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Abstract: Obesity increases the risk of metabolic disorders, partly through increased oxidative stress.
Here, we examined the effects of a dietary micronutrient supplement (consisting of folate, vitamin
B6, choline, betaine, and zinc) with antioxidant and methyl donor activities. Male Sprague Dawley
rats (3 weeks old, 17/group) were weaned onto control (C) or high-fat diet (HFD) or same diets with
added micronutrient supplement (CS; HS). At 14.5 weeks of age, body composition was measured by
magnetic resonance imaging. At 21 weeks of age, respiratory quotient and energy expenditure was
measured using Comprehensive Lab Animal Monitoring System. At 22 weeks of age, an oral glucose
tolerance test (OGTT) was performed, and using fasting glucose and insulin values, Homeostasis
Model Assessment of Insulin Resistance (HOMA-IR) was calculated as a surrogate measure of insulin
resistance. At 30.5 weeks of age, blood and liver tissues were harvested. Liver antioxidant capacity,
lipids and expression of genes involved in lipid metabolism (Cd36, Fabp1, Acaca, Fasn, Cptla, Srebf1)
were measured. HFD increased adiposity (p < 0.001) and body weight (p < 0.001), both of which
did not occur in the HS group. The animals fed HFD developed impaired fasting glucose, impaired
glucose tolerance, and fasting hyperinsulinemia compared to control fed animals. Interestingly, HS
animals demonstrated an improvement in fasting glucose and fasting insulin. Based on insulin release
during OGTT and HOMA-IR, the supplement appeared to reduce the insulin resistance developed
by HFD feeding. Supplementation increased hepatic glutathione content (p < 0.05) and reduced
hepatic triglyceride accumulation (p < 0.001) regardless of diet; this was accompanied by altered gene
expression (particularly of CPT-1). Our findings show that dietary micronutrient supplementation
can reduce weight gain and adiposity, improve glucose metabolism, and improve hepatic antioxidant
capacity and lipid metabolism in response to HFD intake.
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1. Introduction

Obesity has emerged as a significant health issue across the world, including Australia,
increasing the risk for metabolic diseases, mental disorders, reproductive disorders, and
cancers [1]. Increased oxidative stress has been implicated as a common factor for most
of the obesity-related metabolic complications such as prediabetes, insulin resistance, and
type 2 diabetes mellitus (T2DM) [2,3]. Therefore, reducing oxidative stress may help to
reduce obesity-related metabolic disorders.

A number of micronutrients have antioxidant properties and are the key molecules
that can prevent the generation of oxidative stress. Micronutrients are generally consumed
in small amounts in the diet, yet they are essential and have critical roles in metabolic reac-
tions [4]. In this current study, we investigated the benefits of supplementing semisynthetic
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control or high fat diets (HFD) with a unique formulation comprising five micronutrients:
folate, vitamin B6, choline, betaine, and zinc (ZnSO;). These components were chosen as
they participate in one-carbon metabolism, providing substrates for glutathione synthesis,
either as a substrate or a cofactor [5], and themselves act as antioxidants [6]. Moreover,
additional vitamin B6 in the formulation can increase glutathione synthesis, through trans-
sulphuration pathway enhancing antioxidant status [7]. Although these components have
been extensively investigated for their role in epigenetic processes, as methyl donor precur-
sors, here we wished to investigate their anti-oxidative effects [8]. Furthermore, oxidation
may cause gene silencing by causing damage to promoter regions of genes [9]. Therefore,
the supplement antioxidant effects may also prevent this less known epigenetic drift aspect.

Several previous animal studies have supplemented one of the micronutrients applied
here and investigated the effects on glucose metabolism and liver. There is some evidence
for improvement in glucose metabolism [10], insulin resistance [11], and hepatic oxidative
stress [12] by folate supplementation. Vitamin B6 [13], betaine [14], and choline [15]
supplementation can reduce oxidative stress, hepatic pathological changes, and weight
gain respectively. Zinc supplementation has been shown to reduce insulin resistance in
people with obesity [16].

There is little evidence about the benefits of supplementing multiple micronutrients
that participate in one-carbon metabolism. Only three animal studies incorporating three
(folate 5.5 mg/kg, vitamin B12 0.5 mg/kg, betaine 5 g/kg and choline 5.37 g/kg) [17,18] or
four (folate 15 mg/kg, vitamin B12 1.5 mg/kg, betaine 15 g/kg, choline 15 g/kg, methionine
7.5 g/kg and ZnSO4 150 mg/kg) [19] components of our micronutrient formulation have
been published, focusing mainly on hepatic lipid metabolism. To our knowledge the
impact of increased vitamin B6, combined with these other micronutrients has not been
investigated previously.

In this study, we hypothesized that the protection of male rats from HFD induced
oxidative stress, by consuming a dietary micronutrient supplement would improve glucose
metabolism, hepatic oxidative stress, and hepatic lipid metabolism. Interestingly, significant
benefits of micronutrient supplement on metabolic health, and hepatic antioxidant capacity,
and lipid metabolism were seen.

2. Materials and Methods
2.1. Animals

Male Sprague Dawley (SD) pups generated in the Biological Resources Centre, UNSW
SYDNEY (Founders sourced from ARC, Perth, WA) were maintained at 21 + 2 °C; 12:12 h
light/dark condition. The use of animals for this research and all experimental procedures
were approved by the Animal Ethics Committee of the University of New South Wales
(Ethics ID: 14/44B and 17/27A).

At 3 weeks of age, animals were housed 2-3 rats per cage and fed one of the four diets
(17 animals in each diet group) until cull. The diets used were control diet (denoted by
C), control diet containing micronutrient supplement (denoted by CS), HFD (denoted by
H) and HFD containing micronutrient supplement (denoted by HS). In order to maintain
a body weight difference between control fed and HFD fed animals while maintaining
health, we limited the energy intake of the C and CS groups from the age of 7 weeks (from
4 weeks of diet) to 407 kJ (32 g/rat/day of diet). This amount of energy intake corresponds
to daily recommended intake for rats, and our long experience with adult SD male rats
suggests this energy intake is sufficient for normal growth [20]. EchoMRI was performed
at 14.5 weeks of age, and blood samples (data not shown) were collected at 15 weeks of
age. The animals were mated at 19 weeks of age with control fed females to generate
F1 offspring (not discussed here). The animal’s respiratory quotient (RQ) and energy
expenditure was measured at 21 weeks using Comprehensive Lab Animal Monitoring
System (CLAMS). Animals underwent oral glucose tolerance testing (OGTT) at 22 weeks
of age before being culled at 30.5 weeks of age. Blood, and hepatic tissues were collected
and frozen at cull. The experimental design is shown in Figure 1.
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Figure 1. Experimental design and timeline.

The animals were weaned at 3 weeks of age to one of four diets (C, CS, H or HS). The
animals underwent magnetic resonance imaging (MRI), respiratory quotient and energy
expenditure measurement using Comprehensive Lab Animal Monitoring System (CLAMS)
and oral glucose tolerance test at 14.5, 21 and 22 weeks respectively. Endpoint blood and
liver tissues were collected at the age of 30.5 weeks and biochemical and molecular assays
were performed.

2.2. Diets

The diets were prepared in-house using commercial ingredients, and the micronu-
trient supplements were added during preparation. The composition of both control
diets/HFDs were similar except for sucrose, canola oil, lard, corn starch and supplemented
micronutrients content as shown in Table 1. Control diet and HFD were prepared based
on American Institute of Nutrition 93 G/M (AIN 93 G/M) formulation [21], and SF03-020
(Specialty Feeds, Western Australia, containing 23% total fat and 20 MJ/kg digestible
energy) respectively. The energy content of our control and control supplemented diet was
12,720 kJ / kg diet, and that of HFD and HFD supplemented diet was 20,439 k] /kg diet.

The micronutrients formulation for the supplementation was designed based on the
Wolff 3SMZ diet used in mice except the increase in vitamin B12 was replaced by additional
B6 and methionine was given at normal levels [22]. Their 3SMZ diet contained five times
the amount of choline, betaine, folic acid and zinc present in a typical AIN93M diet. The
dose of vitamin B6 in our supplement was determined based upon a previous study which
used a diet containing vitamin B6 at 30 mg/kg of diet [23].

