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Abstract: The environment of the test laboratory affects the reproducibility of treatment effects
on physiological phenotypes of rodents and may be attributed to the plasticity of the epigenome
due to nutrient-gene-environment interactions. Here, we explored the reproducibility of adding
a multi-vitamin-mineral (MVM) mix to a nutrient-balanced high-fat (HF) diet on obesity, insulin
resistance (IR), and gene expression in the tissues of adult male mice. Experiments of the same design
were conducted in three independent animal facilities. Adult C57BL/6] male mice were fed an HF
diet for 6 weeks (diet induced-obesity model) and then continued for 9-12 weeks on the HF diet with
or without 5-fold additions of vitamins A, B1, B6, B12, Zn, and 2-fold Se. The addition of the MVM
affected body weight, fat mass, gene expression, and markers of IR in all three locations (p < 0.05).
However, the direction of the main effects was influenced by the interaction with the experimental
location and its associated environmental conditions known to affect the epigenome. In conclusion,
MVM supplementation influenced phenotypes and expression of genes related to adipose function in
obese adult male mice, but the experimental location and its associated conditions were significant
interacting factors. Preclinical studies investigating the relationship between diet and metabolic
outcomes should acknowledge the plasticity of the epigenome and implement measures to reproduce
studies in different locations.
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1. Introduction

The results of more than 50 percent of preclinical research cannot be reproduced [1,2].
In recent years, many publications have identified the environment in which the studies
are conducted as a significant and overlooked factor [3—-6]. While attempts to mitigate
differences in the environment are recommended, it is also acknowledged that many factors
cannot be controlled. Expert committees have noted that introducing heterogenization
rather than standardization of laboratory animal research can improve reproducibility as
well as add confidence to responses to experimental treatments [7,8]. Thus, to provide
confidence in treatment outcomes, studies should be repeated in an environment separate
from the primary study. A plausible explanation offered for the effects of the environment
rests with the epigenome [4], which is much more plastic than the genome itself and results
in modifications of gene expression and function [9].

The epigenome consists of chemical modifications to DNA or chromatin structures
that alter gene expression without changing the DNA sequence itself [9]. Until recently, it
was thought that the epigenome is established during early development and then remains
tightly regulated throughout the life span; however, recent reports have revealed that
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environmental factors, including diet, can change epigenetic patterns that program the
phenotype post-birth [10]. Environmental factors that have been identified to affect the
growth, behaviors, and neural function of the experimental animals include the animal
facility housing conditions [11], diet [12], sex of the personnel [13], size and color of the
cage [14], and their neighboring rearing cages [5]. These factors are likely to be modifiers
of the regulatory function via several epigenetic mechanisms, including methylation that
alters gene expression [15].

In our recently published study, we added a multivitamin-mineral (MVM) mix con-
taining 5-fold amounts of vitamin A, B1, B6, B12, and zinc (Zn), and 2-fold selenium (Se)
to a high-fat diet fed to adult male mice [16]. The novel and surprising observation was
that the MVM reduced weight gain insulin resistance (IR) and modified the expression
of genes associated with IR in white adipose tissue and liver. It also shifted one-carbon
metabolism in the liver toward favoring increased gene methylation [16]. Because of the
recently expressed concern with the reproducibility of scientific research, we conducted two
more experiments of a similar design but at different animal facilities to test the replicability
of the MVM'’s effect on characteristics of metabolic syndrome.

We hypothesized that the physiological benefits of the MVM added to the high-fat diet
of mice with diet-induced obesity (DIO) would be reproduced in all animal facilities. The
objective of this report was to show the effect of the experimental environment in animal
facilities on the reproducibility of the physiological outcomes of adding MVM to a high-fat
diet in mice with DIO.

2. Materials and Methods
2.1. Experimental Design

Ethical approval for all experimental procedures was obtained from the University of
Toronto Office of Research Ethics (protocol no. 20012670 and no. 20012824) and the Animal
Care Committee of The Centre for Phenogenomics (protocol no. 25-0372H).

The experiments of the same design were conducted between December 2020 and
October 2022 in three independent research facilities. Experiment 1 was conducted in the
Department of Comparative Medicine (DCM) at the University of Toronto. Experiment
2 was conducted at The Centre for Phenogenomics (TCP) in the Mount Sinai Hospital.
Experiment 3 was conducted at the Terrence Donnelly Centre for Cellular and Biomolecular
Research (CCBR) at the University of Toronto.

