP: 8.92 ± 3.95 (12) 

GD7: 8.65 ± 3.79 (8), nsd 

GD14: 6.52 ± 1.43 (7), nsd 

GD21: 6.97 ± 3.51 (7), nsd 

Relative trypsin activity, 

pancreas (μmol substrate 

hydrolysed·min-1·g-1) 

NP: 7.77 ± 2.74 (12) 

GD7: 7.66 ± 2.94 (8), nsd 

GD14: 5.58 ± 1.88 (7), nsd 

GD21: 5.78 ± 1.43 (7), nsd 

Total α-chymotrypsin 

activity, pancreas (μmol 

substrate hydrolysed· 

min-1·pancreas-1) 

NP: 20.45 ± 9.35 (12) 

GD7: 18.02 ± 7.81 (8), nsd 

GD14: 13.41 ± 4.95 (7), nsd 

GD21: 14.44 ± 6.40 (7), nsd 

Relative α-chymotrypsin 

activity, pancreas (μmol 

substrate hydrolysed· 

min-1·g-1) 

NP: 17.99 ± 7.24 (12) 

GD7: 16.02 ± 6.25 (8), nsd 

GD14: 11.44 ± 3.86 (7), P<0.05 

GD21: 11.94 ± 4.31 (7), nsd 

Rummens 

2003; mouse 

(Leuven); 

non-rand exp 

[422] 

Standard murine diet, 

containing 1.04% Ca, 

0.76% P and 2000 IU 

D/kg (Carfil, Oud-

Turnhout, Belgium) 

N/S 
NP, GD18.5 

(19 d) 

Nutrient 

transporter 

protein 

expression 

Duodenal calbindin-D9K 

protein content 

(μg·mg protein-1) 

NP: 21 ± 15 (14) 

GD18.5: 34 ± 19 (14), N/S 
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Ryan 1982; 

rat (Sprague-

Dawley); non-

rand exp [315] 

N/S 

Ad lib 

thenfasted 

18 h before 

intestinal 

transit 

studies 

NP, GD12, 

GD18 (22 d) 

Gastric 

emptying/SI 

motility 

SI transit (% of intestine 

traversed 15 min after 

intragastric charcoal 

meal) 

NP: 60 ± 20.6 (10) 

GD12: 63 ± 33.2 (10), nsd 

GD18: 40 ± 23.7 (10), P<0.01 

Slope, distance vs 

cumulative radioactivity 

25 min after intraduodenal 

51Cr 

NP: -13.5 ± 4.7 (10) 

GD12: -13.4 ± 3.2 (10), nsd 

GD18: -12.8 ± 4.1 (10), nsd 

SI transit 25 min after 

intraduodenal 51Cr, 

geometric center 

(segment # of 10) 

NP: 5.9 ± 2.5 (10) 

GD12: 5.7 ± 2.8 (10), nsd 

GD18: 3.7 ± 2.5 (10), P<0.01 

Ryan et al. 

1987; guinea 

pig; non-rand 

exp [310] 

N/S Ad lib 
NP, GD50-

55 (69-71 d) 

Gastric 

emptying/SI 

motility 

Gastric emptying, time 

after 1 mL intragastric 

51Cr-labelled saline (% 

remaining) 

5 min 
NP: 68.9 ± 16.3 (5-7) 

GD50-55: 92.2 ± 4.7 (5-7), P<0.05 

15 min 
NP: 31.1 ± 14.5 (5-7) 

GD50-55: 74.2 ± 13.6 (5-7), P<0.05 

30 min 
NP: 21.7 ± 10.3 (5-7) 

GD50-55: 48.2 ± 11.9 (5-7), P<0.05 

60 min 
NP: 13.8 ± 4.7 (5-7) 

GD50-55: 32.7 ± 9.4 (5-7), P<0.05 
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Sabet 

Sarvestani 

2015; rat 

(Sprague-

Dawley); rand 

exp [423] 

Standard laboratory 

chow 
Ad lib 

GD7, GD14, 

GD21 (22 d) 

Duodenal 

anatomy, 

Jejunal 

anatomy, 

Ileal 

anatomy 

Villi length (μm) 

Duodenum 

GD7: 475 ± 90 (6) 

GD14: 350 ± 15 (6), P<0.05 vs GD7 

GD21: 425 ± 15 (6), nsd vs GD7 

Jejunum 

GD7: 280 ± 30 (6) 

GD14: 400 ± 30 (6), P<0.05 vs GD7 

GD21: 530 ± 25 (6), P<0.05 vs GD7 

Ileum 

GD7: 310 ± 90 (6) 

GD14: 220 ± 15 (6), P<0.05 vs GD7 

GD21: 250 ± 15 (6), P<0.05 vs GD7 

Villi width (μm) 

Duodenum 

GD7: 100 ± 15 (6) 

GD14: 170 ± 30 (6), P<0.05 vs GD7 

GD21: 225 ± 30 (6), P<0.05 vs GD7 

Jejunum 

GD7: 70 ± 30 (6) 

GD14: 130 ± 90 (6), P<0.05 vs GD7 

GD21: 215 ± 50 (6), P<0.05 vs GD7 

Ileum 

GD7: 110 ± 50 (6) 

GD14: 75 ± 25 (6), nsd vs GD7 

GD21: 130 ± 50 (6), nsd vs GD7 

Lamina propria thickness 

(μm) 

Duodenum 

GD7: 270 ± 30 (6) 

GD14: 260 ± 40 (6), nsd vs GD7 

GD21: 270 ± 90 (6), nsd vs GD7 

Jejunum 

GD7: 100 ± 15 (6) 

GD14: 220 ± 40 (6), P<0.05 vs GD7 

GD21: 230 ± 70 (6), P<0.05 vs GD7 

Ileum 

GD7: 190 ± 70 (6) 

GD14: 220 ± 40 (6,) nsd vs GD7 

GD21: 170 ± 30 (6), nsd vs GD7 
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Tunica muscularis 

thickness (μm) 

Duodenum 

GD7: 135 ± 25 (6) 

GD14: 140 ± 15 (6), nsd vs GD7 

GD21: 155 ± 50 (6), nsd vs GD7 

Jejunum 

GD7: 60 ± 10 (6) 

GD14: 120 ± 15 (6), P<0.05 vs GD7 

GD21: 125 ± 15 (5), P<0.05 vs GD7 

Ileum 

GD7: 110 ± 25 (6) 

GD14: 150 ± 25 (6), nsd vs GD7 

GD21: 100 ± 25 (6), nsd vs GD7 

1st layer of tunica 

muscularis thickness (μm) 

Duodenum 

GD7: 90 ± 25 (6) 

GD14: 85 ± 35 (6), nsd vs GD7 

GD21:105 ± 25 (6), nsd vs GD7 

Jejunum 

GD7: 35 ± 25 (6) 

GD14: 75 ± 30 (6), P<0.05 vs GD7 

GD21: 80 ± 15 (6), P<0.05 vs GD7 

Ileum 

GD7: 65 ± 50 (6) 

GD14: 90 ± 35 (6), nsd vs GD7 

GD21: 60 ± 30 (6), nsd vs GD7 

2nd layer of tunica 

muscularis thickness (μm) 

Duodenum 

GD7: 45 ± 12 (6) 

GD14: 54 ± 12 (6), nsd vs GD7 

GD21: 57 ± 30 (6), nsd vs GD7 

Jejunum 

GD7: 22 ± 10 (6) 

GD14: 50 ± 8 (6), P<0.05 vs GD7 

GD21: 38 ± 5 (6), P<0.05 vs GD7 

Ileum 

GD7: 41 ± 15 (6) 

GD14: 53 ± 12 (6), nsd vs GD7 

GD21: 36 ± 8 (6), nsd vs GD7 
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Sandhar 

1992; human; 

prosp cohort 

[299] 

N/S 

Fasted 4 h 

prior to 

study 

NP, 37-40 

weeks  

(280 d) 

Gastric 

emptying/SI 

motility 

Time to 50% emptying 

after 400 mL distilled 

water (min) 

NP: 15 ± 19 (10) 

37-40 weeks: 15 ± 17 (10), nsd 

Schachter 

1960; rat 

(N/S); non-

rand exp [271] 

N/S N/S 

NP, 

3rd week 

(22 d) 

Direct 

measure of 

nutrient 

uptake – ex 

vivo 

Proximal duodenal active 

transport of 45Ca (45Ca 

concentration ratio 

inside/outside) 

NP: 2.0 ± 2.6 (7) 

3rd week: 4.6 ± 2.6 (7), P<0.001 

Schachter 

1970; rat 

(N/S); non-

rand exp [424] 

N/S N/S 
NP, 3rd week 

 (22 d) 

Direct 

measure of 

nutrient 

uptake – ex 

vivo 

Net transfer of total Ca to 

serosal surface, 

duodenum  

(μmolꞏsac per hr-1) 

NP: 0.18 (20) 

3rd week: 0.24 (20), text states increased 

Net transfer of Ca ions to 

serosal surface, 

duodenum  

(μmolꞏsac per hr-1) 

NP: 0.035 (20) 

3rd week: 0.08 (20), text states increased 

Scott 1983; 

rat (Sprague-

Dawley); non-

rand exp [317] 

Standard pelleted rat diet 

Ad lib, 

fasted 

overnight 

before 

recordings 

NP,  

GD12-18  

(22 d) 

Gastric 

emptying/SI 

motility 

Mean interval between 

contractions, jejunum-

ileum (min) 

NP: 12.61 ± 1.79 (10) 

GD12-18: 14.08 ± 2.21 (15), nsd 

Coefficient of variation of 

contraction interval times, 

jejunum-ileum 

NP: 0.248 (10) 

GD12-18: 0.401 (15), P<0.05 
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Scott 1989; 

guinea pig; 

non-rand exp 

[319] 

N/S N/S 
NP, GD30-

40 (65 d) 

Gastric 

emptying/SI 

motility 

Ileal maximal tension 

(g·mg-1 dry weight) 

NP: 10.0 ± 4.5 (20) 

GD30-40: 5.8 ± 1.4 (8), P<0.05 

Ileal EC50 values for 

carbachol stimulated 

muscle-strips (M) 

NP: 13.9 x 10-7± 4.6 x 10-7 (20) 

GD30-40: 11.6 x 10-7 ± 1.4 x 10-7 (8), nsd 

Şensoy 2019; 

mouse (Swiss 

Albino); non-

rand exp [425] 

N/S Ad lib 

NP, GD3, 

GD10, GD17 

(19-21 d) 

Whole SI 

anatomy, 

Duodenal 

anatomy, 

Jejunal 

anatomy, 

Ileal 

anatomy 

Relative intestine weight 

(%) 

NP: 11.77 ± 1.49 (6) 

GD3: 12.64 ± 1.37 (6), nsd 

GD10: 12.66 ± 3.01 (6), nsd 

GD17: 14.65 ± 1.45 (6), nsd 

Villus length (μm) 

Proximal duodenum 

NP: 468 ± 87 (6) 

GD3: 502 ± 22 (6), nsd 

GD10: 414 ± 64 (6), nsd 

GD17: 400 ± 82 (6), nsd 

Mid-jejunum 

NP: 400 ± 89 (6) 

GD3: 366 ± 48 (6), nsd 

GD10: 475 ± 49 (6), P<0.05 

GD17: 310 ± 67 (6), nsd 

Mid-ileum 

NP: 281 ± 85 (6) 

GD3: 302 ± 21 (6), nsd 

GD10: 256 ± 19 (6), nsd 

GD17: 181 ± 10 (6), P<0.05 

Villus width (μm) 

Proximal duodenum 

NP: 93 ± 5 (6) 

GD3: 90 ± 21 (6), nsd 

GD10: 100 ± 12 (6), nsd 

GD17: 98 ± 20 (6), nsd 

Mid-jejunum 
NP: 84 ± 12 (6) 

GD3: 82 ± 18 (6), nsd 
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GD10: 89 ± 11 (6), nsd 

GD17: 70 ± 13 (6), nsd 

Mid-ileum 

NP: 81 ± 10 (6) 

GD3: 90 ± 17 (6), nsd 

GD10: 80 ± 10 (6), nsd 

GD17: 64 ± 15 (6), nsd 

Crypt depth (μm) 

Proximal duodenum 

NP: 112 ± 14 (6) 

GD3: 127 ± 12 (6),  nsd 

GD10: 148 ± 11 (6), P<0.05 

GD17: 134 ± 23 (6), P<0.05 

Mid-jejunum 

NP: 132 ± 26 (6) 

GD3: 145 ± 35 (6), nsd 

GD10: 142 ± 20 (6), nsd 

GD17: 134 ± 22 (6), nsd 

Mid-ileum 

NP: 140 ± 14 (6) 

GD3: 142 ± 19 (6), nsd 

GD10: 166 ± 10 (6), P<0.05 

GD17: 109 ± 19 (6), P<0.05 

Muscle width (μm) 

Proximal duodenum 

NP: 23.8 ± 3.9 (6) 

GD3: 27.5 ± 4.3 (6), nsd 

GD10: 38.2 ± 4.4 (6), P<0.05 

GD17: 32.8 ± 6.8 (6), P<0.05 

Mid-jejunum 

NP: 27.4 ± 4.5 (6) 

GD3: 49.4 ± 4.2 (6), P<0.05 

GD10: 41.6 ± 7.1 (6), P<0.05 

GD17: 40.0 ± 7.4 (6), P<0.05 

Mid-ileum NP: 30.6 ± 7.4 (6) 



242 
 

GD3: 39.4 ± 5.2 (6), P<0.05 

GD10: 55.6 ± 5.7 (6), P<0.05 

GD17: 33.2 ± 8.8 (6), nsd 

Villus height:crypt depth 

Proximal duodenum 

NP: 4.22 ± 0.78 (6) 

GD3: 3.84 ± 0.61 (6), nsd 

GD10: 2.51 ± 0.49 (6), P<0.05 

GD17: 3.22 ± 0.98 (6), P<0.05 

Mid-jejunum 

NP: 3.07 ± 0.44 (6) 

GD3: 2.66 ± 0.83 (6), nsd 

GD10: 3.20 ± 0.32 (6), nsd 

GD17: 2.38 ± 0.71 (6), nsd 

Mid-ileum 

NP: 2.32 ± 0.66 (6) 

GD3: 2.15 ± 0.32 (6), nsd 

GD10: 1.83 ± 0.34 (6), nsd 

GD17: 1.70 ± 0.27 (6), nsd 

Simpson 

1988; human; 

cross 

sectional [301] 

N/S 

Fasted 4 h 

before 

study 

NP,  

8-11 weeks, 

12-14 weeks 

(280 d) 

Gastric 

emptying/SI 

motility 

Paracetamol AUC after 

1.5 g oral paracetamol 

(μgꞏml-1·h) 

0-1 h 

NP: 19 ± 11 (14) 

8-11 weeks: 15 ± 8 (16), nsd 

12-14 weeks: 11 ± 10 (12), P<0.05 

0-2 h 

NP: 37 ± 11 (14) 

8-11 weeks: 32 ± 12 (16), nsd 

12-14 weeks: 25 ± 10 (12), P<0.05 

Paracetamol peak 

concentration (μgꞏml-1) 

NP: 34.4 ± 16.1 (14) 

8-11 weeks: 26.8 ± 10.8 (16), nsd 

12-14 weeks: 21.4 ± 7.6 (12), P<0.05 

Time to peak paracetamol 

concentration (min) 

NP: 45.0 ± 22.1 (14) 

8-11 weeks: 46.4 ± 32.4 (16), nsd 

12-14 weeks: 71.9 ± 31.9 (12), P<0.05 
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Stanley 1995; 

human; prosp 

cohort [238] 

N/S 

N/S, 

Fasted 8 h 

before 

study. Test 

meal: 2 

Crunch & 

Slim bars + 

60g 

Vitafood 

(Boots, 

Notting-

ham) made 

up with 

200 ml 

water 

eaten over 

10 min (59 

g carbo-

hydrate, 

17.9 g 

protein, 

21.2 g fat) 

14-16 

weeks, 26-

28 weeks, 

36-38 weeks 

(280 d) 

Indirect 

measure of 

nutrient 

uptake – in 

vivo, gastric 

emptying/SI 

motility 

Time at maximal 

concentration of 

paracetamol after 1.5 g 

oral paracetamol (min) 

14-16 weeks: 114 ± 30 (10) 

26-28 weeks: 113 ± 22 (9), N/S vs 14-16 weeks 

36-38 weeks: 118 ± 22 (10), N/S vs 14-16 weeks 

Maximal concentration of 

paracetamol (μgꞏml-1) 

14-16 weeks: 22 ± 5.1 (10) 

26-28 weeks: 20 ± 6.3 (9), N/S vs 14-16 weeks 

36-38 weeks: 21 ± 5.0 (10), N/S vs 14-16 weeks 

Time at maximal 

concentration of glucose 

after test meal (min) 

14-16 weeks: 88 ± 49 (10) 

26-28 weeks: 66 ± 51 (9), N/S vs 14-16 weeks 

36-38 weeks: 66 ± 48 (10), N/S vs 14-16 weeks 

Maximal concentration of 

glucose after test meal 

(min) 

14-16 weeks: 5.6 ± 0.52 (10) 

26-28 weeks: 5.4 ± 0.50 (9), N/S vs 14-16 weeks 

36-38 weeks: 6.1 ± 0.72 (10), N/S vs 14-16 weeks 

AUC0-60 min of glucose 

after test meal 

(mmol·min·L-1) 

14-16 weeks: 281 ± 56 (10) 

26-28 weeks: 284 ± 78 (9), N/S vs 14-16 weeks 

36-38 weeks: 316 ± 84 (10), P<0.05 vs 14-16 weeks 
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Swanson 

1983; human; 

cross 

sectional [292] 

Diets each ~16 mg 

Zn/day. Diet A, 70% of 

total Zn from animal 

products (meat & milk), 

30% from plant sources 

(cereals, nuts and 

vegetables. Diet B, Zn % 

from each source 

reversed. 