2.3. EchoMRI

At the age of 14.5 weeks (11.5 weeks of diet), MRI scans were taken using EchoMRI™
(Houston, TX, USA) whole body composition analyser to measure fat and lean mass.

2.4. Respiratory Quotient Measurement

At 21 weeks of age, animals were placed in a Comprehensive Lab Animal Monitoring
System (CLAMS, Columbus Instruments, Columbus, OH, USA) to measure basal energy
expenditure and RQ values. Animals were monitored during the light phase with ad
libitum access to water but not food to determine basal metabolic rate. After this period,
animals had ad libitum access to their corresponding diets. Both RQ, and index of basal
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metabolic rate (k] /h) were determined at 30 min intervals and the values were averaged.
The CLAMS also provided information on animal’s activity, food and water consumption.

Table 1. Chemical composition per kilogram of C, H, CS and HS diets. The supplemented diets had
additional Choline, Betaine, Folic acid, Vitamin B6 and Zinc.

. Control Diet (C) Control HED
Ingredients (g/kg) HFD (H) (g/kg) Supplemented Supplemented
(CS) (g/kg) (HS) (g/kg)
Casein 140 140 140 140
Sucrose 100 405 100 405
Canola Oil 40 50 40 50
Lard 190 190
Cellulose 50 50 50 50
Corn starch 620 115 620 115
DL Methionine 3 3 3 3
hg};géﬁ;" 35 35 35 35
Viarf‘l\i;;;)‘ix 10 10 10 10
blf;ﬁgi . 41 41 36.5 36.5
Betaine * 15 15
Folic acid * 0.013 0.013
Pyr(iffiotxérg‘; HA 0.0295 0.0295
ZnSO4.H20 * 0.296 0.296
Energy value 12,720 k] /kg 12,720 K] /kg 20,439 kJ /kg 20,439 kJ /kg

* additional to AIN93M vitamin mix.

2.5. Glucose Tolerance Testing

Glucose tolerance was assessed by OGTT; briefly, animals were fasted overnight and
loaded with 50% glucose solution (dose 2 g/kg body weight) by oral gavage. Fasting blood
glucose and the blood glucose after gavage were measured at 15, 30, 45, 60, 90 and 120 min
using Accu-Chek glucometer (Roche Diagnostics, Castle Hill, NSW, Australia). Insulin
levels at fasting and time points 15, 30, 60 and 120 min of OGTT were determined via
ELISA (Crystal Chem, Elk Grove Village, IL, USA). Fasting glucose and insulin values were
used to calculate Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) using
the equation [24]:

[fasting insulin (ng/mL) x fasting glucose (mM)]
22.5 x 0.0403

HOMA — IR= 1)

This value was used as a proxy measure of insulin resistance in rats [25]. The area
under the curve (AUC) for glucose and insulin concentration during OGTT was calculated
(using time points 0-120 min).

2.6. Plasma Concentration of Insulin, Leptin, Lipids and TBARS

Plasma concentrations of insulin and leptin were measured using commercial ELISA
kits (Ultra-Sensitive Rat Insulin and Leptin ELISA kit, Crystal Chem, Elk Grove Village, IL,
USA). The sensitivity, linearity range, intra- and inter-assay precision CV of insulin kit was
0.05ng/mL, 0.1-12.8 ng/mL, <10% and <10% respectively. For leptin kit, the sensitivity,
linearity range, intra- and inter-assay precision CV was 200 pg/mL, 0.2-12.8 ng/mL,
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<10% and <10% respectively. Triglyceride (TG) and total cholesterol concentrations were
measured in plasma using Roche triglyceride reagent and cholesterol reagent from Thermo
Scientific (Waltham, MA, USA) respectively. The sensitivity, linearity range, intra- and inter-
assay precision CV of triglyceride kit was 0.002 AA per mg/dL (1 cm light path, 500 nm),
0-885 mg/dL, 2.07% and 4.5% respectively. For total cholesterol, the sensitivity, linearity
range, intra- and inter-assay precision CV was 1.6 AmAbs per mg/dL (1 cm light path,
500 nm), 0-774 mg/dL, 2.8 and 2.8% respectively. Plasma oxidative stress was estimated by
measuring a marker of lipid peroxidation, thiobarbituric acid reactive substance (TBARS)
using colorimetric method (OxiSelect™ TBARS Assay Kit from Cell Biolab Inc., San Diego,
CA, USA).

2.7. Hepatic Folate, TBARS and Glutathione Content

For hepatic folate and TBARS measurement, liver was homogenized in phosphate
buffered saline (PBS). Folate concentration in the supernatant was estimated by ELISA
method (Monobind Inc., Lake Forest, CA, USA) and TBARS by method described for
plasma above. For folate kit, the sensitivity, linearity range, intra- and inter-assay precision
CV was 0.52 ng/mL, 0-25 ng/mL, <10%, and <10% respectively. Hepatic antioxidant
status was estimated by measuring total glutathione concentration in liver extract. For this,
liver powder was homogenized using 5% sulphosalicyclic acid (SSA). Total glutathione
concentration was estimated in the supernatant by kinetic assay using Ellman’s reagent
(kits from Sigma-Aldrich, St. Louis, MO, USA). All the tissue measures were normalized to
the weight of tissue assayed.

2.8. Hepatic Lipid Extraction and Lipid Assays

Hepatic lipids were extracted from ground liver powder based on Folch method [26].
The extract was dissolved in absolute ethanol, and triglyceride and total cholesterol concen-
trations were measured as described above and normalized to the weight of tissue assayed.

2.9. Hepatic RNA Extraction and Measurement of Gene Expression

Total RNA was extracted from liver, and cDNA was synthesized as described pre-
viously [27]. RT-qPCR was performed on the QuantStudio 12K Flex (Life Technologies,
Carlsbad, CA, USA) as described previously [27], and in compliance with the MIQE guide-
lines [28]. Initially, reference genes (Table 2) were screened based on stability values (eight
samples per group were tested) using R software (RStudio Team, Boston, MA, USA) and
the best combination of genes was selected [29]. The most stable genes were found to be
B2M and HPRT-1. Expression of genes involved in fatty acid uptake (Cd36), intracellular
binding (Fabpl), synthesis (Acaca and Fasn) and breakdown (Cptla) of fatty acids were
measured using RT-PCR. Furthermore, expression of Srebfl, which regulates the activity of
lipogenic genes, and Hnf4a, which plays a role in hepatic differentiation were measured.
Genes selected for RT-qPCR and the corresponding hydrolysis probe references (Life Tech-
nologies, CA, USA) are listed in Table 2. Relative gene expression was calculated using the
2~AACT method, normalised against two reference genes and an external calibrator [30].

2.10. Statistical Analysis

Initially, all the data were checked for normality using the Shapiro-Wilk normality
test. Normally distributed variables were presented as mean + SEM. Statistical analyses
were performed using the IBM SPSS v23.0 software (IBM Corp, Armonk, NY, USA). Data
were analysed by two-way ANOVA followed by post hoc LSD for single measurements.
Where appropriate repeated measures two-way ANOVA was conducted (energy intake,
body weight, OGTT) followed by LSD post hoc. The main effects followed by the post hoc
LSD were considered if there were no interaction effects. In the case of interaction of HFD
and supplement, simple main effect analysis was performed, and the resulting post hoc
from interaction effect was considered.
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Overall HFD effect and overall supplement effect are denoted by ‘*’, and ‘#". The
post hoc HFD effect and supplement effect are represented by alphabet ‘a” (HFD effect, ‘H’
versus ‘C’), ‘b’ (HFD effect, "HS’ versus ‘CS’), ‘¢’ (supplement effect, ‘CS’ versus ‘C’), and
‘d’ (supplement effect, "HS’ versus ‘H’). Differences were considered significant at p < 0.05.
The reported error bars in text and figures are SEM.

Table 2. Genes selected for RT-qPCR in the liver.