For each experiment, 10-week-old male mice (inbred C57BL/6] DIO, Stock No: 380050)
were purchased from Jackson Laboratory (Bar Harbor, ME, USA) and delivered to the
respective animal facilities (locations) in December of 2020 (DCM), February (TCP) and
June (CCBR) of 2022. Upon arrival, mice were housed in accordance with facility regula-
tions, with four mice per cage at DCM and CCBR and five mice per cage at TCP. Housing
conditions included a 12:12-h light-dark cycle (lights on at 0700) with a temperature main-
tained at 22 £ 1 °C. Mice had ad libitum access to food and water during a two-week
acclimatization period in each experiment.

Mice were weighed upon arrival and subsequently on a weekly basis throughout the
duration of each experiment. Body weight (BW) gain was calculated as the difference from
the initial body weight. At the end of each experiment, following a 6-h daytime water-only
fasting period, mice were anesthetized with isoflurane inhalation and subjected to cardiac
puncture for blood collection. Euthanasia was administered using cervical dislocation,
and tissues were collected. Blood samples were centrifuged at 4 °C for plasma separation.
Epididymal white adipose tissue (eWAT) and liver were dissected, weighed, and preserved.
Both plasma and tissues were snap-frozen and stored at —80 °C for future analyses. eWAT
fat pad mass and liver weight (g) were adjusted relative to body weight at termination (g)
and expressed as a percentage.
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2.2. Dietary Interventions

After a two-week acclimatization period, 12-week-old male mice were randomly
assigned via random number generators (GraphPad Software, version 9.5.1, Inc., Boston,
MA, USA) to one of the two diets: (1) a high-fat (60 kcal%) diet containing the recommended
AIN-93M vitamin and mineral content served as the control (i.e., the HF group), or (2) an
HF diet supplemented with 5-fold the recommended for the AIN-93M diet amounts of
vitamins A, B1, B6, B12, Zn, and 2-fold Se, which was the treatment diet (i.e., the HFE-MVM
group). Mice were maintained on their corresponding diets for either 9 weeks (DCM,
n =12/group, 24 mice in total), 10 weeks (TCP, n = 15/group, 30 mice in total), or 12 weeks
(CCBR, nn = 12/group, 24 mice in total). Cages were alternatively placed between HF and
HF-MVM groups on the rack to minimize confounders. Detailed formulations of the HF and
HF-MVM diets used in all three experiments are provided in Supplemental Table S1. All six
experimental diets were customized and purchased from Research Diets (New Brunswick,
NJ, USA). In the TCP, both HF and HF-MVM diets underwent radiation treatment as
part of the facility’s mandatory pathogen contamination control procedures. The main
experimenter could not be blinded to the experimental groups due to the difference in
the colors of the diets, but other independent investigators were involved in procedures,
such as body weight measuring, insulin tolerance test, tissue sampling, data collecting, and
analyzing to minimize subjective biases.

To confirm the micronutrient content of MVM as well as the stability of dietary lipid
throughout the experiments, the targeted micronutrient content and lipid peroxidation
levels of both HF and HF-MVM diets were analyzed by Eurofins Experchem Laboratories
Inc. (North York, ON, Canada) after the experiments. Vitamin A, B1, B6, B12, and Zn
contents in the MVM were found to be highly stable and consistent across the three
experiments (Supplemental Table S2). Free fatty acid (FFA) content was analyzed using gas
chromatography (GC) methods (Supplemental Table S3).

2.3. Insulin Tolerance Test (ITT) and Insulin Resistance (by-HOMA-IR)

After 7-8 weeks on the experimental diets, mice underwent an intraperitoneal insulin
challenge (1.5-2.0 IU of insulin per kg BW) following a 6-h water-only fast. Prior to insulin
injection, baseline fasting glucose levels were measured from venous blood samples ob-
tained via saphenous tail veins using an Accu-Chek® Aviva glucometer (Roche Diagnostics,
Laval, QC, Canada). Approximately 100 uL of blood was collected into heparin-coated
capillary tubes (Cat# 20.1309.100, Sarstedt, Niimbrecht, Germany) for plasma analysis.
Post-injection glucose levels were assessed at specific time points: 10, 20, 60, 90, and
120 min at TCP and 15, 30, 60, 90, and 120 min at DCM and CCBR. The rate constant for
glucose disappearance (kITT) was calculated over the initial 15 min (DCM and CCBR) and
20 min (TCP) using the formula [17]:

KITT (%min/1) = (0.693/t1/2) x 100

Plasma samples were analyzed using commercially available ELISA kits to determine
fasting insulin concentrations (Cat# 80-INSMSH-EO1, Alpco Diagnostics, Salem, NH, USA).
The homeostatic model assessment for insulin resistance (HOMA-IR), a proxy marker of
insulin resistance based on fasting glucose and insulin levels, was calculated using the
following equation [17]:

HOMA-IR = fasting glucose (in mmol/L) x fasting insulin (in pU/mL)]/22.5

2.4. RNA Isolation and Gene Expression

The effect of addition of MVM to the HF diet on the expression of the same genes
related to adipose functions, including those involved in lipogenesis pathway (sterol regu-
latory element binding transcription factor 1 (Srebf1), fatty acid synthase (Fasn), acetyl-CoA
carboxylase alpha (Acaca), and stearoyl-CoA desaturase 1 (Scd1)), adipogenesis (peroxi-
some proliferator activated receptor gamma, (Pparg)), and synthesis of certain adipokine
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(adiponectin (Adipog), leptin (Lep), and retinol binding protein 4 (Rbp4)) were measured in
eWAT and upstream insulin signaling genes (phosphoinositide-3-kinase regulatory subunit
1 (Pik3r1) and thymoma viral proto-oncogene 1 (Akt1)) in the liver in the three experiments.

Chloroform (Sigma-Aldrich, Darmstadt, Germany) extraction was used to isolate
RNA from homogenized samples (150 mg for eWAT or 50 mg for liver) in Trizol reagent
(Invitrogen, Grand Island, NY, USA). The extracted RNA samples, quantified at 500 to
1000 ng, were of good quality with the 260/230 nm ratio of 2.0-2.2 and 260/280 nm ratio
of 2.0 using the NanoDropTM2000 Spectrophotometer (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA), and was utilized for cDNA synthesis. The synthesis process was
conducted using the High-Capacity cDNA Archive Kit (Applied Biosystems Inc.; ABI,
Foster City, CA, USA) on the TProfessional Standard Gradient 96 thermocycler (Biometra,
Analytik Jena, Jena, Germany). Subsequently, equal volumes of cDNA (1 pL/sample) were
utilized to quantify gene expression levels via real-time PCR using a QuantStudio System
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) and TagMan Gene Expression Master
Mix and Assays (Cat# 4369016 Thermo Fisher Scientific, Inc., Waltham, MA, USA). The
primers (TagMan Assays) were ordered from Thermo Fisher Scientific, and all the inventory
information is listed in Supplemental Table S4. Gene expression results were analyzed
using 2~-AACT (cycle threshold) method [18], with expression levels for each gene being
normalized to the housekeeping gene Tbp (TATA-box-binding protein).

2.5. Statistical Analysis

Data analyses were performed using SAS Version 9.4 software (SAS Institute Inc.,
Carey, NC, USA) and R Studio (Version 1.4.1106, Posit Software, Boston, MA, USA). The
variance across groups was homogeneous and normally distributed, tested using Levene’s
test. A sample size of 5 mice per group has been deemed sufficient to detect a 10% difference
in gene expression, our primary outcome measure, at a significance level of p < 0.05 and
a power of 0.80 (by G Power software, version 3.1) based on our previous data [16,19].
However, a sample size of 12 per group was needed to detect 10% differences among
treatment groups for other metabolic and phenotypic measures, such as BW. Outliers were
identified and excluded using robust regression analysis. To assess the effects of BW gain
over time and glucose response during the ITT, a two-way analysis of variance (ANOVA)
was conducted using the PROC MIXED procedure, with MVM (non-MVM vs. MVM) and
time as primary factors, as well as an MVM*time interaction term. Subsequently, Tukey’s
post hoc tests were applied. Student ¢-tests were employed to compare final BW, insulin,
and tissue measurements and relative mRNA expression between the HF and HF-MVM
groups within each experiment. To test the effect of the test environment (e.g., study
location) as a potential confounder that might interact with the MVM, a two-way ANOVA
was conducted with MVM (with or without) and Location (DCM, TCP, or CCBR) as the
main factors, accompanied by an MVM*Location interaction term. Significant interactions
were subjected to Tukey’s post hoc analysis, adjusted for multiple comparisons. All values
are presented as mean =+ standard error of the mean (SEM). Statistical significance was set
atp <0.05.

Data presented from the DCM study utilize figures or reformatted data derived and
adapted from our previous publication [16].