N/S 

NP, 

28 ± 5 

weeks,  

30 ± 4 weeks 

(280 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

70Zinc absorption, stable 

isotope method (%) 

Diet A 
NP: 23.8 ± 4.5 (5) 

28 ± 5 weeks:  24.2 ± 4.9 (5), nsd 

Diet B 
NP: 25.4 ± 3.8 (5) 

30 ± 4 weeks: 26.6 ± 7.2 (4), nsd 

Swanston-

Flatt 1980; rat 

(N/S); non-

rand exp [426] 

N/S Ad lib 
NP, GD18 

(22 d) 

Direct 

measure of 

nutrient 

uptake – ex 

vivo 

Ffolic acid transfer, 

proximal jejunum (pmol·h-

1·mg dry weight-1) 

NP: 18.49 ± 9.10 (5) 

GD18: 15.49 ± 3.87 (5), nsd 

Corrected folic acid 

transfer, proximal jejunum  

(pmol·h-1·mg dry weight-1) 

NP: 12.92 ± 6.60 (5) 

GD18: 10.51 ± 2.39 (5), nsd 

Szilagyi 1996; 

human; non-

rand exp [322] 

N/S 

Fasted 12-

14 h before 

test  

NP, 22-36 

weeks  

(280 d) 

Gastric 

emptying/SI 

motility 

Oro-caecal transit time 

(min) 

NP: 63.5 ± 35.9 (17) 

22-36 weeks: 99.2 ± 42.7 (30), P=0.0042 
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Takeuchi 

1984; rat 

(Donryu); non-

rand exp [375] 

N/S 

Fasted 18 

h prior to 

gastric 

secretion 

studies 

NP, GD5, 

GD10, GD20 

(N/S) 

Digestive 

enzyme 

activity/ 

expression 

Volume of gastric 

secretion (mL) 

NP: 3.9 ± 1.6 (10) 

GD5: 3.8 ± 0.9 (10), nsd 

GD10: 6.0 ± 1.9 (10), P<0.05 

GD20: 9.0 ± 2.5 (10), P<0.05 

Acidity of gastric secretion 

(mEq·L-1) 

NP: 120 ± 22 (10) 

GD5: 114 ± 9 (10), nsd 

GD10: 124 ± 16 (10), nsd 

GD20: 138 ± 13 (10), P<0.05 

Pepsin activity in gastric 

secretion (mg·ml-1) 

NP: 26 ± 3 (10) 

GD5: 25 ± 3 (10), nsd 

GD10: 22 ± 3 (3), P<0.05 

GD20: 13 ± 3 (3), P<0.05 

Acid output in gastric 

secretion (μEqꞏh-1) 

NP: 120 ± 47 (10) 

GD5: 110 ± 32 (10), nsd 

GD10: 180 ± 63 (10), P<0.05 

GD20: 300 ± 63 (10) P<0.05 

Pepsin output in gastric 

secretion (mg·h-1) 

NP: 140 ± 47 (10) 

GD5: 130 ± 63 (10), nsd 

GD10: 180 ± 63 (10), P<0.05 

GD20: 160 ± 47 (10), nsd 

Antral gastrin (μgꞏg-1) 

NP: 4.6 ± 1.6 (8) 

GD5: 3.8 ± 1.6 (8), nsd 

GD10: 3.9 ± 2.0 (8), nsd 

GD20: 4.8 ± 2.0 (8), nsd 
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Teerapornpun

takit 2014; rat 

(Sprague-

Dawley); non-

rand exp [427] 

Standard chow 

containing 1.0% Ca, 

0.64% P, 3,000 IU/kg 

vitamin D (CP Co., Ltd., 

Bangkok, Thailand) 

Ad lib 
NP, GD21 

(22 d) 

Nutrient 

transporter 

gene 

expression 

Duodenal mucosal gene 

expression, fold change 

from control (microarray) 

Atp1a3 
NP: 1 (3) 

GD21: 1.52 (3), P<0.05 

Atp1b4 
NP: 1 (3) 

GD21: 1.86 (3), P<0.05 

Slc5a1 
NP: 1 (3) 

GD21: 1.50 (3), P<0.05 

Slc2a5 
NP: 1 (3) 

GD21: 1.80 (3), P<0.05 

Trmp6 
NP: 1 (3) 

GD21: 2 (3), P<0.05 

Trmp7 
NP: 1 (3) 

GD21: 1.50 (3), P<0.05 

ZO-1 
NP: 1 (3) 

GD21: 1.62 (3), P<0.05 

Cldn2 no.3 
NP: 1 (3) 

GD21: 1.52 (3), P<0.05 

Cldn9 
NP: 1 (3) 

GD21: 1.56 (3), P<0.05 

Calbindin-D28k 
NP: 1 (3) 

GD21: 1.57 (3), P<0.05 

Trpv6 no.3 
NP: 1 (3) 

GD21: 1.57 (3), P<0.05 

Duodenal mucosal gene 

expression, fold change 

from control (RT-PCR) 

Trpv6 
NP: 1 (7-10) 

GD21: 2.60 (7-10), P<0.05 

ZO-1 
NP: 1 (7-10) 

GD21: 3.77 (7-10), P<0.05 

Trpm6 NP: 1 (7-10) 
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GD21: 2.88 (7-10), P<0.05 

Cav1.3 
NP: 1 (7-10) 

GD21: 1.07 (7-10), nsd 

Toraason 

1983; rat 

(Sprague-

Dawley); non-

rand exp [267] 

Purina rat chow (1.2% 

Ca; 0.8% P; 3.3 IU/g 

vitamin D) 

Ad lib 
NP, GD13±2 

(22 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo, 

Duodenal 

anatomy, 

Ileal 

anatomy 

Duodenal mucosal dry 

weight (mg·cm-1) 

NP: 5.4 ± 1.2 (9) 

GD13±2: 8.7 ± 1.7 (8), P<0.05 

Ileal mucosal dry weight 

(mg·cm-1) 

NP: 4.3 ± 1.5 (9) 

GD13±2: 6.6 ± 1.4 (8), P<0.05 

Duodenal net calcium 

absorption 

(μg·cm-1·20 min-1) 

NP: 1.46 ± 0.78 (9) 

GD13±2: 2.80 ± 1.47 (8), P<0.05 

Distal ileal net calcium 

absorption 

(μgꞏcm-1·20 min-1) 

NP: 0.02 ± 0.84 (9) 

GD13±2: 0.24 ± 1.24 (8), nsd 

Duodenal net calcium 

absorption (μgꞏmg dry 

mucosa-1·20 min-1) 

NP: 0.26 ± 0.12 (9) 

GD13±2: 0.35 ± 0.23 (8), nsd 

Distal ileal net calcium 

absorption (μgꞏmg dry 

mucosa-1·20 min-1) 

NP: 0.01 ± 0.84 (9) 

GD13±2: 0.05 ± 0.20 (8), nsd  
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Uçkan 2001; 

human; cross 

sectional [280] 

N/S 

Overnight 

fast before 

study 

NP, 1st Tri, 

2nd Tri,  

3rd Tri 

(280 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Plasma zinc – basal, 2 

and 3 h after 120 mg 

ZnSO4 orally, containing 

22.5 mg Zn (μgꞏdL-1) 

Fasting 

NP: 73.3 ± 7.5 (7) 

1st Tri: 67.5 ± 8.8 (6), nsd 

2nd Tri: 62.8 ± 11.1 (10), nsd 

3rd Tri: 65.7 ± 14.9 (9), nsd 

Combined pregnant: 65 ± 10, P<0.05  

2 h 

NP: 129.8 ± 17.0 (7) 

1st Tri: 127.0 ± 24.3 (6), nsd 

2nd Tri: 114.1 ± 27.9 (10), nsd 

3rd Tri: 109.9 ± 10.7 (9), nsd 

3 h 

NP: 127.3 ± 15.0 (7) 

1st Tri: 126.2 ± 30.1 (6), nsd 

2nd Tri: 115.6 ± 20.0 (10), nsd 

3rd Tri: 112.4 ± 19.8 (9), nsd 

Uriu-Hare 

1988; rat 

(Sprague-

Dawley); non-

rand exp [281] 

Semi-purified control diet 

containing 25 µg Zn/g, 

21% protein 

Fasted 4 h 

prior to 

experiment 

GD12, GD18 

(22 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Apparent absorption of 

65Zn after gavage with 0.5 

mL containing 0.125 g of 

low Zn diet labelled with 

65Zn (%) 

GD12: 40.7 ± 10.6 (7) 

GD18: 46.6 ± 23.5 (6), N/S vs GD12 

Van 

Cromphaut 

2003; mouse 

(VDR WT); 

non-rand exp 

[428] 

Normal diet (1.1% Ca, 

0.8% P, 0% lactose 

(Standard; Carfil, Oud-

Turnhout, Belgium) 

N/S 
NP, GD18.5 

(21 d) 

Nutrient 

transporter 

gene 

expression, 

Nutrient 

transporter 

protein 

expression 

Proximal duodenal protein 

expression, Calbindin-D9k 

(% of total protein) 

NP: 2.9 ± 0.8 (8) 

GD18.5: 4.5 ± 1.4 (8), P<0.05 

Distal duodenal mRNA 

levels (relative to HPRT)  

 

 

 

Trpv6 
NP: 368 ± 339 (8) 

GD18.5: 4333 ± 12256 (8), P<0.05 

Trpv5 
NP: 1.0 ± 0.6 (8) 

GD18.5: 0.9 ± 0.3 (8), nsd 

Calbindin-D9k 

(% of NP) 

NP: 100 ± 57 (8) 

GD18.5: 250 ± 141 (8), P<0.05 



249 
 

PMCA1b 

(% of NP) 

NP: 100 ± 28 (8) 

GD18.5: 190 ± 99 (8), P<0.05 

Van Dijk 

1983; guinea 

pig (Albino); 

non-rand exp 

[275] 

Pellets and green 

vegetables 

Fasted for 

24 h prior 

to iron 

absorption 

studies 

NP, GD55 

(65 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Intestinal uptake of 

59Fe(II) at time after oral 

iron, amount N/S (%) 

4 h 

NP: 3.8 ± 3.4 (5-10) 

GD55: 36.0 ± 23.5 (5-7), text states 

increase 

24 h 

NP: 7.2 ± 4.2 (5-10) 

GD55: 47.5 ± 32.4 (5-7), text states 

increase 

Intestinal absorption of 

59Fe(II) at time after oral 

iron, amount N/S (%) 

4 h 

NP: 1.4 ± 1.8 (5-10) 

GD55: 11.8 ± 10.1 (5-7), text states 

increase 

24 h 

NP: 3.5 ± 4.7 (5-10) 

GD55: 33.8 ± 23.5 (5-7), text states 

increase 

Vargas 

Zapata 2004; 

human; prosp 

cohort [429] 

N/S 

Standard 

breakfast; 

50 g 

French 

bread, 10 g 

butter, 50 

ml whole 

milk + 50 

ml coffee, 

total Ca 

intake 74 

mg. Fasted 

overnight 

10-12 

weeks,  

34-36 weeks 

(280 d) 

Direct 

measure – 

in vivo 

Intestinal calcium 

absorption, double 

isotope method with 

standard breakfast (%) 

10-12 weeks: 69.7 ± 16.2 (9) 

34-36 weeks: 87.6 ± 13.5 (9), P<0.05 vs 10-12 weeks 
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before Ca 

absorption 

study 

Velayudhan 

2019; pig 

(Yorkshire-

Landrace 

female x 

Duroc male); 

rand exp [254] 

Cornstarch-based diet 

containing 31.3% canola 

meal as the only source 

of amino acids 

3 kg/day, 

offered as 

2 equal 

meals of 

dry mash 

at 0700 

and 1300 h 

MP [GD or 

weeks N/S], 

LP [GD or 

weeks N/S] 

 (115 d) 

Direct 

measure of 

nutrient 

uptake – in 

vivo 

Standardised ileal 

digestibility, crude protein 

(%) 

MP: 79.9 ± 2.3 (8) 

LP: 79.7 ± 2.7 (8), N/S 

Standardised ileal 

digestibility, indispensable 

amino acids (%) 

Arginine 
MP: 88.7 ± 2.5 (8) 

LP: 89.8 ± 2.1 (8), N/S 

Histidine 
MP: 93.5 ± 1.6 (8)  

LP: 92.6 ± 2.1 (8), N/S 

Isoleucine 
MP: 85.9 ± 3.1 (8) 

LP: 86.0 ± 3.1 (8), N/S 

Leucine 
MP: 88.8 ± 2.0 (8) 

LP: 89.5 ± 1.8 (8), N/S 

Lysine 
MP: 86.9 ± 1.7 (8) 

LP: 87.0 ± 2.3 (8), N/S 

Methionine 
MP: 91.6 ± 2.1 (8) 

LP: 92.9 ± 1.5 (8), N/S 

Phenylalanine 
MP: 88.7 ± 3.8 (8) 

LP: 89.6 ± 1.8 (8), N/S 

Threonine 
MP: 84.7 ± 3.6 (8) 

LP: 83.9 ± 7.4 (8), N/S 

Tryptophan 
MP: 87.5 ± 5.4 (8) 

LP: 88.8 ± 1.8 (8), N/S 

Valine 
MP: 85.8 ± 2.8 (8) 

LP: 86.1 ± 2.2 (8), N/S 

Alanine MP: 85.8 ± 2.6 (8) 
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Standardised ileal 

digestibility, dispensable 

amino acids (%) 

LP: 87.5 ± 4.1 (8), N/S 

Aspartic acid 
MP: 84.8 ± 3.3 (8) 

LP: 82.5 ± 6.7 (8), N/S 

Cysteine 
MP: 87.0 ± 4.3 (8) 

LP: 87.5 ± 3.7 (8), N/S 

Glycine 
MP: 90.2 ± 1.4 (8)  

LP: 91.0 ± 1.9 (8), N/S 

Glutamic acid 
MP: 90.6 ± 1.4 (8) 

LP: 93.6 ± 1.2 (8), N/S 

Proline 
MP: 101.8 ± 13 (8) 

LP: 103.0 ± 22.4 (8), N/S 

Serine 
MP: 88.8 ± 2.1 (8) 

LP: 90.6 ± 1.6 (8), N/S 

Tyrosine 
MP: 86.5 ± 3.3 (8)  

LP: 86.1 ± 4.0 (8), N/S 
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Villard 1986; 

rat 

(Norwegian 

Hooded – 

experiment 1 

& Sprague-

Dawley – 

experiment 2); 

non-rand exp 

[379] 

Purified diet: (g/kg): 

sucrose 706, casein ‘low 

in vitamins’ (British Drug 

Houses, Poole, Dorset) 

210, Briggs salt mixture 

50, arachis oil 30, choline 

chloride 2, cystine 1.5, 

calcium pantothenate 

0.02, thiamin 

hydrochloride 0.004, 

riboflavin 0.015, 

pyridoxine hydrochloride 

0.009, nicotinamide 

0.025, biotin 0.001, folic 

acid 0.001, 

cyanocobalamin 5 x 10-5, 

alpha-tocopherol 0.16, 

menadione 0.009, 

vitamin D2 7.5 x 10-6 with 

addition of retinyl acetate 

to yield 1.55 mg 

retinol/kg diet. 