Gene Names

Applied Biosystems Assay ID

Reference Genes

B2M, Beta-2- microglobulin

Rn00560865_m1

Hprt1, hypoxanthine phosphoribosyl transferase

Rn01527840_m1

Rplpo, Ribosomal Protein Lateral Stalk Subunit PO

Rn03302271_gH

Ywhaz, tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, zeta polypeptide

Rn00755072_m1

Genes of interest

Cd36, Fatty acid translocase

Rn00580728_m1

Fabp1, Fatty acid binding protein 1

Rn00664587_m1

Acaca, Acetyl-CoA carboxylase alpha

Rn00573474_m1

Fasn, Fatty acid synthase

Rn01463550_m1

Cptla, Carnitine palmitoyl transferase 1A

Rn00580702_m1

Hnf4a, Hepatocyte nuclear factor 4 alpha

Rn04339144_m1

Srebfl, Sterol regulatory element binding transcription factor 1 ~ Rn01495769_m1

3. Results

All the animals on different diets grew normally and no visible adverse effects were
associated with HFD or micronutrient supplementation.

3.1. Body Weight, Adiposity and Respiratory Quotient

The weekly energy intake of H and HS groups were significantly higher than C and CS
groups (p < 0.001), respectively. There were no differences in energy intake among H- and
HS-fed animals (Figure 2). At the start of the dietary intervention (weaning), body weights
across all four groups (C: 52.5 + 1.4; CS: 50.8 & 1.4; H: 52.8 = 1.3 and HS: 51.3 £ 1.4 g)
were similar. Overall, HFD promoted weight gain (p < 0.001, H versus C group), and
supplement in HFD prevented weight gain (p < 0.001, HS versus H group) despite their
similar energy intake (Figure 3). Supplementation in control diet fed animals (CS) did not
affect their growth, with evolution of body weight from 3 to 27 weeks of age similar to
the control group. At 14.5 weeks, the percent fat mass among the four diet groups were
C:13.1 £ 0.7, CS: 11.0 £ 0.5, H: 20.0 £ 1.0 and HS: 12.1 & 0.8% respectively. Body fat
percentage was higher in H group than C group (by 53%, p < 0.001) and HS group (by
65%, p < 0.001). At 21 weeks of age, the average RQ values among the groups were C:
0.845 £ 0.02, CS: 0.837 £ 0.02, H: 0.775 £ 0.02 and HS: 0.750 & 0.01 respectively. An overall
effect of HFD (p < 0.001) on RQ values was observed, with higher RQ in C group than H
group (by 9%, p < 0.01) and in CS group than HS group (by 11.6%, p < 0.01). Micronutrient
supplementation had no significant effects on RQ values. The basal metabolic rates were C:
11.6 £0.5,CS: 12.5 £ 0.5, H: 13.2 4 0.5 and HS: 11.6 £ 0.3 kJ /h respectively. An interaction
effect (p < 0.01) of HFD and supplement was seen on the basal metabolic rate. Basal
metabolic rate was higher in the H group as compared to C group (p < 0.01), and HS group
(p <0.01).
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Figure 2. Energy intake from weaning until 27 weeks. Data are shown as mean 4+ SEM (n = 17 per
group) in rats consuming C (solid lines and open circle), CS (solid lines and rectangle), H (dotted
lines and upright triangle) and HS (dotted lines and inverted triangle) diets. The arrow (1) indicates
start of pair-feeding in C and CS groups at 7 weeks of age. Abbreviations: C, Control diet; CS, Control
diet with supplement; H, HFD; and HS, HFD with supplement. Effects of HFD and supplement were
assessed by repeated measures two-way ANOVA followed by LSD post hoc. Overall HFD effect

ok p< 0.001.
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Figure 3. Body weight from weaning till 27 weeks. Data are shown as mean + SEM (n = 17 per
group) in rats consuming C (solid lines and open circle), CS (solid lines and rectangle), H (dotted lines
and upright triangle) and HS (dotted lines and inverted triangle) diets. Abbreviations: C, Control
diet; CS, Control diet with supplement; H, HFD; and HS, HFD with supplement. Effects of diet and
supplement were assessed by repeated measures two-way ANOVA followed by LSD post hoc. There
was an interaction effect (p < 0.001) of HFD and supplement for the whole period of animal growth.
Overall HFD effect *** p < 0.001. Overall supplement effect ## p < 0.001.
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3.2. Fasting Blood Glucose and Glucose Tolerance

HEFD fed animals had a mildly impaired fasting blood glucose (p < 0.001, H versus C
group) which HS diet-fed animals did not develop (p = 0.042, HS versus H group; Table 3).
Animals consuming HFD had higher blood glucose concentrations at several timepoints
(15, 45, 60 and 90 min) during the OGTT as compared to C group (p = 0.002 by repeated
measures analysis of blood glucose concentrations during OGTT). Supplement had no
significant effect on blood glucose concentrations during OGTT (Figure 4). The AUC for
blood glucose concentration across 120 min was higher in H group as compared to C group
(p < 0.01).

Table 3. Plasma biochemical parameters.

C cs H HS
At 22 weeks
Blood glucose 52+0.1 53+0.1 59+0.12 554024
(mmol/L)
Insulin (ng/mL) 0.68 + 0.07 0.56 + 0.06 1.77 +0.20 2 0.82 +£0.109¢
HOMA-IR 39405 34404 117 +1432 524084
OGTT( ﬁﬁiﬁl)ucose 996 + 15 1042 + 38 1137 4 352 1085 + 28
OGTT AUC: Insulin 262 + 22 209 + 11 623 + 642 331 £ 33bd
(ng/mL-min)
At 30.5 weeks
Triglyceride (mg/mL)  0.51 + 0.04 0.45 + 0.04 0.72 4+ 0.052 0.67 +0.07°
Cholesterol (mg/mL) 0.70 £ 0.04 0.96 £ 0.05 ¢ 0.84 £ 0.06 0.86 £ 0.04
Leptin (ng/mL) 57 +04 51+ 06 164 +1.82 76+104
TBARS (umol/L) 83+ 04 8.6+ 0.6 97 +07 94406

Data are shown as mean &+ SEM (n = 15-17 per group). Abbreviations: C, Control diet; CS, Control diet with
supplement; H, HFD; HS, HFD with supplement; OGTT, Oral glucose tolerance test; and AUC, Area under curve.
Effects of HFD and supplement were assessed by two-way ANOVA followed by LSD post hoc. There was an
interaction effect of HFD and supplement for blood glucose (p < 0.05), insulin (p < 0.01), HOMA-IR (p < 0.001),
AUC: insulin (p < 0.01), cholesterol (p < 0.05) and leptin (p < 0.001). Overall HFD effect p < 0.01 or p < 0.001 for
insulin, HOMA-IR, AUC: glucose and insulin, plasma triglyceride and leptin Overall supplement effect p < 0.001
for plasma insulin, OGTT AUC: insulin and leptin Post hoc HFD effect ‘a” (H versus C) and ‘b’ (HS versus CS),
and supplement effect ‘c’ (CS versus C) and ‘d” (HS versus H).

3.3. Fasting Insulin and Insulin Sensitivity

The H group had higher fasting insulin as compared to C group (p < 0.001, H versus
C group), and HS group (p < 0.001, HS versus H group; Table 3). HOMA-IR values were
higher in H group compared to C group (p < 0.001), and HS group (p < 0.001) as shown
in Table 3. Both HFD (p < 0.001) and supplement (p < 0.001) showed effects on insulin
release during OGTT, along with an interaction effect (p = 0.002) as shown in Figure 5.
Furthermore, HFD fed animals released more insulin over several timepoints (15, 30, 60,
120 min) of OGTT than C group (p < 0.001 by repeated measures analysis), and HS group
(p < 0.001 by repeated measures analysis; Figure 5). The AUC for insulin release was higher
in H group as compared to C (p < 0.001) and HS (p < 0.001) group (Table 3).
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Figure 4. Blood glucose during OGTT. Data are shown as mean £ SEM (n = 15-16 per group) in rats
consuming C (solid lines and open circle), CS (solid lines and rectangle), H (dotted lines and upright
triangle) and HS (dotted lines and inverted triangle) diets. Abbreviations: C, Control diet; CS, Control
diet with supplement; H, HFD; and HS, HFD with supplement. Effects of HFD and supplement were
assessed by repeated measures two-way ANOVA followed by LSD post hoc. Overall HFD effect
**p<0.01.