3. Results
3.1. Body Weight Gain

At the beginning of each experiment, there was no difference in the body weight
either between treatments (MVM: p > 0.05 for all: DCM: HF 3591 + 1.01 g vs. MVM
35.92 + 1.07 g; TCP: HF 34.53 £ 0.83 vs. MVM 34.72 £+ 0.72; CCBR: HF 34.38 + 1.05
vs. MVM 34.53 + 1.05) or across the three locations (Location: p > 0.05) as well as
their interaction (MVM*Location: p > 0.05). Body weight at week 9 and weight gain
during the 9-week dietary intervention were affected by location as a main factor
(p < 0.001, Figure 1A,B) and its interaction with the MVM (p < 0.05, Figure 1A). In the
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DCM, HF-MVM mice had lower weight gain and reduced BW compared to the control HF
group (Figure 2A). However, in the TCP, HF-MVM mice had higher weight gain at weeks
4 (p = 0.06), week 5 (p < 0.05), and 6 (p < 0.05, Figure 2B). A similar pattern of increased
weight gain over time was observed in the CCBR at weeks 4, 5, and 8 (p < 0.05), with a trend
at week 9 (p = 0.055, Figure 2C). At week 9, mice from both DCM and TCP gained around
13 g, whereas mice from the CCBR had a lower gain of 11 g compared to the other two
locations (Figure 1A, p < 0.05). At week 9, HF mice in DCM and HF-MVM mice in TCP were
significantly heavier than HF mice in CCBR (p < 0.05, Figure 1B). Despite these differences,
no significant variation in BW at termination was observed in either the TCP or CCBR
(p > 0.05, Figure 1C).
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Figure 1. Phenotypical measures in three experiments. Body weight change at Week 9 (A), body
weight at Week 9 (B) and at termination in each study (C), eWAT mass (D) and percentage to body
weight (E), liver mass (F) and percentage to body weight (G), fasting insulin levels (H) and HOMA-IR
(I) across the three studies. Values are Mean + SEM, n = 9-12 for DCM and CCBR, and 12-15 in
TCP. A two-way ANOVA was conducted with Location (DCM, TCP, and CCBR) and MVM (HF or
HF-MVM) as main factors and an MVM X Location interaction term. A Tukey’s post hoc analysis
adjusted for multiple comparisons followed all significant interactions. 2°¢ Significantly different at
p < 0.05 using Tukey’s post hoc analysis. A t-test was used to compare HF and HF-MVM within each
location. Significant differences (p < 0.05) are indicated by an asterisk (*). * p < 0.05, *** p < 0.001.
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Figure 2. Body weight gain over time from week 1 to week 9 of the dietary intervention until
termination in Location DCM (A), TCP (B), and CCBR (C). Values are Mean 4+ SEM, n = 9-12 for
DCM and CCBR, and 12-15 in TCP. A two-way analysis of variance (ANOVA) was conducted
by PROC MIXED procedure with MVM (non-MVM vs. MVM) and Week as main factors and an
MVM x Week interaction term followed by Tukey’s post hoc test on body weight gain. Significant
differences (p < 0.05) are indicated by an asterisk (*). * p < 0.05.

3.2. Body Composition and Insulin Resistance

The eWAT mass, as well as its percentage of final body weight, were affected by the
interaction between MVM and the location (p < 0.01 for both Figures 1D and 1E). In the
DCM, MVM increased the visceral adiposity index, primarily driven by increased e WAT
weight and its percentage relative to body weight in HF diet-fed mice. However, in the TCP,
despite the increased body weight gain over time compared to the HF group, HF-MVM
mice had decreased eWAT when expressed as mass (p < 0.05) or relative to body weight
percentage (p < 0.05). In the CCBR, the addition of MVM in the HF diet did not significantly
affect these parameters (p > 0.05).

Liver mass and its percentage of final BW ratio were affected by the interaction between
the effect of MVM and location (p < 0.01). These parameters were reduced in the HE-MVM
group only in the DCM (p < 0.05, Figure 1EG), while MVM had no effect in either the TCP
or the CCBR on liver mass. (p > 0.05). HF-fed mice in TCP had smaller liver mass and
liver/BW% than the HF group in DCM (p < 0.05).

Fasting glucose was affected by the interaction between MVM and location across the
three experiments (p < 0.01, Figure 3A). HF-MVM mice in DCM had the lowest fasting
blood glucose, but HF-MVM mice in CCBR had the highest among the three experiments
(p < 0.05). In each individual experiment, MVM decreased the fasting glucose level in
mice in the DCM but increased it in the CCBR (p < 0.05, Figure 3A) compared to their
HF controls.