N/S 
NP, GD7, 

GD20 (22 d) 

Digestive 

enzyme 

activity/ 

expression 

Carotene dioxygenase 

activity, SI mucosa (μmol 

retinal + retinol 

formed·mg-1 protein·min-1 

x 10-7) – experiment 1 

NP: 5.4 ± 0.8 (7) 

GD7: 4.3 ± 0.4 (4), N/S 

GD20: 4.9 ± 1.0 (11), N/S 

Carotene dioxygenase 

activity, SI mucosa (μmol 

retinal + retinol 

formed·mg-1 protein·min-1 

x 10-7) – experiment 2 

NP: 2.4 ± 0.3 (7) 

GD7: 2.4 ± 0.6 (4), N/S 

GD20: 2.8 ± 0.6 (10), N/S 
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West 2018; 

rat (Sprague-

Dawley); non-

rand exp [363] 

Harlan Teklad LM-485 

Mouse/Rat Diet (0.3% 

Na, 0.8% K) 

Ad lib. 

NP,  

GD19-21  

(22 d) 

Nutrient 

transporter 

gene 

expression, 

Nutrient 

transporter 

protein 

expression 

Colon BK-α mRNA 

expression 

(% of virgin control) 

NP: 100 ± 24 (6) 

GD19-22: 85 ± 12 (6), nsd 

Distal colon BK-α protein 

abundance 

(% of virgin control) 

NP: 100 ± 24 (6) 

GD19-22: 85 ± 12 (6), P<0.05 

Whitehead 

1993; human; 

cross 

sectional [303] 

N/S 

Fasted >4 

h before 

study 

NP, 

8-10 weeks, 

16-24 

weeks,  

≥34 weeks 

(280 d) 

Gastric 

emptying/SI 

motility 

Maximum concentration 

of paracetamol after 1.5 g 

oral paracetamol (mg·L-1)  

NP: median 20.8, range 8.8-64.5 (32) 

8-10 weeks: median 21., range 3.4-39.6 (18), nsd 

16-24 weeks: median 25.7, range 16.5-33.1 (10), nsd 

>34 weeks: median 21.0, range 4.1-37.2 (36), nsd 

Time of maximum 

concentration of 

paracetamol (min) 

NP: median 40, range 10-120 (32) 

8-10 weeks: median 45, range 10-120 (18), nsd 

16-24 weeks: median 30, range 10-60 (10), nsd 

>34 weeks: median 40, range 10-120 (36), nsd 

Paracetamol absorption, 

AUC0-120 min (mg·L-1·h-1) 

NP: median 13.5, range 5.5-28.8 (32) 

8-10 weeks: median 14.2, range 1.4-27.2 (18), nsd 

16-24 weeks: median 13.6, range 11.3-14.8 (10), nsd 

>34 weeks: median 12.6, range 2.4-20.3 (36), nsd 
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Wróbel 1980; 

rat (Wistar); 

non-rand exp 

[272] 

Standard LSM diet, 0.3% 

Ca 
N/S 

NP, GD7, 

GD14, GD21 

(22 d) 

Direct 

measure of 

nutrient 

uptake – ex 

vivo 

Duodenal active calcium 

transport at 0900h  

(nmol·90 min-1) 

NP: 100 ± 86 (4-6) 

GD7: 115 ± 86 (4-6), N/S 

GD14: 260 ± 70 (4-6), N/S 

GD21: 350 ± 122 (4-6), N/S 

Proximal jejunum active 

calcium transport at 

0900h  

(segments 2-4,  

nmol·90 min-1) 

Segment 2 (most 

proximal): 

NP: 10 ± 25 (4-6) 

GD7: 80 ± 70 (4-6), N/S 

GD14: 250 ± 200 (4-6), N/S 

GD21: 300 ± 86 (4-6), N/S 

Segment 3: 

NP: 2 ± 25 (4-6) 

GD7: 35 ± 25 (4-6), N/S 

GD14: 100 ± 60 (4-6), N/S 

GD21: 200 ± 122 (4-6), N/S 

Segment 4: 

NP: 0 ± 0 (4-6) 

GD7: 2 ± 5 (4-6), N/S 

GD14: 25 ± 25 (4-6), N/S 

GD21: 75 ± 86 (4-6), N/S 

Duodenal active calcium 

transport at 2100h  

(segment 1, nmol·90 min-

1) 

NP: 345 ± 86 (4-6) 

GD7: 300 ± 61 (4-6), N/S 

GD14: 290 ± 122 (4-6), N/S 

GD21: 320 ± 145 (4-6), N/S 

Proximal jejunum active 

calcium transport at 

2100h  

(segments 2-4,  

nmol·90 min-1) 

Segment 2 (most 

proximal): 

NP: 220 ± 86 (4-6) 

GD7: 190 ± 86 (4-6), N/S 

GD14: 280 ± 200 (4-6), N/S 

GD21: 340 ± 200 (4-6), N/S 

Segment 3: 

NP: 75 ± 25 (4-6), N/S 

GD7: 60 ± 40 (4-6), N/S 

GD14: 120 ± 70 (4-6), N/S 
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GD21: 200 ± 86 (4-6), N/S 

Segment 4: 

NP: 50 ± 40 (4-6) 

GD7: 30 ± 25 (4-6), N/S 

GD14: 35 ± 25 (4-6), N/S 

GD21: 100 ± 70 (4-6), N/S 

Younoszai 

1976; rat 

(Holtzman 

Albino); non-

rand exp [329] 

Commercial stock diet; 

Wayne Lab Blox (Allied 

Mills, Libertyvllle, Illinois) 

N/S 
NP, GD22 

(22 d) 

Whole SI 

anatomy, 

Digestive 

enzyme 

activity/ 

expression 

SI weight (g) 
NP: 6.3 ± 1.4 (8) 

GD22: 7.1 ± 0.6 (9), nsd 

SI length (cm) 
NP: 114 ± 14 (8) 

GD22: 123 ± 3 (9), P<0.005 

Lactase specific activity, 

SI mucosa (μmol 

disaccharide 

hydrolysed·min-1·g 

protein-1) 

NP: 4.1 ± 0.8 (8) 

GD22: 6.1 ± 1.2 (9), P<0.05 

Sucrase specific activity, 

SI mucosa (μmol 

disaccharide 

hydrolysed·min-1·g 

protein-1) 

NP: 23 ± 4 (8) 

GD22: 29 ± 9 (9), nsd 

Maltase specific activity, 

SI mucosa (μmol 

disaccharide 

hydrolysed·min-1·g 

protein-1) 

NP: 109 ± 50 (8) 

GD22: 131 ± 30 (9), nsd 
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Zherebak 

2018; rat 

(White 

nonlinear); 

non-rand exp 

[294] 

Laboratory chow 

Ad lib then 

test 12h  

after last 

meal 

NP, GD3, 

GD4, GD5, 

GD7 (22 d) 

Gastric 

emptying/SI 

motility 

Spontaneous gastric 

motility (index of gastric 

motility) 

NP: 146.9 ± 25.9 (10) 

GD3: 110.4 ± 11.7 (10), P<0.01 

GD4: 108.1 ± 14.9 (10), P<0.01 

GD5: 102.2 ± 10.4 (10), P<0.01 

GD7: 103.8 ± 10.8 (10), P<0.01 

Zhu 1998; rat 

(Holtzman 

Sprague-

Dawley); non-

rand exp [365] 

Rat lab diet: 1% Ca, 

0.74% P, no. 5012 (PMI 

Feeds, Inc., St. Louis, 

MO) 

N/S 

NP, GD7, 

GD14, GD21 

(22 d) 

Nutrient 

transporter 

gene 

expression 

Duodenal Calbindin-D9K 

mRNA  

(AU, relative to beta-actin, 

ratio to NP) 

NP: 1.0 (4) 

GD7: 1.1 ± 0.4 (4), nsd 

GD14: 1.7 ± 0.5 (4), nsd 

GD21: 2.3 ± 0.7 (4), P<0.01 

Duodenal PMCA1 mRNA 

(AU, relative to beta-actin, 

ratio to NP) 

NP: 1.0 (4) 

GD7: 1.1 ± 0.8 (4), nsd 

GD14: 1.7 ± 1.0 (4), nsd 

GD21: 2.4 ± 1.2 (4), P<0.05 

Ad lib, ad libitum; Asbt, sodium/bile cotransporter (encoded by Slc10a2); Atp1a3, ATPase Na+/K+ Transporting Family Member alpha 3 (Na,K-
ATPase subunit); Atp1b4, ATPase Na+/K+ Transporting Family Member Beta 4(Na,K-ATPase subunit); AU, arbitrary units; AUC, area under the 
curve; BK-α, big potassium channel; CaBP, calcium binding protein; CCK, cholecystokinin; Cldn2, claudin 2; Cldn9, claudin 9; CRBP, cellular 
retinol binding protein; Dcytb, duodenal cytochrome b (ferrireductase); DMT1, divalent metal transporter 1 (brush border iron transporter); EP, 
early pregnant; FITC, Fluorescein isothiocyanate; FPN, Ferroportin, encoded by Ireg1/Slc401; GAPDH, glyceraldehyde-3-phosphate 
dehydrogenase; GD, gestational day; GIP, glucose-dependent insulinotropic polypeptide; Hp, hephaestin (iron oxidase); HPRT, hypoxanthine 
phosphoribosyltransferase 1; IF, intrinsic factor; IF-Cbl, intrinsic factor-cobalamin; IQR, inter-quartile range; IRE, iron responsive element; Ireg, 
iron regulated transporter 1 (encodes FPN), now known as Slc40a1; IU, international units; LP, late pregnant; MP, mid pregnant; non-rand exp, 
non-randomised experimental; NP, non-pregnant; N/S, not stated; nsd, no significant difference; OGTT, oral glucose tolerance test; PMCA1b, 
plasma membrane calcium ATPase; ppm, parts per million; prosp cohort, prospective cohort; rand double-blinded, randomised double-blinded; 
rand exp, randomised experimental; RFU, relative fluorescence units; RT-PCR, real time polymerase chain reaction; S100g, gene encoding 
calbindin-9k; SI, small intestine; Slc2a5, solute carrier family 2 member 5 (encodes GLUT5);  Slc5a1, solute carrier family 5 member 1 (encodes 
SGLT1); Slc13a1, solute carrier family 13 member 1 (apical Na+-sulphate cotransporter; Slc26a1, solute family 26 member 1 (sulphate/anion 
transporter); Slc26a2, solute carrier family 26 member 2 (diastrophic dysplasia sulphate transporter); Slc26a3, solute carrier family 26 member 3 
(chloride-bicarbonate exchange transporter);  Slc26a6, solute carrier family 26 member 6 (anion transporter); Slc26a11, solute carrier family 26 
member 11 (Na-independent sulphate transporter); Tri, trimester;  Trmp6, transient receptor potential cation channel, subfamily M, member 6 
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(magnesium channel subunit); Trmp7, transient receptor potential cation channel, subfamily M, member 7 (magnesium channel subunit); Trpv6, 
transient receptor potential cation channel subfamily V member 6 (calcium channel); ZnT1, zinc transporter 1; ZnT2, zinc transporter 2; ZnT4, 
zinc transporter 4; ZO1, also known as Tjp1, tight junction protein 1 
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4. CHAPTER 4: ACTIVE GLUCOSE TRANSPORT VARIES 

BY SMALL INTESTINAL REGION AND OESTROUS 

CYCLE STAGE IN C57BL/6 MICE  

4.1. Overview 

Sections 4.3-4.7 are taken directly from a scoping review protocol of which I am first author, 

and which has been published (Appendix 2, [430]). The content of these sections is 

unchanged as per University of Adelaide guidelines. Chapter 4 describes a series of 

experiments I performed to optimise and validate existing Ussing chamber methodology to 

characterise the region-specific contribution of SGLT1 to facilitated glucose transport by the 

small intestine. Once optimised, I then applied this methodology to characterise SGLT1-

dependent glucose transport across the jejunum at each stage of the oestrous cycle in mice.  

As part of the optimisation and validation experiments described in this chapter, I performed 

all Ussing chamber experiments. This included tissue collection and data acquisition, 

validating the efficacy of the SGLT1-antagonist phlorizin and the use of dimethyl sulfoxide 

(DMSO) as a solvent for phlorizin. I also performed all Ussing chamber experiments in the 

oestrous cycle study. I was also involved in the analysis of the data generated, preparation of 

all figures and drafting of the manuscript. The data described in Chapter 4 has been published 

as a manuscript, of which I am first author (Appendix 2. [430]).   
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4.2. Statement of authorship - Active glucose transport varies by 

small intestinal region and oestrous cycle stage in C57BL/6 mice 
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4.3. Abstract 

Food intake changes across the ovarian cycle in rodents and humans, with a nadir during the 

pre-ovulatory phase and a peak during the luteal phase. However, it is unknown whether the 

rate of intestinal glucose absorption also changes. We therefore mounted small intestinal 

sections from C57BL/6 female mice (8–9-week-old) in Ussing chambers and measured active 

ex vivo glucose transport via the change in short-circuit current (∆Isc) induced by glucose. 

Tissue viability was confirmed by a positive ∆Isc response to 100 µM carbachol following each 

experiment. Active glucose transport, assessed after addition of 5, 10, 25 or 45 mM D-glucose 

to the mucosal chamber, was highest at 45 mM glucose in the distal jejunum compared to 

duodenum and ileum (P < 0.01). Incubation with the sodium glucose-cotransporter 1 (SGLT1)-

inhibitor phlorizin reduced active glucose transport in a dose-dependent manner in all regions 

(P < 0.01). Active glucose uptake induced by addition of 45 mM glucose to the mucosal 

chamber in the absence or presence of phlorizin were assessed in jejunum at each oestrous 

cycle stage (N = 9-10 mice per stage). Overall, active glucose uptake was lower at estrus 

compared to proestrus (P = 0.025). This study establishes an ex vivo method to measure 

region-specific glucose transport in the mouse small intestine. Our results provide the first 

direct evidence that SGLT1-mediated glucose transport in the jejunum changes across the 

ovarian cycle. The mechanisms underlying these adaptations in nutrient absorption remain to 

be elucidated.  
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published as: 
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varies by small intestinal region and oestrous cycle stage in mice. Exp Physiol. 2023 

Jun;108(6):865-873. doi: 10.1113/EP091040. Epub 2023 Apr 6. PMID: 37022128. 
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4.4. Introduction 

Digestion and absorption of nutrients occurs within the gastrointestinal tract, where complex 

organic molecules are progressively digested into smaller and simpler entities as they pass 

through the tract. Nutrient absorption begins in the duodenum and peaks in the jejunum [155]. 

The terminal ileum acts to brake intestinal motility in the presence of high nutrient 

concentrations to maximize nutrient uptake in the small intestine [158, 200]. The small 

intestine absorbs nutrients by passive and active transport, the latter via specific nutrient 

transporters [155, 158]. For example, active absorption of glucose is facilitated by sodium-

dependent co-transporter-1 (SGLT1), a high affinity, low-capacity transmembrane protein 

located at the brush border membrane of absorptive enterocytes along the upper third of small 

intestinal villi [158]. SGLT1 accounts for ~90% of small intestinal glucose absorption under 

normal circumstances [431].  