Fhk HHt
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Figure 5. Insulin levels during OGTT. Data are shown as mean & SEM (n = 15 per group) in rats
consuming C (solid lines and open circle), CS (solid lines and rectangle), H (dotted lines and upright
triangle) and HS (dotted lines and inverted triangle) diets. Abbreviations: C, Control diet; CS, Control
diet with supplement; H, HFD; and HS, HFD with supplement. Effects of HFD and supplement
were assessed by repeated measures two-way ANOVA followed by LSD post hoc. There was an
interaction effect (p < 0.01) of HFD and supplement for the insulin release during OGTT. Overall
HFD effect *** p < 0.001. Overall supplement effect ## p < 0.001.

3.4. Plasma Lipids, Leptin and TBARS

At endpoint (30.5 weeks of age), plasma triglyceride was higher in H as compared
to C group (p = 0.007), and in HS compared to CS group (p = 0.003; Table 3). CS group
had higher total cholesterol than C group (p < 0.001), and a trend (p = 0.053) of higher
cholesterol was seen in H group as compared to the C group. There was no difference in
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the plasma TBARS level across the four groups (Table 3). The plasma leptin was higher in
HFD group than C group (p < 0.001, H versus C group), and HS group (p < 0.001, H versus
HS; Table 3).

3.5. Hepatic Antioxidant Capacity

In the liver, folate levels were higher in supplemented than non-supplemented animals
(CSversus C; p = 0.002, and HS versus H; p = 0.032; Table 4). Total glutathione level was
increased by the supplement (p = 0.010 overall effect, p = 0.057 for CS versus C, p = 0.071 for
HS versus H). Hepatic TBARS levels were not significantly affected by HFD or supplement
(Table 4).

Table 4. Hepatic parameters at endpoint (30.5 weeks).

C CS H HS
Folate (ng/mg) 293+ 1.7 383+23¢ 293+1.2 35442449
Glutathione (nmol/mg) 4.8+ 0.3 57+04 46+03 55+03
TBARS (nmol/g) 923+ 122 93.6+9.0 109.8 £ 10.7 97.4 +13.0
Triglycerides (1g/mg) 311+23 207 +14°¢ 447+ 632 237 +1349
Cholesterol (ug/mg) 52+03 45403 54+04 61+06b

Data are shown as mean & SEM (n = 16-17 per group). Abbreviations: C, Control diet; CS, Control diet with
supplement; H, HFD; and HS, HFD with supplement. Effects of HFD and supplement were assessed by two-way
ANOVA followed by LSD post hoc. Overall HFD effect p < 0.05 for triglyceride (TG). Overall supplement effect
p < 0.05 or p < 0.001 for folate, total glutathione, TG content and total cholesterol. Post hoc HFD effect ‘a” (H
versus C) and ‘b’” (HS versus CS), and supplement effect ‘c’ (CS versus C) and ‘d’ (HS versus H).

3.6. Hepatic Lipids and Expression of Genes Involved in Lipid Metabolism

HEFD animals had increased (p = 0.025), whereas supplemented animals had reduced
(p < 0.001) hepatic triglyceride content (Table 4), compared to control group. Hepatic
triglyceride content was higher in H group as compared to C group (higher by 44%,
p = 0.009), and HS group (higher by 89%, p < 0.001), but lower in CS group as compared to
C group (lower by 50%, p = 0.046). The HFD (p = 0.041) increased hepatic total cholesterol
content; HS group had higher total cholesterol content than CS group (p = 0.011).

Overall, the expression of Fabpl gene was reduced in the HFD animals (H plus HS
group versus C plus CS group, p = 0.043) and increased in the supplement group (CS plus
HS group versus C plus H group, p = 0.047; Figure 6A). HFD feeding markedly increased
the expression of Fasn gene (p = 0.007; Figure 6C) but not Acaca gene. The Fasn gene
expression was significantly greater in H versus C rats (p = 0.035) with a trend (p = 0.079)
towards higher expression in HS versus CS rats. Overall, feeding the supplement resulted
in an increased expression of Acaca (p = 0.033; Figure 6B) and Fasn (p = 0.014); the CS
group had higher expression of Acaca (p = 0.015), and Fasn (p = 0.048) gene than the C
group. A significant effect of both HFD (p < 0.001) and supplement (p = 0.002) was seen
for the expression of Cptla, which is involved in fatty acid catabolism (Figure 6D). The
most marked effect was a reduction in Cptla expression by HFD in both H and HS groups
relative to their controls (H versus C group; p = 0.001, and HS versus CS group; p < 0.001),
and an increase in the CS compared to C group (p = 0.005). There were no differences in
the expression of Cd36, Srebfl and Hnf4a genes among the four groups (data not shown).
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Figure 6. Expression of liver genes involved in lipid metabolism. Data are shown as mean &+ SEM
(n = 14-16 per group); panels A, B, C and D show mRNA expression of FABP1, ACACA, FASN and
CPT1A genes respectively. Abbreviations: C, Control diet; CS, Control diet with supplement; H,
HFD; and HS, HFD with supplement. Effects of HFD and supplement were assessed by two-way
ANOVA followed by LSD post hoc. Post hoc HFD effect ‘a” (H versus C) and ‘b’ (HS versus CS),
and supplement effect ‘c’ (CS versus C). Overall HFD effect * p < 0.05, p < 0.01 or p < 0.001. Overall
supplement effect # p < 0.05 or p < 0.01.

4. Discussion

It is well known that consumption of diets rich in energy but poor in variety and
quantity of micronutrients can lead to the development of chronic non-communicable
diseases (e.g., obesity, diabetes and cardiovascular disease). In a recent study in British
adults, micronutrient intake from food alone was lower than recommended levels [31].
Furthermore, there is now strong evidence in the literature for a clear association between
micronutrient deficiencies and obesity across all ages and geographical areas [32,33]. A re-
cent study showed significant negative associations between BMI and serum micronutrient
levels, including folate, in overweight and obese Australian adults [34], further supporting
that supplementing essential micronutrients in diets may be advantageous in the context of
current unhealthy dietary patterns and obesity-associated oxidative stress. In this study, we
observed several benefits of the micronutrient formulation on growth, adiposity, glucose
metabolism, insulin sensitivity, hepatic antioxidant capacity and hepatic lipid metabolism.
Despite strong effects on weight gain in response to HFD, there was no visible toxicity
associated with supplementation.

4.1. Effect of Supplement on Body Weight, Adiposity and Respiratory Quotient

Despite similar energy intake among ad libitum fed H and HS rats, body weight and
adiposity in HS rats was maintained to a control (C and CS animals) level throughout the
study. Micronutrient supplement had no significant effects on animal’s RQ, and the basal
metabolic rate was lower in HS group than H group, suggesting that supplement effect on
body weight was not due to change in animal basal metabolic rate. To our knowledge, no
reports of reduced weight gain in humans or animals when supplemented with folate, vita-
min B6, betaine, and/or zinc or their different combination exist. Two studies reported that
choline supplementation reduces weight gain in rats (by up to 31%) at a dose of 37.5 g/kg
diet [15] and lowers BMI in humans by up to 12% [35] without any adverse effects. This
finding was also not related to reduction in food intake, and the precise mechanism of such
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choline action is unknown. There is very little evidence of micronutrient supplement affect-
ing fat mass. To date, only one study has shown effect of betaine supplement on fat mass
(percent fat mass lowered by 3.3%) in humans [36], and folate supplement (epididymal
fat mass lowered by 46%) in mice [11]. We observed consistent lower body weights (by
around 25-30%) and fat mass (by 65%) in HS group as compared to H group. Our diet
formulation was based on Wolff 35ZM diet used in mice with increased vitamin B6 and
lower vitamin B12 and methionine levels, and similar effects on weight were not seen [22].
Other methyl donor supplemented diets containing additional folate, B12, betaine and
choline [17,18] or folate, B12, betaine, choline, methionine, and ZnSOy [19] have not been
associated with effects on body weight and adiposity.

4.2. Effect of Supplement on Glucose Metabolism and Insulin Sensitivity

The animals fed HFD developed impaired fasting glucose (higher by 13.5%) and
impaired glucose tolerance. Furthermore, the increased insulin release during OGTT,
and the higher HOMA-IR values in HFD group compared to control suggest that the
observed glucose intolerance may be associated with insulin resistance in HFD group [37].
Interestingly, HS animals demonstrated lower fasting glucose and insulin compared to H
group. Moreover, based on insulin release (88% larger AUC for insulin release in H group
as compared to HS group) and calculated HOMA-IR values (125% higher in H group as
compared to HS group) as surrogate measures of insulin resistance, it is apparent that
insulin resistance developed by HFD feeding may be reduced by addition of a micronutrient
supplement to the HFD.