Food intake, appetite and the rate of gastric emptying change across the ovarian cycle in 

humans [432-434], rhesus monkeys [435] and rodents [436-438]. Indeed, energy intake is 

decreased by 10-20% in humans [432-434] and food intake is halved in rhesus monkeys in 

the follicular compared to the luteal phase of the menstrual cycle [435]. Feeding behaviors 

also change during the oestrous cycle in mice, with a nadir in the number of feeding bouts 

(10% lower) and amount of time spent eating per bout (30% lower) at proestrus compared to 

metestrus and diestrus [436]. These food intake behaviors are likely to be mediated, at least 

in part, by cyclic changes in circulating estrogen and progesterone concentrations. Whether 

nutrient absorption also changes during the ovarian cycle is less clear. Post-prandial blood 

glucose concentrations following a standardized meal are 15% lower during the follicular 

compared to the luteal phase in women [432], reflecting the combined effect of intestinal 

glucose uptake, hepatic first-pass extraction, insulin, and glucagon [439]. As glucose 

absorption is a major contributor to the increase in post-prandial glucose [439], higher post-

prandial glucose concentrations during the luteal phase supports the hypothesis that intestinal 

glucose absorption is more rapid during this period than the follicular phase. Nevertheless, 

there is no direct evidence for this, reflecting the difficulties in interrogating this mechanism. 

We therefore optimized Ussing chamber methodology to directly measure active glucose 

transport across the mouse small intestine. We then used this method to characterize oestrous 

cycle differences in total and SGLT1-mediated active glucose uptake in the mouse jejunum, 

the region of highest active glucose uptake. 
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4.5. Materials and Methods 

4.5.1. Ethics approval 

All experiments conformed to the principles of Grundy [440], the ARRIVE 2.0 guidelines [441] 

and were conducted in accordance with the Australian Code of Practice for the Care and Use 

of Animals for Scientific Purposes [442]. All experiments were approved by the South 

Australian Health and Medical Research Institute Animal Ethics Committee (SAHMRI AEC 

approval: SAM-21-049). The initial number of mice (N=14) per condition provided 80% power 

at α=0.05 to detect a 20% difference in short-circuit current responses to glucose, based on 

variation in pilot experiments. As outcome variation decreased with protocol optimization, 

fewer mice were required in latter experiments, as indicated below. 

4.5.2. Mice 

Adult C57BL/6JSAH female mice (8-10 weeks old) were sourced from SAHMRI Bioresources 

and housed in home cages in groups of 2-5 under a 12-hour light cycle (07:00-19:00) and 

constant temperature of 23⁰C with ad libitum access to water and a standard laboratory chow 

(Teklad standard diet, Envigo, Cambridgeshire, UK). For dose response and inhibitor (method 

optimization) studies, mice remained group-housed under breeding colony conditions until 

use. For oestrous cycle studies, mice were pair-housed in individually-ventilated cages with 

crinkle-nest and cotton nestlet bedding material and cardboard tubes as enrichment. After at 

least a week acclimatization, vaginal smears were collected and assessed daily for at least a 

further week to determine oestrous cycle stage. 

4.5.3. Tissue preparation and Ussing chamber conditions 

Mice were humanely killed via cervical dislocation, a laparotomy performed and viscera 

exposed to ice-cold Krebs-Ringers Bicarbonate (KRB) buffer (115 mM NaCl, 2.4 mM K2HPO4, 

0.4 mM KH2PO4, 25 µM NaHCO3, 1.2 mM MgCl2·6H2O, 1.2 mM CaCl2·2H2O) containing 5 mM 

D-glucose and gassed with carbogen (95% O2/5% CO2), as described previously [443]. Peak 

food consumption occurs early in the dark period in mice, with a secondary peak shortly before 

lights on [444]. To minimize potential circadian and food-induced variation in nutrient 

absorption, all mice had ad libitum access to food throughout the studies and were humanely 

killed for tissue collection ~1-4 h after lights on. This timing avoided the period of rapid 

upregulation of SGLT1 expression at the onset of the dark period or before feeding [445]. The 

small intestine was then excised, laid flat and measured unstretched, then divided into 

duodenum, jejunum, and ileum. The duodenal/jejunal transition zone was defined by the 

Ligament of Treitz, while the jejunal/ileal transition zone was identified by narrowing of the 

intestinal lumen, a reduction in smooth muscle thickness, a change in tissue translucency 

reflective of thinner smooth muscle and the presence of Peyer’s patches [155].   
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The duodenum, jejunum or ileum from each mouse was gently flushed with ice-cold KRB 

buffer to remove ingesta. Eight evenly spaced sections, ~1 cm in length, were opened 

longitudinally and collected across the duodenum, jejunum, or ileum; four sections from the 

proximal and four sections from the distal half of the segment were mounted for each mouse. 

Each section was placed between two sliders with an exposed aperture of 0.1 cm2 (P2303A, 

Physiologic Instruments, Reno, AZ, USA) and mounted into Ussing chambers. In all 

experiments, intestinal tissues were mounted in the first chamber between 8 and 19 minutes 

after the mouse was humanely killed (usually by 15 minutes) and tissue mounting was 

completed between 17 and 29 minutes. All water-jacketed chambers were maintained at 37⁰C, 

and tissues bathed in 5 ml KRB continuously gassed with carbogen. Tissues were voltage-

clamped to zero potential difference which was maintained throughout each experiment. Short 

circuit current (Isc) was monitored and recorded continuously (Acquire and Analyse 2.3, v2.3.4, 

Physiologic Instruments, Reno, NV, USA). All tissues were equilibrated for 20 minutes prior to 

D-glucose challenge. D-mannitol (25 mM) was added to the serosal chamber concurrent with 

D-glucose addition to the mucosal chamber to provide an osmotic balance. The absolute 

difference in short circuit current, expressed as ∆Isc (µA/cm2), was calculated as the difference 

between the maximum Isc reached during the four minutes following D-glucose challenge and 

the average Isc during the 2 minutes prior to the D-glucose challenge. Carbachol (100 µM), a 

chloride secretagogue, was added to both chambers 10 minutes after the D-glucose challenge 

to evoke a positive Isc flux as a marker of tissue viability [443]. 

Data from individual samples were excluded if any of the following occurred:  1) a negative Isc 

reading immediately prior to D-glucose challenge, 2) high baseline drift, defined as change in 

Isc of ± 20 μA/cm2 in the 2 minutes preceding the D-glucose challenge, 3) high baseline noise, 

defined as an average Isc point-to-point variation of ≥ 3 μA/cm2 in the 2 minute interval 

preceding the D-glucose challenge, and 4) poor tissue viability, defined as ∆Isc of ≤ 20μA/cm2 

in response to 100 µM carbachol. 

4.5.4. Study 1 - Region-specific glucose dose response 

Following equilibration, tissue segments from the proximal (four segments) and distal (four 

segments) half of each SI region were randomized and challenged with D-glucose in the 

mucosal chamber. A stimulus of 5, 10, 25 or 45 mM D-glucose was added to the basal glucose 

concentration of 5 mM, resulting in final D-glucose concentrations of 10, 15, 30 or 50 mM (N 

= 5-10 observations per concentration in each region, samples from a total of 50 mice). These 

D-glucose concentrations were selected based on SGLT1 saturation at ~50 mM D-glucose in 

rat jejunum [202], and our findings of short-circuit current reversal at higher D-glucose 

concentrations (100 mM and 250 mM; data not shown).     
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4.5.5. Study 2 - SGLT1 inhibition 

Dimethyl sulfoxide (DMSO) was utilized as a vehicle for the SGLT1 antagonist phlorizin and, 

therefore, we first assessed whether DMSO affected short-circuit current responses to 

D-glucose and carbachol. Small intestinal regions (duodenum, jejunum, ileum) from a total of 

25 mice were prepared as described previously and incubated for 20 minutes in 0, 0.5 or 1% 

vol/vol DMSO in KRB in the mucosal chamber, followed by a 45 mM D-glucose challenge.  

We next tested a range of phlorizin concentrations (0.1-1 mM) in jejunum to determine an 

appropriate concentration to attenuate SGLT1-mediated intestinal D-glucose transport in 

mice. The highest concentration tested (1 mM) was based on inhibition of glucose-evoked 

release of glucagon-like peptide-1 (≥ 90%) in human ileum [180]. Jejunal segments from a 

total of 13 mice were incubated for 20 minutes with DMSO (1% vol/vol) containing 0, 0.1, 0.3, 

0.5 or 1 mM phlorizin in the mucosal chamber, followed by a 45 mM D-glucose challenge.   

4.5.6. Study 3 - Oestrous cycle 

To determine any effect(s) of oestrous cycle stage on SGLT1-mediated jejunal glucose 

transport, the oestrous cycle was tracked in mice via daily vaginal smears [446] for at least a 

week. Mice were humanely killed by cervical dislocation at proestrus, diestrus, metestrus, and 

estrus stages (N = 9-10 per stage) and jejunum segments incubated for 20 minutes with 0, 

0.1, 0.3 or 1 mM phlorizin in DMSO vehicle (1% vol/vol) followed by a 45 mM D-glucose 

challenge.  

4.5.7. Statistical analysis 

Data were analyzed using the mixed models procedure of SPSS version 28 (IBM Corporation, 

Armonk, New York, USA), treating data from multiple sections from individual mice as 

repeated measures. Glucose dose-response data (Study 1) were analyzed for effects of region 

(proximal duodenum, distal duodenum, proximal jejunum, distal jejunum, proximal ileum, distal 

ileum), glucose concentration and interaction. DMSO response data (Study 2) were analyzed 

for effects of region (proximal duodenum, distal duodenum, proximal jejunum, distal jejunum, 

proximal ileum, distal ileum), DMSO concentration and interaction. Phlorizin response data 

(Study 2) were analyzed for effects of region (proximal or distal jejunum), phlorizin 

concentration and interaction. Oestrous cycle data (Study 3) were analyzed for effects of cycle 

stage, region (proximal or distal jejunum), phlorizin concentration and interactions. Negative 

short-circuit current responses in some experiments with inhibitors were corrected to a 

minimum response of 0.001. Data were log-transformed before analysis to reduce inequality 

of variance between groups. All data are presented as mean ± standard deviation and 

individual responses, and P < 0.05 is accepted as statistically significant.  
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4.6. Results 

4.6.1. Study 1 – Region-specific glucose dose response 

The length of the small intestine in glucose dose-response experiments averaged 31.9 ± 1.5 

cm. Short-circuit current responses to glucose differed between regions (P < 0.001) and 

glucose concentrations (P = 0.002), with the greatest responses seen in distal jejunum (Fig. 

4.1A and 4.1B). Responses to addition of 25 mM (P = 0.004) or 45 mM (P = 0.010) were 

greater than those generated by addition of 5 mM glucose (Fig. 4.1A and 4.1B). Short-circuit 

current responses to carbachol (Figures 4.1C and 4.1D) did not differ between regions (P = 

0.159), but were affected by preceding glucose dose (P = 0.034). Responses to carbachol 

were lower following a glucose challenge with 25 mM glucose than at 5 mM glucose (P = 

0.026) but did not differ between any other dose pairs (Fig. 4.1C and 4.1D). 

4.6.2. Study 2 – SGLT1 inhibition 

The length of the small intestine in experiments to evaluate effects of DMSO averaged 32.3 ± 

1.9 cm. Our initial experiments confirmed that short-circuit current responses to glucose (P = 

0.788) and carbachol (P = 0.966) were not altered by addition of DMSO to the incubation 

media (Fig. 4.2). Responses to glucose varied between regions (P < 0.001), and were again 

greater in the distal jejunum (Fig. 4.2A and 4.2B). Short-circuit current responses to carbachol 

(Fig. 4.2C and 4.2D) did not differ between regions (P = 0.056). Given the markedly greater 

glucose transport in jejunum, subsequent experiments were conducted in this region.  

The length of the small intestine in experiments to confirm inhibition of active glucose transport 

by phlorizin averaged 33.0 ± 1.0 cm. Addition of phlorizin to the incubation media attenuated 

short-circuit current responses to glucose (P < 0.001, Fig. 4.3A and 4.3B). Short-circuit current 

responses to glucose (P = 0.086), and effects of phlorizin (P = 0.055), were similar in proximal 

and distal jejunum. Short-circuit current responses to carbachol (Fig. 4.3C and 4.3D) were 

unaffected by phlorizin (P = 0.970) or region (P = 0.096).
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Figure 4.1 Glucose dose-response. Average (4.1A) and individual (4.1B) changes in short-circuit current (∆Isc) induced by a 5, 10, 25 or 45 mM 
D-glucose challenge were assessed in each small intestine region of 9-10 week old C57BL/6 female mice. Peak active glucose transport occurred 
in the presence of 50 mM D-glucose in the distal jejunum (A and B). Tissue viability assessed by short-circuit current responses to 100 µM 
carbachol did not differ by region, but were lower following challenge with 25 mM than 5 mM glucose (4.1C and 4.1D). Responses to glucose or 
carbachol were assessed by repeated measures mixed model for effects of region and glucose concentration (N = 7-15 mice/group). The change 
in short-circuit current differed between regions that do not share a common superscript (P < 0.05). 
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Figure 4.2 DMSO does not inhibit glucose or carbachol responses. Average (4.2A) and individual (4.2B) changes in short-circuit current (∆Isc) 
induced by 45 mM D-glucose in the presence of 0%, 0.5% or 1% DMSO were assessed in each small intestine region of 9-10 week old C57BL/6 
female mice. DMSO did not affect short-circuit current responses to glucose (4.2A and 4.2B) or carbachol (4.2C and 4.2D) challenge. Responses 
to glucose or carbachol were assessed by repeated measures mixed model for effects of region and DMSO concentration (N = 5-10 mice/group). 
The change in short-circuit current differed between regions that do not share a common superscript (P < 0.05). 
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Figure 4.3: Phlorizin inhibits active glucose uptake. Average (4.3A) and individual (4.3B) changes in short-circuit current (∆Isc) induced by 45 mM 
D-glucose in the presence of 0, 0.1, 0.3, 0.5 or 1 mM phlorizin were assessed in proximal and distal jejunum of 9-10 week old C57BL/6 female 
mice. Phlorizin inhibited short-circuit current responses to glucose in a dose-dependent manner (4.3A and 4.3B), but did not affect responses to 
carbachol (4.3C and 4.3D). Responses to glucose or carbachol were assessed by repeated measures mixed model for effects of region and 
phlorizin concentration (N = 5-11 mice/group). The change in short-circuit current differed between phlorizin concentrations that do not share a 
common superscript (P < 0.05). 

0

50

100

150

200

250
G

lu
c

o
s

e
-i

n
d

u
c

e
d
D

I s
c

(m
A

/c
m

2
)

0 0.1 0.3 0.5 1.0

0

50

100

150

200

250

Phlorizin (mM)

C
a
rb

a
c
h

o
l-

in
d

u
c
e
d
D

I s
c

(m
A

/c
m

2
)

Proximal

Distal

A B

C D

Proximal Jejunum

0 0.1 0.3 0.5 1.0

Distal Jejunum

0 0.1 0.3 0.5 1.0

a

a
ab

b c

PZ (mM)

Region



270 
 

4.6.3. Study 3 – Oestrous cycle 

The length of the small intestine did not differ between oestrous cycle stages (diestrus: 

31.1 ± 1.4 cm; proestrus: 31.7 ± 1.8 cm; estrus: 31.1 ± 1.8 cm; metestrus: 31.9 ± 1.6 cm; 

P = 0.579). Short-circuit current responses to glucose changed across the oestrous cycle 

(P = 0.030) and were higher at proestrus compared to estrus (P = 0.025) but did not differ 

between other stages (Fig. 4.4A and 4.4B). Responses to glucose were similar in the 

proximal and distal jejunum (P = 0.989) and were attenuated by phlorizin (P < 0.001) with 

the highest phlorizin concentration tested (1 mM) reducing short-circuit current responses 

to glucose by ~90% (Figures 4.4A and 4.4B).  All concentrations of phlorizin reduced 

responses to glucose relative to control (each P < 0.001).  

Short-circuit current responses to carbachol did not change across the oestrous cycle (P 

= 0.326), while the effect of phlorizin on response to carbachol differed between regions 

(interaction P = 0.006, Fig. 4.4C and 4.4D). Phlorizin affected the response to carbachol 

in proximal and distal jejunum (each P <0.001), with carbachol responses attenuated at 1 

mM phlorizin in both regions (Fig. 4.4C).  
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Figure 4.4: Active glucose uptake varies across the oestrous cycle in mice. Average (4.4A) and individual (4.4B) changes in short-circuit current 
(∆Isc) induced by 45 mM D-glucose in the presence of 0, 0.1, 0.3 or 1 mM phlorizin (PZ) were assessed in proximal and distal jejunum of 9-10 
week old C57BL/6 female mice at each oestrous cycle stage. Active glucose transport was lower at estrus than proestrus (P = 0.025, 4.4A and 
4.4B). Phlorizin inhibited short-circuit current responses to glucose (P < 0.001, A and B). Incubation with 1 mM phlorizin reduced short-circuit 
current responses to carbachol in the distal jejunum (4.4C and 4.4D). Responses to glucose or carbachol were assessed by repeated measures 
mixed model for effects of oestrous cycle stage, region and phlorizin concentration (N = 5-9 mice/group). Within each region, the change in short-
circuit current differed between phlorizin concentrations that do not share a common superscript (P < 0.05). 
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4.7. Discussion 

This study provides the first direct evidence that active glucose transport by the jejunum varies 

during the ovarian cycle. This adds support that to the hypothesis that differences in post-

prandial blood glucose during the human menstrual cycle [432] reflect changes in glucose 

uptake, at least in part. This validated ex vivo method enables future assessment of region-

specific changes in active glucose transport by mouse small intestine induced by physiological 

states, environmental challenges, and pharmacological agents.   

We observed peak short-circuit current responses to a stimulus of 45 mM glucose in mice, 

consistent with saturation of SGLT1-dependent glucose transport at 30-50 mM glucose in rat 

jejunum [202]. In Ussing chamber studies using human small intestine, active glucose 

transport was maximal at 35-65 mM luminal glucose [205, 206, 447, 448]. Regional luminal 

glucose concentrations measured in vivo via indwelling catheters ranged from 2-48 mM 

glucose, in rodents, rabbits and dogs fed standard laboratory diets [449], confirming that 

glucose concentrations used in Ussing experiments were physiological. Regional differences 

in active glucose transport across the small intestine were consistent between the present 

study and that of Smith and colleagues [450], using similar methodology in the same strain of 

mice. We observed peak active glucose transport in the distal jejunum, consistent with 

previous reports in mice [450] and rats [451]. Corresponding to this regional pattern of active 

glucose transport, SGLT1 gene and protein expression are higher in jejunum than ileum or 

duodenum in rat [452-454] and pig [455]. In contrast, SGLT1 gene expression was ~2.5 and 

~4-fold higher in the duodenum than jejunum and ileum, respectively in a single study in male 

BALB/c mice [456]. A limitation of our study is that we did not collect tissues to assess gene 

and tissue expression of SGLT1 after Ussing experiments. Nevertheless, our data on region-

specific active glucose transport, together with gene expression patterns in rats and humans, 

are consistent with the jejunum as the primary site of glucose uptake across mammalian 

species. Interestingly, we observed proximal-distal differences in active glucose transport 

within each SI region, suggesting gradients in function, rather than sharp changes at the 

boundaries between regions. 

Adding DMSO up to 1% to KRB buffers did not alter short-circuit current responses or tissue 

viability, reaffirming DMSO as a suitable vehicle for testing pharmacological compounds, such 

as phlorizin, in epithelial tissues such as the small intestine. In our subsequent experiments, 

1 mM phlorizin attenuated active glucose transport by 90-97% in mouse jejunum, consistent 

with the proportion of SGLT1-mediated active glucose transport reported in human ileum 

[180]. There is some evidence that the facilitative glucose transporter 2 (GLUT2) may 

translocate from a basolateral location to the brush border membrane to facilitate glucose and 

fructose absorption [208, 209]. However, this has been reported in limited settings – severely 
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insulin resistant non-diabetic mice fed a high-fat, low-carbohydrate diet for 12 months starting 

from weaning, and in morbidly obese human subjects [208-210]. Indeed, individuals with 

inactivating mutations in GLUT2 (Fanconi-Bickel syndrome) do not have defective intestinal 

glucose uptake [457]. Our data thus supports evidence that GLUT2 does not play a major role 

in glucose transport under normal circumstances. We did observe that short-circuit current 

responses to carbachol were lower in the presence of 1 mM phlorizin than at lower phlorizin 

concentrations in oestrous cycle experiments, suggesting that 1 mM phlorizin may 

compromise tissue viability. Addition of 0.3-0.5 mM phlorizin inhibited 73-83% of active 

glucose transport without loss of carbachol response. We therefore suggest using a maximum 

concentration of 0.5 mM phlorizin in mouse intestine.  

Active glucose transport across the jejunum in our study was lower at estrus compared to 

proestrus, while short-circuit current responses to carbachol did not differ with cycle stage. 

This finding supports the hypothesis that the rate of small intestinal glucose transport is higher 

during the luteal than follicular phase of the mammalian ovarian cycle. Interestingly, we only 

saw differences in glucose transport between the late follicular (proestrus) and early luteal 

(estrus) stages of the murine oestrous cycle. In cycling women, blood glucose concentrations 

after ingestion of a liquid test meal were lower during the mid-follicular phase compared to the 

luteal phase, around a week after ovulation [432]. The mechanisms underlying changes in 

active glucose transport during the ovarian cycle are unclear, but may include changes in food 

intake, gastric emptying and circulating hormones, or a combination of factors. The small 

intestine did not differ in length between cycle stages, concurrent with altered glucose 

transport.  Although individual food intake, body mass and hormone concentrations were not 

assessed in the present study, future investigation of these across the oestrous cycle may 

assist in identifying the underlying mechanisms. Further studies are also required to determine 

whether active glucose transport varies across the ovarian cycle during the dark period, when 

food intake and SGLT1 expression peak in mice [444, 445].  The lower active glucose 

transport observed at estrus in the current study corresponds to the timing of nadirs in meal 

size and duration reported previously in mice [436], rats [438] and humans [433]. Indeed, lower 

blood glucose concentrations after a test meal were shown to correspond to higher circulating 

estrogen during the follicular phase than luteal phase in cycling women [432]. In rats, small 

intestinal glucose uptake was increased following ovariectomy but normalized to that of sham-

operated controls following 2 weeks of 17β-estradiol and/or progesterone treatment at 

physiological or pharmacological doses [458]. Together, these data suggest a high plasticity 

of glucose transport, potentially driven by cyclic changes in circulating sex steroids, and 

corresponding to changes in food intake across the oestrous cycle in rats and mice. Whether 

glucose transport is perturbed in conditions of dysregulated ovarian cycles, such as polycystic 
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ovarian syndrome, or by endocrine-disrupting chemicals with estrogenic activity, is yet to be 

determined.  

In conclusion, our study provides the first direct evidence of changes in SGLT1-mediated 

glucose transport in the jejunum across the ovarian cycle. We next plan to use this validated 

method to investigate whether region-specific active glucose transport changes during 

sustained physiological states in which food intake and circulating hormones change, such as 

during pregnancy and lactation. 
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5. CHAPTER 5: DIFFERENTIAL CHANGES IN 

ANATOMICAL, MOLECULAR AND FUNCTIONAL 

DETERMINANTS OF INTESTINAL GLUCOSE 

ABSORPTION DURING MURINE PREGNANCY 

5.1. Overview 

Chapter 5 describes a series of experiments undertaken to characterise concurrent 

anatomical, molecular and functional adaptations of intestinal glucose absorption during 

pregnancy in mice. Within this chapter, data from two separate cohorts of mice are described. 

The first cohort was used to obtain tissue samples for histological analysis and qRT-PCR to 

characterise concurrent SI anatomical and molecular adaptations throughout pregnancy 

compared to age-matched non-pregnant controls. The second cohort was used to obtain 

tissue samples for Ussing chamber experiments to characterise the contribution of SGLT1 to 

active glucose transport across each SI region between age-matched non- and late-pregnant 

mice. For the studies described in this chapter, my contributions were as follows: I cut, stained, 

imaged, and took measurements from sections of jejunum and ileum tissues collected from 

the first cohort of mice. I was also involved in analysis of the histology and qRT-PCR data. As 

part of the Ussing chamber pregnancy study which utilised mice from the second cohort, I was 

involved in managing timed matings and tissue collection, performed all Ussing chamber 

experiments and data collection, was involved in data analysis and preparation of all figures, 

co-wrote and edited the final manuscript. The data described in Chapter 5 is unpublished.   
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5.2. Statement of authorship - Differential changes in anatomical, 

molecular and functional determinants of intestinal glucose 

absorption during murine pregnancy  

  



277 
 

 



278 
 

   



279 
 

5.3. Abstract 

Aim: Pregnancy demands increased food intake and nutrient delivery to support fetal growth 

and development. The timing of region-specific adaptations in small intestinal (SI) anatomy, 

nutrient transporter expression and their functional consequences on nutrient absorption, 

remain unclear. We therefore assessed differential changes in anatomical, molecular and 

functional determinants of SI glucose absorption during mouse pregnancy. 

Methods: Time-mated pregnant and age-matched non-pregnant diestrus female C57BL/6 

mice were humanely killed at gestational day (GD) 6.5, 12.5 or 17.5. Concurrent changes in 

duodenal, jejunal and ileal anatomy and macronutrient transporters expression were 

determined. Region-specific ex vivo active glucose transport was measured in a separate 

cohort of late- and non-pregnant mice. 

Results: The SI was 20% heavier and SI villi were 18% longer in late- than non-pregnant mice 

(all p < 0.001). Differences in carbohydrate (SLC5A1, SLC2A2, SLC2A5) and amino acid 

(SLC6A19) transporter expression between pregnancy stages were region-specific. 

Expression of fatty acid transporter FABP2 was 11-46% higher in non-pregnant mice than 

mice at any stage of pregnancy (p < 0.001). Active glucose transport was ~6-fold higher in 

distal jejunum and proximal ileum than in duodenum or distal ileum, but did not differ between 

non- and late-pregnant mice.  

Conclusion: Despite anatomical and molecular changes that would support an increase in SI 

capacity for nutrient absorption, active glucose transport per unit area was similar in non-

pregnant and late-pregnant mice. Increased nutrient demand during pregnancy may therefore 

be met largely through SI hypertrophy and surface area expansion, although contributions of 

other nutrient transport mechanisms require evaluation.  
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5.4. Introduction 

The small intestine (SI) is the primary site of nutrient uptake in rodents, as in humans, and is 

highly plastic, able to respond to changes in food intake and nutrient demand. The SI is 

comprised of 3 distinct regions; the duodenum, jejunum and ileum, each of which has unique 

anatomy, nutrient transporter expression and function [155, 158]. Nutrient uptake from the SI 

lumen occurs by passive and facilitated transport, and the contribution of each varies between 

nutrients. In facilitated transport, nutrient-specific transporters located at the apical and 

basolateral membranes of the absorptive cells (enterocytes) transport nutrients across the SI 

epithelium and into the maternal circulation [158]. Increased nutrient uptake capacity can thus 

be generated by overall expansion of the SI, increased villi length to increase the epithelial 

surface area and/or upregulation of nutrient transporters. 

Pregnancy demands adaptations in food intake and nutrient uptake to support growth of the 

fetus and placenta and maternal tissue gain, including increased adiposity, which acts as an 

energy store to support lactation [25]. To meet these demands, food intake increases during 

pregnancy by 10-15% in humans and 25-50% in rodents [59]. In concert, the SI undergoes 

anatomical, molecular and functional adaptations which increase its capacity for nutrient 

uptake and delivery [5].  In rats, increases of up to 20% have been reported in SI weight and 

length by late pregnancy [175, 234], although these increases are generally smaller than those 

seen during lactation, and not always significant [175, 178]. In rodents, there is some, although 

variable, evidence for microstructural changes including a ~1.5-fold increase in villi length and 

width, crypt depth and smooth muscle thickness at mid- and late-pregnancy [178, 218]. 

Transcript and protein expression of many micronutrient transporters, and intestinal uptake of 

calcium and iron each increase during pregnancy [5]. Pregnancy effects on macronutrient 

transporters, however, are less well described. Indeed, the reported changes in SI amino acid 

absorption during rodent pregnancy are variable, with  unchanged [252, 255], increased [459] 

and decreased [257] absorption all described. Transcript expression of glucose-galactose 

transporter sodium-glucose co-transporter 1 (Sglt1) and fructose transport, Glut5, increase 

50% and 80% respectively at late pregnancy in the duodenum of rats relative to non-pregnant 

controls [223]. It is, however, unknown whether this occurs in other SI regions, or at earlier 

pregnancy stages. Consistent with upregulation of carbohydrate transporters, glucose 

absorption per unit length of SI following intraluminal glucose perfusion (20-300 mM) of 

anaesthetised animals was 20-40% higher in pregnant rats at gestational day (GD) 12-15 than 

in non-pregnant rats [231]. Similarly, glucose absorption from ligated jejunal and ileal 

segments was 25% higher in anaesthetised hamsters at late-pregnancy compared to non-

pregnant controls [232]. Few studies have directly measured glucose absorption in conscious 

pregnant animals, but portal vein glucose concentrations following a standardized meal were 
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20% higher in late-pregnant than non-pregnant dogs [233], consistent with enhanced glucose 

absorption during pregnancy. Whether abundance or function of fatty acid transporters CD36 

and fatty acid binding protein 2 (FABP2), or the amino acid transporters SLC6A6 and 

SLC6A19, change during pregnancy have not been reported.  

Although the studies above provide evidence of anatomical and molecular adaptations in the 

SI at late pregnancy, the timing and regional changes, as well as the functional consequences, 

remain unclear. The current study, therefore, determined regional SI anatomy and expression 

of macronutrient transporters in non-, early-, mid- and late-pregnant mice. Changes in 

carbohydrate transporter expression represented the largest pregnancy change and, 

therefore, optimised Ussing chamber methods were used to compare active glucose transport 

in mice at late-pregnancy to that in non-pregnant mice in the functional experiments. 

5.5. Methods 

5.5.1. Ethics 

Experiments were approved by the Animal Ethics Committee of the South Australian Health 

and Medical Research Institute (SAHMRI, SAM395.12 & SAM-21-049). All studies were 

conducted in accordance with the Australian Code of Practice for the Care and Use of Animals 

for Scientific Purposes [442] and the ARRIVE guidelines [441].  

5.5.2. Study 1 – Animals 

Animal management was as previously described [53]. Briefly, eight-week-old C57BL/6JSah 

female mice sourced from SAHMRI Bioresources were individually housed in metabolic 

monitoring cages (Promethion Sable System, Las Vegas, NV) to acclimatise for 7 days under 

a 12-hour light cycle (0700-1900 h). Throughout the entire study, mice had access to standard 

laboratory chow (Teklad standard diet, Envigo, Cambridgeshire, UK) and water ad libitum. 

Mice were randomised to mating for pregnancy groups or not mated for age-matched non-

pregnant controls. Females for mating were housed in pairs with a C57BL/6JSah stud male 

for mating at 1700 h. All females were checked every morning at 0700 h for a copulatory plug 

which was indicative of successful mating and recorded as gestational day (GD) 0.5 of 

pregnancy. Following mating, plugged females were returned to metabolic cages and 

randomized to pregnancy-stage groups; early (GD6.5), mid (GD12.5) or late-stage pregnancy 

(GD17.5). Non-pregnant controls were transferred to metabolic cages on age-matched days. 

Pregnant (GD 6.5, 12.5 or 17.5) and age-matched non-pregnant females were anaesthetised 

with isoflurane (5% in oxygen) and humanely killed via exsanguination with terminal cardiac 

blood collection. 
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5.5.3. Study 1 - Small intestine histology 

A laparotomy was performed, the SI excised and total weight was recorded. Next, a single 

segment ~1 cm in length was resected from the middle of the duodenum (pyloric sphincter to 

ligament of Treitz), the jejunum (ligament of Treitz to the middle of SI mesenteric fan), and the 

ileum (aboral end of the mesenteric fan to the caecum). Tissue segments were flushed with 

PBS then fixed in 4% paraformaldehyde for 2 hours, prior to overnight cryo-protection in 30% 

sucrose in 0.1 M phosphate buffer; tissues were then mounted in optimal cutting temperature 

(OCT) compound (ProSciTech, Thuringowa, Qld, Australia) and snap frozen in liquid nitrogen. 