Previously, folate supplementation was reported to improve glucose metabolism in
mice at a dose of 26 mg/kg diet [10] and reduce insulin resistance in rats at 40 mg/kg
diet [38]. These levels are significantly higher than the 15 mg/kg used in our current
study (including the 2.5 mg/kg contained in standard AIN93). In several mice studies,
betaine supplementation at a dose of 1% weight/volume in drinking water improved
glucose intolerance and insulin resistance [14,39,40]. Zinc supplement at twice the dose
in control diet was found to improve fasting glucose and insulin sensitivity, as well as
increase insulin level in diabetic rats [41]. Our supplement contained 15 g/kg of betaine,
when accounting for the intake of food for the rat and water for the mouse this level of
supplementation equates to an equivalent dose per gram of body. In contrast, in the current
study, zinc was supplemented to almost three times more than the study by Barman et al.,
2016. With this in mind, the positive effects seen on glucose metabolism and insulin
sensitivity may be the result of the several single micronutrients providing an added
benefit. However, it may also have arisen from several constituents interacting at the
metabolic level to provide an unknown effect that not only increases the synthesis of the
antioxidant molecule, glutathione, but also provides a direct improvement in glucose
homeostasis. To the best of our knowledge there is no report of vitamin B6 supplement
affecting glucose homeostasis and insulin sensitivity in rodents, and the effects of choline
supplementation on such parameters are still unclear.

4.3. Effect of Supplement on Hepatic Antioxidant Capacity

High concentrations of one of the supplement key ingredients, folate, were achieved
in the liver of supplemented animals. Such a high level of supplement is likely to influence
hepatic metabolism and antioxidant capacity. Interestingly, supplementation increased
total glutathione content (oxidized form: GSSG plus reduced form: GSH) by approximately
19% in our study. Glutathione is a major antioxidant molecule and under physiological
conditions, more than 98% of glutathione exists in reduced form, which is the active
form [42,43]. A rat study reported a decrease in the ratio of reduced to oxidized glutathione,
upon HFD feeding, and folate supplementation (252.6 mg/kg) increased the ratio of
reduced to oxidized glutathione [12]. Other rodent studies have shown improvements in
hepatic glutathione concentration after betaine (dose 1% weight/volume) [44] and zinc
(at a dose of 0.19 and 0.38 g/kg diet) [45] supplementation. Though there is evidence
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that some of the supplement constituents alone can enhance glutathione production,
we tested if the micronutrient supplement as a whole can boost glutathione synthesis.
Potentially, our supplement seems to drive the one-carbon intermediate, homocysteine
towards transsulphuration pathway leading to glutathione formation. Vitamin B6 has been
shown to enhance glutathione synthesis through such mechanisms [7]. Here, we provide
evidence for the first time that this specific micronutrient supplement can have a positive
effect on hepatic glutathione synthesis.

Our study showed nonsignificant increases in TBARS (a common marker of oxidative
stress) levels in response to HFD. This is in contrast with previous studies in rats reporting
an increase in plasma oxidative stress [46] and hepatic oxidative stress [47,48] after HFD
feeding. Furthermore, as our HFD was not a potent inducer of oxidative stress we were
unable to determine if the supplement is able to rectify adverse TBARS levels. The levels
seen are comparable to the control animals and this may be due the requirement of an
optimum level of free radicals in every cell for appropriate physiological functions [49].

It is well established that oxidative stress promotes insulin resistance and alters glu-
cose metabolism by interfering with cellular insulin signaling, activating cellular-stress
response pathway and increasing pro-inflammatory response [2,3]. The liver has important
contribution in maintaining whole body glutathione homeostasis, and therefore, stimula-
tion of hepatic glutathione synthesis may improve glucose metabolism and prevent insulin
resistance in HS animals.

4.4. Effect of Supplement on Hepatic Lipid Metabolism

HFD fed rats had high hepatic triglyceride content (~4.5% of liver). In rodents,
prolonged HFD feeding can induce hepatic changes similar to the features seen in hu-
man non-alcoholic fatty liver disease (NAFLD; characterized by liver fat >5-10% of liver
weight) [50]. Interestingly, supplement prevented deposition of hepatic lipid despite the
consumption of HFD but without affecting the circulating triglyceride level. This provides
evidence that consumption of the supplement ameliorated one of the key phenomena,
hepatic lipid deposition, occurring in NAFLD. Two components of the supplement, choline
and betaine have lipotropic action, preventing fat accumulation. There are several reports
of prevention of hepatic lipid accumulation by micronutrient supplementation, particularly
with micronutrient combinations consisting of methyl donors. In two separate studies in
rats, Cordero et al. found that methyl donor supplement (containing folate, B12, betaine,
and choline) in high fat sucrose (HFS) diet can prevent the HFS diet-induced lipid accu-
mulation in liver [17,18]. In mice with NAFLD induced by a HFD over eight weeks, four
weeks of dietary methyl-donor supplementation (folate, B12, betaine, choline, methionine,
and ZnSO4) was able to slow the progression of hepatic steatosis [19]. Taken together,
our findings are in broad agreement with the previous studies which tested the effect of
multiple components of the supplement ingredients.

To examine possible mechanisms of anti-lipid accumulation effects of the supplement,
we measured the expression of major hepatic genes involved in lipid metabolism. Expres-
sion level of fatty acid translocase (Cd36) gene, which supports the uptake of fatty acid from
plasma, suggested that plasma fatty acid uptake was similar across all groups through this
receptor mediated process. Interestingly, Cptla gene was upregulated by the supplemented
diet, the consequence of which can be increased fatty acid oxidation, and this may have
prevented triglyceride accumulation in these animals. We saw the downregulation of Cptla
gene in HFD fed animals, suggesting decreased fatty acid oxidation. Such an effect of
HFD has been observed in previous studies [51,52]. Only one study in the rat showed
that betaine supplementation (1 mL intragastrically of 400 mg/kg concentration) reverses
the inhibition of Cptla gene expression induced by HFD [53]. While there is limited pre-
vious information, our supplement may promote fatty acid catabolism by upregulating
Cptla gene.

Supplementation increased the expression of Fabpl gene, whereas HFD decreased its
expression. Fabpl acts as a fatty acid binder inside hepatocytes and supports fatty acid
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metabolism [54]. Moreover, because it can lower free fatty acid concentration and scav-
enge free radicals, it acts as a useful endogenous antioxidant molecule in hepatocytes [55].
Higher expression of Fabpl gene in supplemented than non-supplemented animals indi-
rectly suggests a rapid turnover of lipid molecules and provides further evidence regarding
the improved antioxidant status of liver.

Surprisingly, the genes involved in fatty acid synthesis, Acaca and Fasn [56], were
highly expressed in supplemented animals. A similar pattern of upregulation (significantly
for Acaca and a trend for Fasn gene) was seen in methyl donor supplemented rats [17].
However, in another study in mice, Dahlhoff et al. found reduced expression of Fasn,
Accl, and Acc2 in methyl donor supplemented animals [19]. The varied outcomes of the
different studies may be a reflection of the different supplements used and their respective
concentrations. Previously in rats fed HFD, Xu et al. observed that betaine supplementation
reduces hepatic lipid accumulation by enhancing hepatic lipid export as very low density
lipoproteins (VLDL) and by increasing fatty acid oxidation [53]. Similar to their findings,
it is possible that our supplement also affects other activities that promote lipid efflux
from liver. Furthermore, we saw upregulation of Fasn gene in HFD-fed animals. This
outcome has been found in NAFLD patients, despite excess lipid deposits, de novo fatty
acid synthesis is elevated [57], and Acaca and Fasn genes are upregulated [51,58].

Our findings suggest that HFD initiates NAFLD-like changes in rat liver, and this
was ameliorated by the supplement in the diet. Hepatic lipid accumulation in NAFLD
is proposed to result from increased fatty acid uptake from plasma, increased de novo
lipogenesis, decreased fatty acid oxidation as a result of chronic mitochondrial overload
of fatty acids and oxidative stress, and diminished export of lipids as VLDL [59]. As a
result of increased glutathione synthesis, improved hepatic anti-oxidative capacity may
have prevented mitochondrial beta-oxidation dysfunction in supplemented animals. It
is also plausible that the supplement’s antioxidant and methyl donor activities may have
directly exerted the observed changes in gene expression by altering DNA methylation or
oxidative DNA damage in gene promoters [8,9].