OCT-embedded intestinal segments were sectioned at 10 µm (Cryocut 1800; Leica 

Biosystems, Nussloch, Germany) and mounted on Superfrost Plus slides (Thermo Fisher, 

Waltham, MA, USA). Slides were stained with haematoxylin and eosin (adapted from [460])  

then imaged at high resolution (Nanozoomer; Hamamatsu, Hamamatsu City, Shizuoka 

Prefecture, Japan). Villous height, crypt depth and smooth muscle thickness were measured 

using NDP Viewer 2.0 software (Hamamatsu); all tissue measures were blinded to group. 

From each animal, up to 40 measurements of villous height, crypt depth and smooth muscle 

thickness were averaged for each small intestinal region. 

5.5.4. Study 1 – Gene expression 

Fresh SI mucosa was collected into an Eppendorf tube from a separate ~1 cm middle segment 

of the duodenum, jejunum and ileum from the same mice (Section 5.5.3) by gently scraping 

from the serosa with a sterile scalpel blade, snap-frozen in liquid nitrogen then stored at -80⁰C 

until use. Mucosal mRNA from each SI region was extracted using a PuraLink RNA Mini Kit 

(Invitrogen, 12183018A) according to manufacturer’s instructions and mRNA yield and quality 

were determined using a NanoDrop (NanoDrop Technologies, Wilmington, DE, USA). 

Quantitative real-time PCR (qRT-PCR) was conducted using TaqManTM or SYBR® green 

methods, depending on the pre-designed primers (Table 5.1), to determine the relative 

expression of carbohydrate (SLC5A1, SLC2A2, SLC2A5), amino acid (SLC15A1, SLC6A6, 

SLC6A19) and fatty acid (CD36, FABP2) transporter transcripts for each SI region and 

pregnancy stage according to the manufacturer’s instructions.
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Table 5.1 Information for gene targets assessed by qRT-PCR study  

Gene target Common name/Function NCBI accession no.   Protocol 

Slc5a1 Sodium-glucose co-transporter 1 (Sglt1) - primary apical glucose transporter Mm00451203_M1  Taqman 

Slc2a2 Glucose transporter 2 (Glut2) - basolateral bi-directional symporter for 

glucose/fructose 

Mm00446229_M1 Taqman 

Slc2a5 Glucose transporter 5 (Glut5) - apical fructose transporter Mm00600311_M1 Taqman 

Slc15a1 Peptide transporter 1 (Pept1) - apical peptide transporter (≥ 3 amino acids) Mm0451610_M1 Taqman 

Slc6a6 Sodium-chloride-dependent taurine transporter Mm00436909_M1 Taqman 

Slc6a19 Sodium-dependent neutral amino acid transporter Mm01352157_M1 Taqman 

CD36  Cluster of differentiation 36 – apical fatty acid transporter Mm00432403_M1 Taqman 

FABP2  Fatty acid binding protein 2 - intracellular fatty acid transporter Mm_Fabp2_1_SG SYBR 

green 
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5.5.4.1. Taqman assays 

TaqMan qRT-PCR was performed using EXPRESS One-Step Superscript RT-PCR kits 

(Invitrogen 11781-200, California, USA) and a 7500 PCR thermocycler instrument (Applied 

Biosystems 7500 Real-Time PCR System, Thermo Fisher Scientific). Relative transcript 

expression was calculated relative to the geometric mean transcript expression of 

housekeepers β2 microglobulin (B2M), peptidylprolyl isomerase A (PPIA) and 

hypoxanthine-guanine phosphoribosyl transferase (HPRT). Normfinder software 

(Department of Molecular Medicine, Aarhus University Hospital, Denmark) was used to 

choose these housekeepers with abundant SI expression that was stable across 

pregnancy [461]. The final normfinder values for combined B2M, PPIA and HPRT were 

0.005 in duodenum, 0.008 in jejunum and 0.002 in ileum.  

5.5.4.2. SYBR green assays 

SYBR green qRT-PCR was performed using QuantiTect SYBR Green RT-PCR kits 

(Qiagen, Hilden, Germany) and a QuantStudio 7 Flex Real-Time PCR System (Thermo 

Fisher Scientific). Relative transcript expression was calculated relative to the geometric 

mean transcript expression of the housekeepers B2M and HPRT. The final normfinder 

values for combined B2M and HPRT were 0.001 in duodenum-ileum and 0.002 in jejunum.  

For both methods, a DNase digestion step utilising an ezDNase kit (Invitrogen, SA, 

Australia) was included in the protocol to eliminate genomic DNA from total RNA. Each 

assay was performed in triplicate and included no-template controls. Each assay also 

included a no reverse transcriptase control for all SYBR green primers and the 

housekeeper PPIA. Negative controls were performed by substituting RNA template and 

reverse transcriptase for RNase-free water. Relative mRNA expression was quantified 

utilising the delta CT method as previously described [462]. 

5.5.5. Study 2 – Animals 

Female 8-10-week-old C57BL/6 mice and proven-fertile male C57BL/6 mice were sourced 

from Bioresources. All mice acclimatised for a minimum of 7 days under a 12-hour light 

cycle (0700-1900 h), were weighed daily and fed ad libitum as for Study 1. Following 

acclimatisation, mice were randomised to mating to generate pregnant animals (n=20) or 

not mated for age-matched non-pregnant controls (n=20). Females for mating were 

housed in pairs with a C57BL/6 stud male at 1700 h and checked for the presence of a 

copulatory plug at 0700 h each morning, which when present was recorded as gestational 

day 0.5 of pregnancy (GD0.5). Female mice were pair-housed in standard cages for the 

remainder of the study. As active glucose transport differs by oestrous cycle stage in mice 

[430], vaginal smears were assessed daily for at least a week to confirm diestrus stage in 
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non-pregnant mice [446] prior to Ussing experiments. Data from a single non-pregnant 

mouse and single pregnant mouse were excluded due to technical failure of the Ussing 

chamber platform, and three mated mice were excluded as they were either not pregnant 

or at the wrong day of pregnancy when humanely killed. 

5.5.6. Study 2 – Ex vivo active glucose transport 

Mice at late pregnancy (GD17.5) and non-pregnant diestrus females were humanely killed 

via cervical dislocation. The abdominal cavity was opened midline and the SI exposed to 

ice-cold Krebs-Ringer buffer (KRB) fortified with 5 mM glucose. The full length of the SI 

was then removed and two full-thickness segments (2 most proximal and 2 most distal), 

each ~1 cm long, from each SI region were collected from randomly chosen SI regions as 

previously described.[430] To reduce the risk of collecting overlapping tissues from the 

distal jejunum and proximal ileum, a 1 cm segment was removed from the distal jejunum 

and proximal ileum segments prior to collection of the tissues to be assessed from the 

respective regions. Tissue segments from the proximal and distal half of each collected 

region were mounted between two sliders with an exposed aperture of 0.1 cm2 (P2303A, 

Physiologic Instruments, Reno, AZ, USA) and inserted into Ussing chambers (P2300, 

Physiologic Instruments, Reno, AZ, USA). Following mounting, all tissues were short-

circuited and voltage-clamped to 0 potential difference, after which all tissues were kept 

under continuous voltage-clamp from time of mounting until the end of each experiment. 

Acquire and Analyze 2.3 software (Version 2.3.4, Physiologic Instruments, Reno, AZ, 

USA) was used to obtain measurements of short-circuit current (Isc) for all tissues at 5-

second intervals from the start of the equilibration period until the end of each experiment. 

Tissues from each chosen region were randomised to pre-incubation in the absence or 

presence of the SGLT-1 inhibitor phlorizin (0.3 mM) for 20 minutes, followed by luminal 

exposure to a 45 mM glucose challenge. At the end of each experiment, tissue viability 

was assessed via a luminal sided 0.1 µM carbachol challenge. Only data from viable 

tissues which met quality control criteria was included in analysis as previously 

described.[430]  

5.5.7. Statistics 

SI weight, body weight and litter size were compared between pregnancy stages by one-

way ANOVA. Effects of pregnancy stage (non, early, mid, late), SI region (duodenum, 

jejunum, ileum) and interactions on SI morphology and nutrient transporter gene 

expression were analysed using mixed models, treating data from multiple regions from 

individual mice as repeated measures. Where interactions were present, effects of 

pregnancy stage were assessed separately within each region by one-way ANOVA. 

Bonferroni post-hoc tests were used to compare SI regions and pregnancy stages where 
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a significant overall effect was identified. Active glucose transport data was log-

transformed for analysis, and analysed by mixed models for effects of pregnancy (non or 

late-pregnant), SI region (proximal duodenum, distal duodenum, proximal jejunum, distal 

jejunum, proximal ileum, distal ileum), phlorizin concentration (0, 0.3 mM) and all 

interactions. All statistical analyses were performed in SPSS version 28 (IBM Corporation, 

Armonk, New York, USA). Statistical significance was accepted when p ≤ 0.05 and all data 

are presented as mean ± standard deviation (SD). 

5.6. Results 

5.6.1. Study 1 - mouse and SI characteristics 

Mice did not differ in initial body weight between groups, but by mid-pregnancy were 24-

25% heavier than non-pregnant or early-pregnant mice, while late-pregnant mice were 

57% heavier than non-pregnant mice (Table 5.2). Litter size was similar in all pregnant 

groups (Table 5.2). SI wet weight was similar in non-pregnant and early-pregnant mice, 

but 20% heavier in mid- and late-pregnant mice compared to non-pregnant controls (each 

p < 0.001, Table 5.2).  

5.6.2. Study 1 - SI morphology  

The length of villi (Fig. 5.1A) differed between pregnancy stage (p < 0.001) and between 

SI regions (p < 0.001), with similar effects of pregnancy in each region. Overall, villi were 

18% longer in late-pregnant mice (p < 0.001) but similar in early- (p > 0.1) and mid-

pregnant (p = 0.083) mice, compared to non-pregnant mice. Villi were longer in the 

duodenum than jejunum (21% difference, p < 0.001) or ileum (96% difference, p < 0.001) 

and 62% longer in jejunum than ileum (p < 0.001). Crypt depth (Fig. 5.1B) also differed 

between regions (p < 0.001) but not between pregnancy stages (pregnancy p = 0.095; 

pregnancy*region p > 0.5). Crypt depth was similar in the duodenum and jejunum, but 

crypts were 23% deeper in ileum than duodenum or jejunum (each p < 0.001). The 

thickness of the smooth muscle layer (Fig. 5.1C) differed between regions (p < 0.001) but 

not between pregnancy stages (pregnancy p > 0.2; pregnancy*region p > 0.4). The smooth 

muscle layer was thinnest in the jejunum, intermediate in duodenum and thickest in the 

ileum (p < 0.05 for each comparison). 
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Table 5.2 Study 1 mouse characteristics 

 Non-pregnant Early-pregnancy Mid-pregnancy Late-pregnancy Significance (p) 

No. of mice 11 10 10 11  

Gestational age N/A GD6.5 GD12.5 GD17.5  

Litter size 0 9.2 ± 0.6  8.6 ± 1.2  7.4 ± 2.7 Nsd 

Initial body weight1 (g) 21.2 ± 0.7 20.7 ± 0.9 20.9 ± 0.9 20.9 ± 1.4 Nsd 

Final body weight2 (g) 22.1 ± 1.1a 22.4 ± 1.1a 27.7 ± 1.8b 34.8 ± 3.5c < 0.001 

SI weight (g) 1.29 ± 0.15a 1.38 ± 0.08a 1.55 ± 0.08b 1.55 ± 0.10b < 0.001 

1Initial body weight was the average of body weight measures in metabolic cages during the last 48 h of acclimatisation. 2Final body weight was 
the average of body weight measures in metabolic cages during the 24 h before humane killing. Maternal data, litter size and SI weight were 
analysed by one-way ANOVA, and Bonferroni comparison used to compare specific pregnancy stages. Data are presented as mean ± SD. 
Pregnancy stages that do not share a common superscript are different (a, b, c p < 0.05). GD, gestational day; Nsd, no significant difference.
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Figure 5.1 Small intestinal (SI) morphology changes with pregnancy and differs between 
regions. Effects of pregnancy stage and SI region on (A) villi length, (B) crypt depth and 
(C) smooth muscle thickness in C57BL/6 mice were analysed using mixed models, treating 
data from multiple regions from individual mice as repeated measures. Bars indicate 
mean ± SD, with data for individual animals shown by symbols. N = 6-12 mice per 
pregnancy stage. Overall differences (p < 0.05) between SI regions are indicated by 
superscripts (a, b, c). 
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5.6.3. Study 1 - Nutrient transporter gene expression 

5.6.3.1. Carbohydrate transporters 

Effects of pregnancy stage on relative expression of SLC2A5 (Glut5), SLC2A2 (Glut2) and 

SLC5A1 (Sglt1) differed between SI regions (Fig. 5.2A-2C, pregnancy*region interactions 

each p < 0.05). SLC2A5 expression (Fig. 5.2A) differed by pregnancy stage in the 

duodenum (p < 0.05) and jejunum (p < 0.01) but not ileum (p = 0.07). Despite an overall 

effect of pregnancy stage, duodenal SLC2A5 expression did not differ between pregnancy 

stages in pair-wise comparisons. In the jejunum, SLC2A5 expression was 1.7-fold higher 

in mid-pregnant compared to non-pregnant or late-pregnant groups (Figure 5.2A, each p 

= 0.012). SLC2A2 expression (Fig. 5.2B) differed by pregnancy stage in the ileum (p < 

0.05) but not duodenum or jejunum (each p > 0.1). In the ileum, SLC2A2 expression was 

2.8-fold higher in late-pregnant compared to non-pregnant mice (Figure 5.2B, p < 0.05) 

but did not differ between other stages in pair-wise comparisons. SLC5A1 expression (Fig. 

5.2C) differed by pregnancy stage in the duodenum (p < 0.05) and ileum (p < 0.01) but not 

jejunum. Despite an overall effect of pregnancy stage, duodenal SLC5A1 expression did 

not differ between pregnancy stages in pair-wise comparisons. In the ileum, SLC5A1 

expression was 1.7-fold higher in late-pregnant compared to non-pregnant (1.6-fold, p < 

0.05) or mid-pregnant (1.5-fold, p < 0.05) mice (Fig. 5.2C). 
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Figure 5.2 Changes in relative transcript expression of carbohydrate transporters 
SLC2A5, SLC2A2 and SLC5A1 in SI regions across pregnancy compared to non-pregnant 
controls, normalised to the housekeeper genes B2M, PPIA and HPRT. Transcript 
expression data was analysed via mixed model, treating data from multiple regions from 
individual mice as repeated measures. Where interactions were present, effects of 
pregnancy stage were assessed separately within each SI region, and effects of region 
were assessed separately within each pregnancy stage, by one-way ANOVA. Bars 
indicate mean ± SD, with data for individual animals shown by symbols. N = 7-8 mice per 
pregnancy stage. Differences (p < 0.05) between SI regions within each pregnancy stage 
are indicated by superscripts (a, b, c). Differences (p < 0.05) between pregnancy stages 
within each SI region are indicated by superscripts (x, y, z). 
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5.6.3.2. Amino acid transporters 

Relative expression of the neutral amino acid transporter SLC6A19 (Fig. 5.3A) differed by 

SI region (p < 0.001) and pregnancy stage (p < 0.01), and effects of pregnancy stage did 

not differ between regions (interaction p > 0.1). SLC6A19 expression was 1.6-fold higher 

in mid-pregnant than late-pregnant mice (p < 0.01), while expression in non- and early-

pregnant mice did not differ between other stages (Figure 5.3A). SLC6A19 expression was 

1.7- and 1.4-fold higher in jejunum than duodenum or ileum, respectively (each p < 0.001). 

Relative expression of the taurine and β-alanine transporter SLC6A6 (Fig. 5.3B) differed 

by SI region (p < 0.001) but not by pregnancy stage (p = 0.07), and effects of pregnancy 

stage did not differ between regions (interaction p > 0.1). SLC6A6 expression was 1.4-fold 

higher in jejunum than duodenum (p < 0.001).  SLC6A6 expression in ileum was 

intermediate and different from both jejunum (p < 0.01) and duodenum (p < 0.05). Relative 

expression of peptide transporter 1 (SLC15A1, Fig. 5.3C), widely known as Pept1 (di- and 

tri-peptide transporter), differed by SI region (p <0.01) but not by pregnancy stage (p > 

0.2). SLC15A1 expression was 1.9-fold lower in jejunum compared to duodenum or ileum 

(both p < 0.05).  

5.6.3.3. Fatty acid transporters 

Effects of pregnancy stage on relative expression of fatty acid transporters CD36 and 

FABP2 did not differ between regions. Relative expression of CD36 (Fig. 5.4A) differed by 

SI region (p < 0.001) but not by pregnancy stage (p > 0.5). CD36 expression was 3.1- and 

1.8-fold higher in jejunum than ileum or duodenum, respectively (each p < 0.001), and was 

1.7-fold higher in duodenum than ileum (p < 0.01). Relative expression of FABP2 

(Fig.5.4B) differed by pregnancy stage and region (each p < 0.001), and effects of 

pregnancy stage did not differ between regions (interaction p > 0.1). FABP2 expression 

was 1.2- to 1.4-fold higher in non-pregnant mice compared to pregnant mice at each stage 

of pregnancy (p < 0.05) and did not differ between early-, mid- or late-pregnant groups. 

FABP2 expression was 2.4-fold higher in ileum than duodenum, 1.7-fold higher in ileum 

than jejunum, and 1.4-fold higher in jejunum than duodenum (each p < 0.001).  
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Figure 5.3 Changes in relative transcript expression of amino acid transporters SLC6A16, 
SLC6A6 and SLC15A1 in SI regions across pregnancy compared to non-pregnant 
controls, normalised to the housekeeper genes B2M, PPIA and HPRT. Transcript 
expression data was analysed via mixed model, treating data from multiple regions from 
individual mice as repeated measures. Bars indicate mean ± SD, with data for individual 
animals shown by symbols. N = 7-8 mice per pregnancy stage. Overall differences (p < 
0.05) between SI regions are indicated by superscripts (a, b, c). 
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Figure 5.4 Changes in relative transcript expression of fatty acid transporters CD36 and 
FABP2 in SI regions across pregnancy compared to non-pregnant controls, normalised to 
the housekeeper genes B2M, PPIA and HPRT for CD36 and B2M and HPRT for FABP2. 
Transcript expression data was analysed via mixed model, treating data from multiple 
regions from individual mice as repeated measures. Bars indicate mean ± SD, with data 
for individual animals shown by symbols. N = 7-8 mice per pregnancy stage. Overall 
differences (p < 0.05) between SI regions are indicated by superscripts (a, b, c).  
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5.6.4. Study 2 – mouse characteristics and SI gross morphology 

Mice did not differ in initial body weight between groups, while final weights of late-

pregnant mice were >50% heavier than non-pregnant mice (p < 0.001, Table 5.3). The 

total SI, duodenum and ileum were each 4-5% longer in late-pregnant than non-pregnant 

mice (each p < 0.05), while jejunum lengths did not differ between these groups (Table 

5.3). 

5.6.5. Study 2 - Active glucose transport 

Active glucose transport (Fig. 5.5A and 5.5B) did not differ between non-pregnant and late-

pregnant mice (p > 0.4), while effects of the SGLT1 inhibitor phlorizin and SI region were 

interdependent (interaction: p < 0.001). In tissues incubated without phlorizin, glucose-

induced ΔIsc differed between SI regions (p < 0.001), and was 2.7- to 7.0-fold higher in all 

other regions compared to the proximal duodenum (all p < 0.01). Glucose-induced ΔIsc in 

the absence of phlorizin were ~2.5-fold higher in distal jejunum and proximal ileum than 

distal duodenum and distal ileum (all p < 0.002), while responses in proximal jejunum were 

intermediate and not different from any other region except proximal duodenum. Phlorizin 

inhibited glucose-induced ΔIsc by between 70 and 99% in all regions (each p < 0.01). In 

the presence of phlorizin, glucose responses SI regions (p < 0.001), being > 5-fold lower 

in distal ileum than all other regions except proximal duodenum (all p ≤ 0.031). Carbachol-

induced ΔIsc (Fig. 5.5C and 5.5D) were ~17% lower in late-pregnant than non-pregnant 

mice (p < 0.05), and differed between regions (p < 0.001) but were unaffected by phlorizin 

(p = 0.084), with no interactions between factors. Carbachol-induced ΔIsc were ~1.4-fold 

greater in distal jejunum, proximal ileum and distal ileum than in either duodenal region 

(each p < 0.05), and intermediate in proximal jejunum. 
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Table 5.3 Study 2 mouse characteristics 

 Non-pregnancy Late-pregnancy Significance 
(p)  

 

No. of mice 19 16   

Gestational age - GD17.5 NS  

Litter size 0 7.4 ± 1.9  NS  

Initial body weight1 (g) 20.1 ± 1.9 20.0 ± 1.8 NS  

Final body weight2 (g)     21.1 ± 1.6 32.0 ± 5.1 < 0.001  

SI lengths (cm)     

     Total 31.9 ± 1.7 33.3 ± 1.8 < 0.05  

     Duodenum 7.7 ± 0.5 8.1 ± 0.5 < 0.05  

     Jejunum 9.5 ± 0.6 9.9 ± 0.8 NS  

     Ileum 14.7 ± 0.9 15.3 ± 0.7 < 0.05   

1Initial body weight was the body weight recorded at the start of the 7-day acclimatisation period. 2Final body weight was the body weight recorded 
on the morning of experiments directly prior to humane killing. Data were compared between non-pregnant and pregnant groups by 1-way ANOVA 
and are presented as mean ± SD. GD, gestational day; NS, not significant. 
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Figure 5.5 Changes in active glucose transport characterised across each SI region in C57BL/5 mice at late-pregnancy vs non-pregnant mice 

at diestrus. Data was analysed via mixed model, treating data from multiple regions from individual mice as repeated measures and is 

presented as group mean ± SD (A & C) and individual values (B & D). N = 16-19 mice per pregnancy stage. Overall differences (p < 0.05) 

between SI regions are indicated by superscripts (a, b, c).
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5.7. Discussion 

The findings of this study support the concept that the SI undergoes macroscopic (length, 

weight), microscopic (villi morphology) and transcriptional changes in nutrient transporter 

expression that serve to facilitate increased nutrient uptake in murine pregnancy. These, 

however, did not enhance active glucose transport per unit area, which was similar within a 

given SI region irrespective of pregnancy stage, and contrast with previous reports of 

increased glucose transfer across the SI. Whether other glucose-transport mechanisms 

change during pregnancy, or effects of pregnancy on glucose transport depend on nutritional 

status, requires further investigation.  

The moderate SI elongation in murine pregnancy was consistent with existing reports in 

rodents [175, 234, 330], and adds new knowledge that increased SI length arises due to 

increases in duodenum and ileum length alone. Although a review of gastrointestinal 

adaptations during pregnancy describes increases in overall SI weight and length and of villi 

length [5]. These adaptations appear to be variable between studies, SI regions and 

pregnancy stages. In contrast to our finding that villi were 18% longer in late pregnancy 

compared to non-pregnant animals, regardless of SI region, unchanged SI villi lengths were 

reported in pregnant compared to non-pregnant common shrews [179]. Others have reported 

inconsistent and stage-specific region-specific changes in villi length during rodent pregnancy, 

which were either increased [175] or unchanged [218] in the duodenum, increased in jejunum 

[178, 218], and unchanged [175] or decreased [178, 218] in the ileum. Likewise, variable 

changes in crypt depth and smooth muscle thickness have been reported between studies. 

Although these parameters were unchanged in the present study, others have reported region- 

and stage-specific crypt elongation and thickening of the smooth muscle layer with pregnancy 

progression in mice [178] and rats [218]. Together, the elongation of the entire SI and its villi 

that we observed was expected to expand SI surface area, although it was not possible to 

assess this directly in the current study. However, a single report on internal surface areas of 

SI regions in shrews, calculated from SI size, villi length and density, showed no change before 

lactation, when duodenal internal surface area increased [179].  

To the best of our knowledge, this study is the first to map macronutrient transporter transcript 

expression across the SI during pregnancy. We found expression of glucose transporters 

Sglt1 and Glut2 was augmented only in the ileum in mice at late-pregnancy, with no changes 

observed earlier in pregnancy or in other SI regions. This lack of change in duodenal Sglt1 

expression contrasts with the only report of pregnancy-related SI carbohydrate transporter 

expression in rodents, which assessed only duodenum and reported a 1.5-fold higher Sglt1 

expression in duodenal mucosa of late- compared to non-pregnant rats [223]. The reasons for 

these differential responses are unclear, since animals were fed a standard chow and were 
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unfasted in both studies, although since the timing of tissue collection was not stated in the 

former study [223], it is possible that pregnancy-related changes differ with the circadian cycle. 

Indeed, we have reported that increases in food intake and meal size during late pregnancy 

occurred mostly during the light phase in mice [53]. Our finding of similar jejunal Sglt1 

expression in pregnant and non-pregnant mice may indicate that jejunal capacity for 

carbohydrate uptake is near maximal in non-pregnant mice, and not capable of further 

upregulation. In non-pregnant rodents and humans, the final stages of carbohydrate digestion 

to produce simple sugars occur primarily in the duodenum, whilst the majority of glucose 

uptake occurs in the upper two-thirds of the jejunum [155, 463]. Together with greater food 

intake during pregnancy, a ceiling on jejunal glucose uptake could increase ileal exposure to 

glucose. Increased exposure may then drive the 1.5-fold and 1.8-fold increases in ileal Sglt1 

and Glut2 expression, respectively, increasing ileal capacity for carbohydrate absorption 

relative to the non-pregnant state. This is consistent with the hypothesis that the ileum acts as 

a functional reserve for nutrient absorption capacity [343]. It is important to note that the 

current study did not assess concurrent changes in mucosal carbohydrate transporter protein 

abundance. Thus, in the absence of protein abundance data, we cannot draw definitive 

conclusions regarding changes in carbohydrate transport capacity based on changes in 

transcript expression alone, especially considering the regulatory step involved in the 

translocation of SGLT-1 protein to the plasma membrane essential for glucose uptake [211, 

464]. Carbohydrate absorption over a greater proportion of the SI could also extend the 

duration of carbohydrate absorption to sustain circulating blood glucose after each meal. This, 

in turn, could support placental glucose uptake and delivery to the fetus, which occurs down 

a concentration gradient [36]. In addition, increased ileal glucose may activate the ileal brake, 

triggering release of GLP-1 and PYY which act to slow upper SI motility [465]. Consistent with 

this hypothesis, fed concentrations of circulating GLP-1 were ~4-fold higher in mid- than non-

pregnant rats, associated with gut hypertrophy but not satiety [234]. Reduced satiety actions 

of GLP-1 may reflect the downregulation of central and peripheral satiety pathways during 

pregnancy where food intake increases 20-30% by late pregnancy in rodents [59]. 

Independent of satiety-related actions, increased GLP-1 secretion and subsequent activation 

of the ileal brake may extend gut transit time in late-pregnancy, as reported in women [314] 

and rodents [308], increasing nutrient absorption capacity.  

Impacts of pregnancy on SI amino acid uptake are not well characterised, although glycine 

absorption was 20% higher in late- compared to non-pregnant mice [459]. Glycine uptake is 

mediated by proton-coupled amino acid transporter 1 (PAT1, [158]), so it is possible that 

expression of this transporter may change at the transcript and/or protein level during 

pregnancy, however, this was not measured in the present study. In the current study, 
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expression of amino acid transporter transcripts, specifically SLC6A19, SLC6A6 and 

SLC15A1, were similar across pregnancy stages and SI regions. Consistent with the similarity 

in transcript expression of the neutral amino acid (including leucine) transporter SLC6A19 

across pregnancy, another study reported no changes in the absorption of leucine in mid- 

compared to non-pregnant Albino rats [175].  

Expression of apical fatty acid transporter CD36 transcripts did not differ between pregnancy 

stages or SI regions in the present study. In contrast, expression of the intracellular transporter 

FABP2 declined in the duodenum and ileum as pregnancy progressed. FABP2 traffics fatty 

acids to the endoplasmic reticulum for export into the circulation [159], and decreased FABP2 

expression would likely reduce fatty acid supply from the SI, although uptake of fatty acids by 

the SI has not been reported in pregnancy. It is possible that fatty acids are diverted for use 

as energy sources within epithelial cells during pregnancy. This may be required to support SI 

growth, notably in late pregnancy [252, 324], and would also reduce SI demand for glucose 

as an energy source, protecting glucose supply to the circulation to support conceptus 

development. Consistent with the pattern of carbohydrate transporter expression, fatty acid 

transporter expression was also unchanged in the jejunum during pregnancy. 

Region-specific gains in SI length, villi elongation and expression of glucose transporters led 

us to expect augmented SI glucose transport in mice at late pregnancy, which we therefore 

measured by Ussing chamber methodology [430]. However, ex vivo active glucose transport 

across isolated SI segments was similar in late- and non-pregnant mice, and increased ileal 

Sglt1 and Glut2 transcription did not equate to functional gains in glucose transport. The 

absence of enhanced glucose transport in pregnancy in our study contrasts with studies using 

SI perfusion or everted sac methodology, in which glucose transfer across the epithelium was 

~20-30% higher in late-pregnant compared to non-pregnant rodents [231, 232]. This 

difference between studies may reflect our measure of active SGLT1-mediated glucose 

transport, rather than overall glucose transfer, and suggests that increases in passive glucose 

transport and/or reduced SI tissue metabolism of glucose may occur during pregnancy. 

Alternatively, it is possible that GLUT2 may play a greater role in glucose transport during 

pregnancy, since ileal expression was higher in late pregnancy, and GLUT2-mediated glucose 

transport does not generate current, which is the outcome detected by the Ussing chamber 

methodology. There is some, albeit controversial, evidence for translocation of GLUT2 from 

the basal to apical membrane in extreme physiological states, including a cohort study of 

morbidly obese women [210]. Whether this occurs in healthy pregnancies has not been 

assessed. Finally, differences between studies may also reflect different nutritional status of 

the rodents, which were fasted for 4-24 hours before tissue collection or perfusion in past 

studies [231, 232, 245], but had unrestricted access to food in the present study. SGLT1 
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expression is upregulated by luminal glucose, and therefore transcription may already be 

upregulated in non-pregnant as well as pregnant animals in the present study. It is possible 

that differential SGLT1 activity between pregnant and non-pregnant animals may be evident 

on fasting, and may contribute to higher glucose transport reported during pregnancy [231, 

232, 245]. Thus, the potential for changes in glucose transport during pregnancy requires 

further investigation, and are likely to vary with nutritional state. We recognise that 

mechanisms other than intestinal nutrient delivery contribute to increased glucose availability 

during pregnancy, in support of fetal and maternal requirements. In addition to decreased 

insulin sensitivity of maternal peripheral tissues in the second half of pregnancy [466, 467], 

glucose availability is maintained by increased hepatic endogenous glucose production which 

is 30% and 60% higher in late pregnancy in women [468] and rats [469], respectively. 

5.8. Conclusion 

Our study has provided fundamental insight into SI region and pregnancy-stage specific 

adaptations in anatomy and nutrient transporter transcription expression in mice. Increases in 

SI weight by mid-pregnancy likely reflect elongation of duodenum and ileum. Elongation of villi 

by late pregnancy occurred independent of SI region, and would be expected to increase the 

surface area for nutrient absorption. Upregulation of carbohydrate transporter expression was 

seen primarily in ileum, where it may act in concert with gains in passive absorption (increased 

surface area) to support fetal development and the deposition of maternal reserves. 

Unexpectedly, given the anatomical and molecular changes, active SGLT1-mediated glucose 

transport per unit area was not greater in late-pregnant than age-matched non-pregnant mice. 

Increased nutrient demand during pregnancy may therefore be met largely through SI 

expansion or changes in SI motility, although contributions of other nutrient transport 

mechanisms require evaluation. Precise knowledge of the adaptations will inform future 

research that optimises nutritional and dietary support during human pregnancy, improves 

pregnancy outcomes, and safeguards fetal development and the future health of the mother 

and newborn. 
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6. CHAPTER 6: GENERAL DISCUSSION 

6.1. Introduction 

The requirement for energy and nutrient provisioning increases throughout pregnancy due to 

greater maternal and fetal demand and the need to deposit adipose tissue to support lactation 

post parturition [5]. Maternal food intake increases in humans [4, 49, 50] and rodents [14, 51] 

to satisfy these demands, particularly during the latter stages of pregnancy, when fetal growth 

and development is rapid. The small intestine (SI) possesses a high degree of anatomical and 

functional plasticity and is capable of rapidly adapting to changing nutrient demands under 

physiological conditions, including pregnancy [5]. Despite this capacity, it is unclear if, or how, 

the SI adapts throughout pregnancy, and the timing and nature of any such SI adaptations 

remain poorly characterised and understood. 