5. Conclusions

Our study is the first to assess the metabolic impact of a unique dietary micronutrient
supplement containing a combination folate, vitamin B6, choline, betaine, and zinc in male
rats. Interestingly, this dietary supplement, when combined in an obesogenic diet, reduced
the negative impact of the diet on glucose metabolism, and liver metabolism. Our findings
suggest that consumption of micronutrient supplement while consuming HFD may be
of value. Therefore, the dietary supplement has potential to reduce the development of
metabolic diseases, which could have a significant impact on reducing obesity and obesity-
related metabolic disorders in males. Further studies are required to test whether similar
results can be obtained in females.

Author Contributions: V.L., M.EF, M.].M. and C.A.M. designed the study. S.K. and V.L. prepared
the rodent diet and raised the animal cohort. S.K. and C.A.M. performed all the animal experiments
and generated the samples. S.K. performed blood and tissue assays. S.K. performed PCR, while V.L.
guided PCR. V.L.,, M.J.M. and C.A.M. advised on the experimental plan. S.K. drafted the manuscript,
and all authors contributed to editing. All authors have read and agreed to the published version of
the manuscript.

Funding: This work: including V.L. salary was supported by NHMRC Australia project grant
(RG140356) held by M.J.M., M.EF. and C.A.M. S.K. was supported by a UNSW international scholar-
ship and SOMS top up scholarship.

Institutional Review Board Statement: The study was approved by Animal Ethics Committee of
the University of New South Wales (Ethics ID: 14/44B and 17/27A).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Cells 2021, 10, 1751 15 of 17

Acknowledgments: The figure was created with BioRender.com.

Conflicts of Interest: All authors declare no conflict of interest.

References

1.  Australian Institute of Health and Welfare. Impact of Overweight and Obesity as a Risk Factor for Chronic Conditions: Australian
Burden of Disease Study; Australian Burden of Disease Study series no. 11. Cat. no. BOD 12; AIHW: Canberra, Australia, 2017.

2. Matsuda, M.; Shimomura, I. Increased oxidative stress in obesity: Implications for metabolic syndrome, diabetes, hypertension,
dyslipidemia, atherosclerosis, and cancer. Obes. Res. Clin. Pract. 2013, 7, e330-e341. [CrossRef]

3.  Evans, J.L.; Maddux, B.A.; Goldfine, I.D. The Molecular Basis for Oxidative Stress-Induced Insulin Resistance. Antioxid. Redox
Signal 2005, 7, 1040-1052. [CrossRef] [PubMed]

4. Bailey, R.L.; West, K.P,, Jr.; Black, R.E. The epidemiology of global micronutrient deficiencies. Ann. Nutr. Metab. 2015, 66, 22-33.
[CrossRef] [PubMed]

5. Clare, C.E.; Brassington, A.H.; Kwong, W.Y.; Sinclair, K.D. One-Carbon Metabolism: Linking Nutritional Biochemistry to
Epigenetic Programming of Long-Term Development. Annu. Rev. Anim. Biosci. 2019, 7, 263-287. [CrossRef] [PubMed]

6.  Birben, E.; Sahiner, U.M.; Sackesen, C.; Erzurum, S.; Kalayci, O. Oxidative stress and antioxidant defense. World Allergy Organ. ].
2012, 5, 9-19. [CrossRef]

7. Mosharov, E.; Cranford, M.R.; Banerjee, R. The quantitatively important relationship between homocysteine metabolism and
glutathione synthesis by the transsulfuration pathway and its regulation by redox changes. Biochemistry 2000, 39, 13005-13011.
[CrossRef]

8. McGee, M.; Bainbridge, S.; Fontaine-Bisson, B. A crucial role for maternal dietary methyl donor intake in epigenetic programming
and fetal growth outcomes. Nutr. Rev. 2018, 76, 469-478. [CrossRef]

9. Lu T;Pan, Y, Kao, S.-Y,; Li, C.; Kohane, I; Chan, ].; Yankner, B.A. Gene regulation and DNA damage in the ageing human brain.
Nature 2004, 429, 883-891. [CrossRef]

10. Sid, V.; Wu, N.; Sarna, L.K,; Siow, Y.L.; House, ].D. Folic acid supplementation during high-fat diet feeding restores AMPK
activation via an AMP-LKB1-dependent mechanism. Am. . Physiol. Regul. Integr. Comp. Physiol. 2015, 309, R1215-R1225.
[CrossRef]

11. Li, W,; Tang, R; Ma, E; Ouyang, S.; Liu, Z.; Wu, J. Folic acid supplementation alters the DNA methylation profile and improves
insulin resistance in high-fat-diet-fed mice. J. Nutr. Biochem. 2018, 59, 76-83. [CrossRef]

12.  Sarna, LK.; Wu, N.; Wang, P; Hwang, S.Y.; Siow, Y.L.; Karmin, O. Folic acid supplementation attenuates high fat diet induced
hepatic oxidative stress via regulation of NADPH oxidase. Can. J. Physiol. Pharmacol. 2012, 90, 155-165. [CrossRef]

13. Tas, S.; Sarandol, E.; Dirican, M. Vitamin B6 supplementation improves oxidative stress and enhances serum paraox-
onase/arylesterase activities in streptozotocin-induced diabetic rats. Sci. World ]. 2014, 2014, 351598. [CrossRef]

14. Wang, Z.; Yao, T.; Pini, M.; Zhou, Z.; Fantuzzi, G.; Song, Z. Betaine improved adipose tissue function in mice fed a high-fat diet: A
mechanism for hepatoprotective effect of betaine in nonalcoholic fatty liver disease. Am. J. Physiol. Gastrointest. Liver Physiol.
2010, 298, G634-G642. [CrossRef] [PubMed]

15. Bagley, B.D.; Chang, S.C.; Ehresman, D.J.; Eveland, A.; Parker, G.A.; Peters, ].M.; Butenhoff, J.L. Four-week dietary supplementa-
tion with 10- and/or 15-fold basal choline caused decreased body weight in Sprague Dawley rats. Toxicol. Ind. Health 2017, 33,
792-801. [CrossRef] [PubMed]

16. Cruz, KJ.; Morais, ].B.; de Oliveira, A.R.; Severo, ].S.; Marreiro, D.D. The Effect of Zinc Supplementation on Insulin Resistance in
Obese Subjects: A Systematic Review. Biol. Trace Elem. Res. 2016. [CrossRef] [PubMed]

17.  Cordero, P.; Gomez-Uriz, A.M.; Campion, ].; Milagro, FI.; Martinez, ].A. Dietary supplementation with methyl donors reduces
fatty liver and modifies the fatty acid synthase DNA methylation profile in rats fed an obesogenic diet. Genes Nutr. 2013, 8,
105-113. [CrossRef] [PubMed]

18. Cordero, P.; Campion, J.; Milagro, F.I.; Martinez, J.A. Transcriptomic and epigenetic changes in early liver steatosis associated to
obesity: Effect of dietary methyl donor supplementation. Mol. Genet. Metab. 2013, 110, 388-395. [CrossRef] [PubMed]

19. Dahlhoff, C.; Worsch, S.; Sailer, M.; Hummel, B.A.; Fiamoncini, J.; Uebel, K.; Obeid, R.; Scherling, C.; Geisel, J.; Bader, B.L.
Methyl-donor supplementation in obese mice prevents the progression of NAFLD, activates AMPK and decreases acyl-carnitine
levels. Mol. Metab. 2014, 3, 565-580. [CrossRef]

20. Martire, S.I.; Holmes, N.; Westbrook, R.F.; Morris, M.]. Altered feeding patterns in rats exposed to a palatable cafeteria diet:
Increased snacking and its implications for development of obesity. PLoS ONE 2013, 8, e60407. [CrossRef]

21. Reeves, P.G; Nielsen, FH.; Fahey, G.C., Jr. AIN-93 purified diets for laboratory rodents: Final report of the American Institute of
Nutrition ad hoc writing committee on the reformulation of the AIN-76A rodent diet. J. Nut. 1993, 123, 1939-1951. [CrossRef]
[PubMed]