To gain a comprehensive overview of the current state of knowledge regarding determinants 

of nutrient absorption and adaptive changes of the gastrointestinal tract throughout pregnancy, 

and to help inform experiments described in this thesis, a scoping review was undertaken. 

Early results from this review informed experiments to map SI anatomy as well as expression 

of macronutrient transporter transcripts throughout pregnancy in mice. I then optimised and 

validated Ussing chamber methodology to precisely determine region-specific changes in ex 

vivo SI active glucose transport across the oestrous cycle in C57BL/6 mice and subsequently 

applied this method to compare non-pregnant and late-stage pregnancy mice. An overall 

summary of the work presented in this thesis is shown in figure 6.1.  
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Figure 6.1 Graphical overview of the results of studies presented in this thesis. Green and red 
triangles indicate increases and decreases compared to non-pregnant control values. Blue 
equal sign indicates no change compared to non-pregnant control values. Figure created 
using Biorender.com.  

Chapter 3 details findings of the scoping review which highlight a lack of primary data in 

support of some of the widely accepted concepts regarding anatomical, molecular, and to a 

lesser extent, functional adaptations of the SI throughout pregnancy in monogastric mammals.  

Importantly, precise data on the progression of these adaptations across pregnancy are 

lacking, particularly in early and mid-pregnancy; this is concerning, given the sensitivity of the 

uterine environment to nutrition [470]. Furthermore, the implantation and embryonic periods 

encompass critically important periods of fetal growth and development that greatly influence 

overall pregnancy success [471]. Therefore, further studies which investigate SI adaptations 

during early- and mid-pregnancy are clearly warranted. Our review showed that most 

knowledge regarding anatomical, molecular and functional adaptations in the SI during 

pregnancy in monogastric mammals is derived from rodents and humans. Although the use 

of model organisms such as rodents is common practice due to practical advantages such as 

a short gestation period, their use comes with limitations. An example of this limitation is the 

exceedingly low rate of success in translating successful findings of new cancer drug therapies 

from rodents to humans (<8%, [472]). Although animal studies provide invaluable sources of 

in vivo information, these often fail to accurately model human physiology, carcinogenesis and 

disease progression, and safety and efficacy data must be generated in different species, 
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including a large animal or primate before proceeding to human trials [472]. It is also important 

to note that humans and rodents differ considerably in rate of fetal growth and fetal to maternal 

weight ratio [14, 20, 53, 380, 381], and as such, differences in demand for GI/SI adaptation 

and nutrient provisioning. While animal studies report changes in gross SI anatomy together 

with limited data on changes in SI nutrient transporter expression and function, these provide 

little to no mechanistic insight to aid in the identification of signalling pathways and potential 

therapeutic targets to optimise management of maternal nutrition and gestational weight gain 

in humans. Moreover, human studies in healthy volunteers exclusively report functional 

changes in the SI due to the inability to perform invasive experiments to characterise changes 

in SI anatomy and molecular expression. Interestingly, although changes in direct and indirect 

carbohydrate uptake are reported in the SI of rodents in vivo, corresponding changes in lipid 

and amino acid uptake, and expression of their associated transporters, are surprisingly 

understudied. Furthermore, no studies have examined expression of amino acid transporters 

and potential changes across any pregnancy stage or SI region. In contrast, changes in uptake 

of key micronutrients such as iron, calcium and zinc are widely reported in rodents, and to a 

lesser extent in humans, predominantly during late-pregnancy. In summary, the scoping 

review found a significant lack of primary data regarding determinants of GIT nutrient 

absorption, and identified major gaps in knowledge on determinants of GIT micronutrient and 

macronutrient absorption throughout pregnancy in monogastric mammals. Therefore, to 

address one of the identified major gaps in knowledge, I developed a technique to interrogate 

ex vivo glucose transport in SI regions during pregnancy.    

It is well established that food intake changes throughout the course of the human menstrual 

cycle [473], which is likely due, in part, to fluctuating concentrations of circulating sex steroid 

hormones such as estrogen and progesterone. Despite this knowledge, no previous studies 

have specifically investigated the effects of the oestrous cycle on region-specific macronutrient 

uptake in the SI. A single study has reported significantly lower blood glucose responses to a 

50 g OGTT during the follicular compared to the luteal phase of the menstrual cycle in healthy 

women [432]. However, a major limitation of methods used to study postprandial glycaemic 

responses in pregnancy are the unknown variables of tissue utilisation, hepatic first-pass 

clearance, and placental uptake during pregnancy. The only method to obtain an accurate 

overview of changes in first-point glucose absorption by the SI is to sample the portal vein. 

However, this method is invasive, and not ethically or practically feasible to use in healthy 

human volunteers and challenging in small animals such as mice. This constraint further 

highlights the urgent need to develop new experimental methods to interrogate changes in SI 

nutrient absorption in vivo.  
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Chapter 4 describes ex vivo studies which optimised and validated Ussing chamber 

methodology in mice, as well as experiments that established a region-specific and 

physiological glucose dose-response to ex-vivo luminal glucose challenges in SI isolated 

tissue segments. This study was performed to determine the relative contribution of SGLT1 to 

glucose transport across each SI region, and to validate the efficacy of the SGLT1 inhibitor 

phlorizin. To help inform the concentration of glucose challenges to be performed in 

subsequent studies, the responses to 5, 10, 25 and 45 mM glucose challenges were 

characterised within each SI-region. Next, the suitability of using DMSO as a solvent, and the 

efficacy of the SGLT1 antagonist phlorizin were evaluated across concentrations. Once 

optimised, I studied SGLT1-dependent ex vivo glucose transport in the jejunum (the region of 

peak nutrient uptake) in ad libitum fed mice at different stages of the oestrous cycle. I 

discovered that SGLT1-dependent glucose transport was oestrous cycle stage dependent, 

and lower at oestrus (follicular phase) compared to proestrus (luteal phase) in corroboration 

of human OGTT data [432]. Due to the extremely limited evidence currently available in 

humans and rodents, further studies are needed to fully interrogate how circulating sex steroid, 

satiety and/or appetite regulating factors regulate the adaptive response of the SI to changing 

energy intake. In addition, to account for changes in both active and passive glucose uptake, 

future in vivo studies in rodents or small mammals should consider portal vein sampling 

combined with non-metabolisable glucose analogues to bypass factors which directly affect 

blood glucose concentrations, such as tissue utilisation and hepatic first pass clearance. 

Following successful optimisation of the Ussing chamber method that demonstrated glucose 

uptake varied by SI region and oestrous cycle stage, I then applied this method to interrogate 

changes in region-specific glucose uptake in the SI during pregnancy.  

Prior to work presented in this thesis, reports on changes in SI regional anatomy in rodents 

throughout pregnancy were limited [175, 423, 425], as reviewed in Chapter 3. Moreover, none 

of those studies investigated concurrent changes in SI anatomy, nutrient transporter 

expression and function. Findings from studies presented in Chapter 5 support the concept 

that the SI undergoes anatomical and molecular adaptations to enhance nutrient uptake 

capacity during pregnancy. This is not surprising considering the increase in nutritional 

requirements of both mother and fetus [4, 14, 49-51], with glucose the primary substrate used 

during cellular respiration. Interestingly, despite observing concurrent anatomical and 

molecular adaptations, SGLT1-dependent glucose transport per unit of area did not differ in 

any SI region between non- and late-pregnant mice. As most dietary carbohydrates are 

digested to monosaccharides by brush border enzymes prior to absorption, beginning in the 

proximal duodenum [155, 156], we expected this region to be the first to adapt to increased 

maternal and fetal substrate needs. Indeed, we observed both greater duodenal villous length 
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and upregulated duodenal expression of SGLT1 transcript in late- compared to non-pregnant 

mice. These adaptations stand to increase capacity for glucose uptake and delivery into 

circulation. Interestingly, while villous length and SGLT-1 changes were seen also in the ileum, 

none of these occurred in the jejunum in late- compared to non-pregnant mice, and despite 

SGLT1-dependent glucose transport patterns in each region being consistent with those  

observed in Chapter 4, active glucose uptake in all regions was similar in non- and late-

pregnant mice. We speculate that the jejunum operates at a ceiling of glucose uptake capacity 

sufficient to meet the pregnancy demands of glucose absorption, in concert with positive 

changes in duodenal and ileal anatomy and augmented SGLT1 transcript and/or protein 

expression. 

There are two other important determinants of the rate at which nutrients are absorbed by the 

SI; the rate of gastric emptying, which tightly regulates SI nutrient exposure, and transit-

slowing actions of the ‘ileal brake’, which is triggered by ileal nutrients and mediated by L cell-

released GLP-1 and PYY [182]. Together these mechanisms govern the period nutrients are 

present and exposed to the SI epithelium. The rate of liquid and solid gastric emptying in 

humans and rodents, and activity of SI brush border carbohydrase enzymes sucrase, lactase 

and maltase in rodents, generally do not change during pregnancy, yet SI motility is 

unequivocally slower towards the end of pregnancy (Chapter 3). Slower SI motility would serve 

to increase the amount of time available for nutrient absorption, negating the need for further 

adaptations to increase capacity. Given that fewer nutrients would be expected to reach the 

ileal brake trigger point in pregnancy, we speculate that nutrient-evoked feedback is, instead, 

augmented in the proximal SI in late pregnancy to slow motility to fully complete glucose 

absorption. There is also evidence from studies in rodents which suggests that satiety 

signalling is dampened towards the end of pregnancy, which would allow for bigger meal sizes 

and more frequent feeding bouts [59]. 

In summary, although we observed anatomical and molecular adaptations expected to 

increase glucose uptake capacity, we did not observe an increase in ex vivo active glucose 

transport per unit area across any SI region between late- and non-pregnant mice. Due to the 

limited and contradictory evidence available, additional in vivo studies, ideally utilising ligated 

loops, are required to interrogate changes in SI region-specific glucose uptake.  

As pregnancy-related changes in fatty acid transport have not previously been reported in the 

SI in pregnancy, an interesting finding in Chapter 5 was our first documentation that FABP2 

transcripts were downregulated in the duodenum and ileum at late-pregnancy. FABP2 traffics 

fatty acids to the endoplasmic reticulum prior to release to the circulation [159], and if this 

change occurs at protein level, could indicate a preference to sequester fatty acids in SI 



306 
 

enterocytes in pregnancy, potentially as a fuel to meet the energetic requirements of 

augmented glucose uptake and delivery to the circulation. This is best exemplified in 

colonocytes, which utilise SCFAs as their primary metabolic substrate [474, 475]. Further 

studies are required to explore this concept, including a focus on FABP1, which traffics fatty 

acids to the mitochondria to undergo lipid oxidation which yields energy for in-cell use [159]. 

6.2. Strengths, weaknesses and limitations of studies presented in 

this thesis 

The molecular and functional studies within this thesis are novel, and my in-depth examination 

of pregnancy adaptations in mice provides fundamental new knowledge not permissible in 

humans due to ethical limitations. Indeed, no studies of similar scope have been reported in 

rodents or humans. There are, however, limitations in the use of mice, such as a significantly 

shorter length of gestation and litter size difference. The latter increases maternal load 

resulting in disproportionally higher maternal food intake, weight gain, nutrient and energy 

requirements compared to human pregnancy [17, 53]. Another major difference between 

humans and mice is the level of physical activity during pregnancy, which acutely declines 

from as early as gestational day 1 in mice [14, 476], compared to a gradual decline in humans 

concurrent with a gradual increase in sedentary activity [477, 478].  As such, caution needs to 

be exercised when interpreting results from rodent studies, and their translation to human 

pregnancy. 

Due to the similar gross SI anatomy between humans and mice, it is possible to interrogate 

changes in SI anatomy under similar physiological conditions. Importantly, the expression and 

function of major nutrient transporter transcripts and proteins is largely homologous between 

humans and mice [212, 479]. This allows functional studies to interrogate regional changes in 

active and passive nutrient transport during different states of nutrient demand, i.e., over the 

course of the reproductive cycle and pregnancy, with high relevance to humans. Furthermore, 

my optimisation of Ussing chamber methodology provides for future studies aimed to 

interrogate changes in region-specific transport and SI absorption of individual nutrients under 

different states of altered nutrient demand, such as pregnancy. 

There are limits to the studies presented in Chapter 5, including the lack of protein 

quantification to confirm pregnancy changes seen in expression of nutrient transporter 

transcripts. This data is essential to gain insights into protein localisation and abundance which 

is required to fully interpret Ussing chamber data presented in Chapter 5. Furthermore, based 

on our histology and PCR findings that changes in SI anatomy and molecular expression 

occurred towards the end of pregnancy in mice, the Chapter 5 Ussing chamber study only 

examined SI changes at late-pregnancy compared to non-pregnancy. Additional studies are 
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also required to determine whether passive and facilitated diffusion routes of glucose 

absorption and transport are altered in pregnancy. In addition, despite our finding of elevated 

SGLT1 transcript expression in the duodenum and ileum of pregnant mice (Chapter 5), it is 

important to note that SGLT1 transcripts undergo post-transcriptional stabilisation via 

polyadenylation, which could increase protein without change at transcript level [480], which 

demands further investigation. In Chapter 4 Ussing chamber studies only the jejunum was 

used to determine oestrous cycle-stage effects on glucose transport, as the region where the 

majority of nutrient uptake occurs [158, 204]. Future studies should be undertaken to 

determine whether the duodenum and ileum undergo similar changes in active glucose 

transport as observed in the jejunum. There is also limited and inconsistent evidence regarding 

the timing of changes in expression of transporters involved in uptake of micronutrients such 

as calcium, potassium and zinc (Chapter 3). Therefore, future studies are required to 

investigate how changes in expression of specific transporters may correlate with periods of 

increased demand of specific nutrients during early- and mid-pregnancy. Future studies could 

also investigate changes in single cell expression of nutrient transporters changes across the 

different cell types which comprise the SI epithelium, in response to changes in demand of 

specific nutrients such as calcium. 

Lastly, the Ussing chamber studies in Chapters 4 and 5 investigated changes in active glucose 

transport, and future studies will be required to interrogate changes in the absorption of other 

macronutrients such as lipids and amino acids during pregnancy; the former has only been 

reported once, in rats [258]. 

6.3. Conclusion 

In summary, data presented in this thesis provide a contemporary and authoritative overview 

of knowledge regarding SI changes in nutrient absorption and its determinants during 

pregnancy, whilst identifying major gaps in existing knowledge to inform future research. Such 

research may ultimately help us better understand how determinants of SI nutrient absorption 

change during complicated pregnancies and how to potentially avoid or better manage such 

conditions and complications by better managing maternal nutrition. These include 

pregnancies exposed to maternal malnutrition, previous surgical procedures such as bariatric 

surgery or pathologies such as gestational diabetes mellitus and preeclampsia. 

My thesis findings support the concept that the maternal SI adapts during pregnancy to 

augment nutrient absorption in support of increased maternal energy and nutrient 

requirements throughout pregnancy, however the precise mechanisms underlying these 

adaptations remain to be fully elucidated. This thesis also outlines optimised Ussing chamber 

methodology used to provide the first direct evidence of SI active glucose transport changes 
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during the oestrous cycle in mice, which corroborate past (non-invasive) clinical findings.  SI 

active glucose transport was unchanged across pregnancy stages, despite anatomical and 

molecular adaptations in late-pregnant mice, warranting investigation of passive and facilitated 

diffusion routes of glucose absorption in pregnancy.  
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APPENDICES 

Appendix 1 Adaptations in gastrointestinal nutrient absorption and 

its determinants during pregnancy in monogastric 

mammals: a scoping review protocol 
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Appendix 2 Active glucose transport varies by intestinal region and 

oestrous cycle stage in mice 
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Appendix 3 Endocrine disruptor compounds – a cause of impaired 

immune tolerance driving inflammatory disorders of pregnancy? 

 

 