22.  Wolff, G.L.; Kodell, R.L.; Moore, S.R.; Cooney, C.A. Maternal epigenetics and methyl supplements affect agouti gene expression
in Avy/a mice. FASEB |. 1998, 12, 949-957. [CrossRef]

23. Almeida, M.R.; Venancio, V.P; Aissa, A.F.; Darin, ].D.C.; Bianchi, M.L.; Antunes, L.M.G. Effects of maternal vitamin B6 deficiency

and over-supplementation on DNA damage and oxidative stress in rat dams and their offspring. Food Chem. Toxicol. 2015, 80,
201-205. [CrossRef]


BioRender.com
http://doi.org/10.1016/j.orcp.2013.05.004
http://doi.org/10.1089/ars.2005.7.1040
http://www.ncbi.nlm.nih.gov/pubmed/15998259
http://doi.org/10.1159/000371618
http://www.ncbi.nlm.nih.gov/pubmed/26045325
http://doi.org/10.1146/annurev-animal-020518-115206
http://www.ncbi.nlm.nih.gov/pubmed/30412672
http://doi.org/10.1097/WOX.0b013e3182439613
http://doi.org/10.1021/bi001088w
http://doi.org/10.1093/nutrit/nuy006
http://doi.org/10.1038/nature02661
http://doi.org/10.1152/ajpregu.00260.2015
http://doi.org/10.1016/j.jnutbio.2018.05.010
http://doi.org/10.1139/y11-124
http://doi.org/10.1155/2014/351598
http://doi.org/10.1152/ajpgi.00249.2009
http://www.ncbi.nlm.nih.gov/pubmed/20203061
http://doi.org/10.1177/0748233717711361
http://www.ncbi.nlm.nih.gov/pubmed/28901218
http://doi.org/10.1007/s12011-016-0835-8
http://www.ncbi.nlm.nih.gov/pubmed/27587022
http://doi.org/10.1007/s12263-012-0300-z
http://www.ncbi.nlm.nih.gov/pubmed/22648174
http://doi.org/10.1016/j.ymgme.2013.08.022
http://www.ncbi.nlm.nih.gov/pubmed/24084163
http://doi.org/10.1016/j.molmet.2014.04.010
http://doi.org/10.1371/journal.pone.0060407
http://doi.org/10.1093/jn/123.11.1939
http://www.ncbi.nlm.nih.gov/pubmed/8229312
http://doi.org/10.1096/fasebj.12.11.949
http://doi.org/10.1016/j.fct.2015.03.015

Cells 2021, 10, 1751 16 of 17

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.
50.

Matthews, D.R.; Hosker, J.P.; Rudenski, A.S.; Naylor, B.A.; Treacher, D.EF; Turner, R.C. Homeostasis model assessment: Insulin
resistance and beta-cell function from fasting plasma glucose and insulin concentrations in man. Diabetologia 1985, 28, 412—429.
[CrossRef] [PubMed]

Cacho, J.; Sevillano, J.; de Castro, J.; Herrera, E.; Ramos, M.P. Validation of simple indexes to assess insulin sensitivity during
pregnancy in Wistar and Sprague-Dawley rats. Am. |. Physiol. Endocrinol. Metab. 2008, 295, E1269-E1276. [CrossRef] [PubMed]
Folch, J.; Lees, M.; Stanley, G.S. A simple method for the isolation and purification of total lipides from animal tissues. J. Biol.
Chem. 1957, 226, 497-509. [CrossRef]

Lecomte, V.; Maloney, C.A.; Wang, K.W.; Morris, M.]. Effects of paternal obesity on growth and adiposity of male rat offspring.
Am. |. Physiol. Endocrinol. Metab. 2017, 312, E117-E125. [CrossRef] [PubMed]

Bustin, S.A.; Benes, V.; Garson, J.A.; Hellemans, ].; Huggett, J.; Kubista, M.; Mueller, R.; Nolan, T.; Pfaffl, M.W.; Shipley, G.L.; et al.
The MIQE guidelines: Minimum information for publication of quantitative real-time PCR experiments. Clin. Chem. 2009, 55,
611-622. [CrossRef]

Andersen, C.L.; Jensen, J.L.; Orntoft, T.F. Normalization of real-time quantitative reverse transcription-PCR data: A model-based
variance estimation approach to identify genes suited for normalization, applied to bladder and colon cancer data sets. Cancer
Res. 2004, 64, 5245-5250. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402-408. [CrossRef] [PubMed]

Derbyshire, E. Micronutrient Intakes of British Adults Across Mid-Life: A Secondary Analysis of the UK National Diet and
Nutrition Survey. Front. Nutr. 2018, 5. [CrossRef]

Krzizek, E.-C.; Brix, ].M.; Herz, C.T.; Kopp, H.P; Schernthaner, G.-H.; Schernthaner, G.; Ludvik, B. Prevalence of Micronutrient
Deficiency in Patients with Morbid Obesity Before Bariatric Surgery. Obes. Surg. 2018, 28, 643-648. [CrossRef]

Astrup, A.; Biigel, S. Overfed but undernourished: Recognizing nutritional inadequacies/deficiencies in patients with overweight
or obesity. Int. J. Obes. 2018. [CrossRef]

McKay, J.; Ho, S.; Jane, M.; Pal, S. Overweight & obese Australian adults and micronutrient deficiency. BMC Nutr. 2020, 6, 12.
[CrossRef]

Elsawy, G.; Abdelrahman, O.; Hamza, A. Effect of choline supplementation on rapid weight loss and biochemical variables
among female taekwondo and judo athletes. J. Hum. Kinet. 2014, 40, 77-82. [CrossRef]

Cholewa, J.M.; Hudson, A.; Cicholski, T.; Cervenka, A.; Barreno, K.; Broom, K.; Craig, S.A. The effects of chronic betaine
supplementation on body composition and performance in collegiate females: A double-blind, randomized, placebo controlled
trial. J. Int. Soc. Sports Nutr. 2018, 15, 37. [CrossRef]

Abdul-Ghani, M.A.; Tripathy, D.; DeFronzo, R.A. Contributions of beta-cell dysfunction and insulin resistance to the pathogenesis
of impaired glucose tolerance and impaired fasting glucose. Diabetes Care 2006, 29, 1130-1139. [CrossRef]

Buettner, R.; Bettermann, I.; Hechtl, C.; Gabele, E.; Hellerbrand, C.; Scholmerich, J.; Bollheimer, L.C. Dietary folic acid activates
AMPK and improves insulin resistance and hepatic inflammation in dietary rodent models of the metabolic syndrome. Horm.
Metab. Res. 2010, 42, 769-774. [CrossRef]

Du, J.; Shen, L,; Tan, Z.; Zhang, P.; Zhao, X.; Xu, Y,; Yang, Q.; Ma, ].; Jiang, A.A.; Tang, G.; et al. Betaine Supplementation Enhances
Lipid Metabolism and Improves Insulin Resistance in Mice Fed a High-Fat Diet. Nutrients 2018, 10. [CrossRef]

Ejaz, A.; Martinez-Guino, L.; Goldfine, A.B.; Ribas-Aulinas, F; De Nigris, V.; Ribo, S.; Gonzalez-Franquesa, A.; Garcia-Roves, PM.;
Li, E.; Dreyfuss, ].M.; et al. Dietary Betaine Supplementation Increases Fgf21 Levels to Improve Glucose Homeostasis and Reduce
Hepatic Lipid Accumulation in Mice. Diabetes 2016, 65, 902-912. [CrossRef]

Barman, S.; Srinivasan, K. Zinc supplementation alleviates hyperglycemia and associated metabolic abnormalities in
streptozotocin-induced diabetic rats. Can. J. Physiol. Pharmacol. 2016, 94, 1356-1365. [CrossRef]

Forman, H.].; Zhang, H.; Rinna, A. Glutathione: Overview of its protective roles, measurement, and biosynthesis. Mol. Asp. Med.
2009, 30, 1-12. [CrossRef]

Lu, S.C. Glutathione synthesis. Biochim. Biophys. Acta 2013, 1830, 3143-3153. [CrossRef]

Kwon, D.Y; Jung, Y.S.; Kim, S.J.; Park, H.K,; Park, ].H.; Kim, Y.C. Impaired sulfur-amino acid metabolism and oxidative stress in
nonalcoholic fatty liver are alleviated by betaine supplementation in rats. J. Nutr. 2009, 139, 63-68. [CrossRef] [PubMed]
Barman, S.; Srinivasan, K. Attenuation of oxidative stress and cardioprotective effects of zinc supplementation in experimental
diabetic rats. Br. J. Nutr. 2017, 117, 335-350. [CrossRef] [PubMed]

Emami, S.R.; Jafari, M.; Haghshenas, R.; Ravasi, A. Impact of eight weeks endurance training on biochemical parameters and
obesity-induced oxidative stress in high fat diet-fed rats. J. Exerc. Nutr. Biochem. 2006, 20, 29-35. [CrossRef]

Auberval, N.; Dal, S.; Bietiger, W.; Pinget, M.; Jeandidier, N.; Maillard-Pedracini, E.; Schini-Kerth, V.; Sigrist, S. Metabolic and
oxidative stress markers in Wistar rats after 2 months on a high-fat diet. Diabetol. Metab. Syndr. 2014, 6, 130. [CrossRef] [PubMed]
Noeman, S.A.; Hamooda, H.E.; Baalash, A.A. Biochemical study of oxidative stress markers in the liver, kidney and heart of high
fat diet induced obesity in rats. Diabetol. Metab. Syndr. 2011, 3, 17. [CrossRef]

Sies, H.; Berndt, C.; Jones, D.P. Oxidative Stress. Annu. Rev. Biochem. 2017, 86, 715-748. [CrossRef]

Lau, ] K.; Zhang, X.; Yu, ]. Animal models of non-alcoholic fatty liver disease: Current perspectives and recent advances. J. Pathol.
2017, 241, 36-44. [CrossRef]


http://doi.org/10.1007/BF00280883
http://www.ncbi.nlm.nih.gov/pubmed/3899825
http://doi.org/10.1152/ajpendo.90207.2008
http://www.ncbi.nlm.nih.gov/pubmed/18796548
http://doi.org/10.1016/S0021-9258(18)64849-5
http://doi.org/10.1152/ajpendo.00262.2016
http://www.ncbi.nlm.nih.gov/pubmed/27965204
http://doi.org/10.1373/clinchem.2008.112797
http://doi.org/10.1158/0008-5472.CAN-04-0496
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://doi.org/10.3389/fnut.2018.00055
http://doi.org/10.1007/s11695-017-2902-4
http://doi.org/10.1038/s41366-018-0143-9
http://doi.org/10.1186/s40795-020-00336-9
http://doi.org/10.2478/hukin-2014-0009
http://doi.org/10.1186/s12970-018-0243-x
http://doi.org/10.2337/dc05-2179
http://doi.org/10.1055/s-0030-1263122
http://doi.org/10.3390/nu10020131
http://doi.org/10.2337/db15-1094
http://doi.org/10.1139/cjpp-2016-0084
http://doi.org/10.1016/j.mam.2008.08.006
http://doi.org/10.1016/j.bbagen.2012.09.008
http://doi.org/10.3945/jn.108.094771
http://www.ncbi.nlm.nih.gov/pubmed/19056644
http://doi.org/10.1017/S0007114517000174
http://www.ncbi.nlm.nih.gov/pubmed/28245884
http://doi.org/10.20463/jenb.2016.03.20.1.5
http://doi.org/10.1186/1758-5996-6-130
http://www.ncbi.nlm.nih.gov/pubmed/25960774
http://doi.org/10.1186/1758-5996-3-17
http://doi.org/10.1146/annurev-biochem-061516-045037
http://doi.org/10.1002/path.4829

Cells 2021, 10, 1751 17 of 17

51.

52.

53.

54.

55.

56.

57.

58.

59.

Kohjima, M.; Enjoji, M.; Higuchi, N.; Kato, M.; Kotoh, K.; Yoshimoto, T.; Fujino, T.; Yada, M.; Yada, R.; Harada, N.; et al.
Re-evaluation of fatty acid metabolism-related gene expression in nonalcoholic fatty liver disease. Int. J. Mol. Med. 2007, 20,
351-358. [CrossRef] [PubMed]

Berlanga, A.; Guiu-Jurado, E.; Porras, J.A.; Auguet, T. Molecular pathways in non-alcoholic fatty liver disease. Clin. Exp.
Gastroenterol. 2014, 7, 221-239. [CrossRef] [PubMed]

Xu, L.; Huang, D.; Hu, Q.; Wu, J.; Wang, Y.; Feng, J. Betaine alleviates hepatic lipid accumulation via enhancing hepatic lipid
export and fatty acid oxidation in rats fed with a high-fat diet. Br. J. Nutr. 2015, 113, 1835-1843. [CrossRef]

Wang, G.; Bonkovsky, H.L.; de Lemos, A.; Burczynski, EJ. Recent insights into the biological functions of liver fatty acid binding
protein 1. J. Lipid Res. 2015, 56, 2238-2247. [CrossRef]

Wang, G.; Gong, Y.; Anderson, J.; Sun, D.; Minuk, G.; Roberts, M.S.; Burczynski, EJ. Antioxidative function of L-FABP in L-FABP
stably transfected Chang liver cells. Hepatology 2005, 42, 871-879. [CrossRef]

Sanders, EW.; Griffin, J.L. De novo lipogenesis in the liver in health and disease: More than just a shunting yard for glucose. Biol.
Rev. Camb. Philos. Soc. 2016, 91, 452-468. [CrossRef]

Donnelly, K.L.; Smith, C.I; Schwarzenberg, S.J.; Jessurun, J.; Boldt, M.D.; Parks, E.J. Sources of fatty acids stored in liver and
secreted via lipoproteins in patients with nonalcoholic fatty liver disease. . Clin. Investig. 2005, 115, 1343-1351. [CrossRef]
[PubMed]

Mitsuyoshi, H.; Yasui, K.; Harano, Y.; Endo, M.; Tsuji, K.; Minami, M,; Itoh, Y.; Okanoue, T.; Yoshikawa, T. Analysis of hepatic
genes involved in the metabolism of fatty acids and iron in nonalcoholic fatty liver disease. Hepatol. Res. 2009, 39, 366-373.
[CrossRef]

Ipsen, D.H.; Lykkesfeldt, J.; Tveden-Nyborg, P. Molecular mechanisms of hepatic lipid accumulation in non-alcoholic fatty liver
disease. Cell. Mol. Life Sci. 2018, 75, 3313-3327. [CrossRef] [PubMed]


http://doi.org/10.3892/ijmm.20.3.351
http://www.ncbi.nlm.nih.gov/pubmed/17671740
http://doi.org/10.2147/ceg.S62831
http://www.ncbi.nlm.nih.gov/pubmed/25045276
http://doi.org/10.1017/S0007114515001130
http://doi.org/10.1194/jlr.R056705
http://doi.org/10.1002/hep.20857
http://doi.org/10.1111/brv.12178
http://doi.org/10.1172/JCI23621
http://www.ncbi.nlm.nih.gov/pubmed/15864352
http://doi.org/10.1111/j.1872-034X.2008.00464.x
http://doi.org/10.1007/s00018-018-2860-6
http://www.ncbi.nlm.nih.gov/pubmed/29936596

	Introduction 
	Materials and Methods 
	Animals 
	Diets 
	EchoMRI 
	Respiratory Quotient Measurement 
	Glucose Tolerance Testing 
	Plasma Concentration of Insulin, Leptin, Lipids and TBARS 
	Hepatic Folate, TBARS and Glutathione Content 
	Hepatic Lipid Extraction and Lipid Assays 
	Hepatic RNA Extraction and Measurement of Gene Expression 
	Statistical Analysis 

	Results 
	Body Weight, Adiposity and Respiratory Quotient 
	Fasting Blood Glucose and Glucose Tolerance 
	Fasting Insulin and Insulin Sensitivity 
	Plasma Lipids, Leptin and TBARS 
	Hepatic Antioxidant Capacity 
	Hepatic Lipids and Expression of Genes Involved in Lipid Metabolism 

	Discussion 
	Effect of Supplement on Body Weight, Adiposity and Respiratory Quotient 
	Effect of Supplement on Glucose Metabolism and Insulin Sensitivity 
	Effect of Supplement on Hepatic Antioxidant Capacity 
	Effect of Supplement on Hepatic Lipid Metabolism 

	Conclusions 
	References