Fasting insulin was affected by location (p < 0.01) and its interaction between location
and MVM (p < 0.05, Figure 1H). HF mice in DCM had the highest insulin concentrations,
which were nearly twice the mice in the other experiments (p < 0.05).

HOMA-IR, an indicator of insulin resistance, was affected by MVM (p < 0.05), location
(p < 0.001), and their interaction (p < 0.001). In DCM, adding MVM reduced HOMA-IR
by about 50% (p < 0.001); however, this effect was not observed in the other two locations
(p > 0.05). Across the three experiments, mice in TCP were the least insulin resistant, while
mice in HF mice in DCM had the highest HOMA-IR values (p < 0.01, Figure 1I).

3.3. Insulin Sensitivity

The MVM did not have a statistically significant effect on either fasting blood glucose
(MVM effect: p = 0.0819, Figure 3A) or glucose disappearance rate (kITT) during the first
15 or 20 min after the injection (MVM effect: p = 0.085, Figure 3B). However, an interaction
between MVM and location occurred (p < 0.01, Figure 3A,B). In all three experiments,
HF-MVM in DCM had the lowest fasting glucose levels, while MVM-fed mice in CCBR
had the highest level (p < 0.05, Figure 3A). Insulin sensitivity, indicated by the kITT
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values, was increased in HF-MVM mice in DCM when compared to mice in other locations

(p < 0.05, Figure 3B).
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Figure 3. Insulin tolerance test. The fasting glucose level before insulin injection across three
experiments (A); the glucose disappearance rate (kITT) from 0-15 min for DCM and CCBR, and
0-20 min after insulin injection across the three experiments (B); glucose levels after intraperitoneal
injection of insulin from 0 to 120 min in DCM (C), TCP (D), and CCBR (E). Values are Mean + SEM,
n =9-12 for DCM and CCBR, and # = 12-15 in TCP. A two-way analysis of variance (ANOVA) was
conducted by PROC MIXED procedure with MVM (non-MVM vs. MVM) and time as main factors
and an MVM*Time interaction term followed by Tukey’s post hoc test on ITT. A two-way ANOVA
was conducted with dietary MVM and Location as main factors and an MVM x Location interaction
term on fasting glucose and KITT by Tukey’s post hoc test. 2" Significantly different at p < 0.05.
*p <0.05.

The glucose concentrations over 120 min after insulin injection were affected by MVM
as a main factor in each individual experiment (p < 0.05) and interacted (p < 0.05) with
time in DCM and TCP (Figure 3C-E). In DCM, HF-MVM mice had decreased post-insulin-
injection glucose compared to HF mice (Figure 3C), consistent with improved insulin
sensitivity after MVM supplementation (p < 0.05, Figure 3B). In contrast, in the TCP, MVM-
fed mice had increased glucose levels after insulin injection, primarily at 20 min, 90 min,
and 120 min (p < 0.05). However, no interaction between MVM and time was observed
in the CCBR, and MVM as a main factor decreased glucose response over time (p < 0.05,
Figure 3E).
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3.4. Gene Expression

In the three experiments, MVM affected the expression of three of the eight genes
(p < 0.05, Figure 4) and showed an interaction between MVM and location for six of the
eight genes involved in lipogenesis (Figure 4A-D), adipokine synthesis (Figure 4E-G), and
adipogenesis (Figure 4H) pathways in the eWAT (p < 0.05, Figure 2). However, in the liver,
neither a main effect from MVM nor its interaction with location was observed (Figure 41]).
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Figure 4. Relative mRNA expression of genes involved in lipogenesis (A-D), adipokine synthesis
(E-G), and adipogenesis (H) in the eWAT, and insulin signaling (I,]) in the liver of mice in three ex-
periments. Values are Mean + SEM, n = 5-8/group. A two-way ANOVA was conducted with MVM
(HF or HF-MVM) and Location (DCM, TCP, and CCBR) as the main factors and an MVM*Location
interaction term. A Tukey’s post hoc analysis adjusted for multiple comparisons followed all signifi-
cant interactions. ¢ Significantly different at p < 0.05 by Tukey’s post hoc analysis. A t-test was used
to compare HF and HF-MVM within each location. Significant differences (p < 0.05) are indicated by
an asterisk (*). *p < 0.05, ** p < 0.01.
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In the lipogenesis pathway, Srebf1, Fasn, Acaca, and Scd1 were measured. MVM affected
the expression of Acaca (p < 0.05, Figure 4C), independent of location. Srebf1, Fasn, and Scdl
were affected by location (p < 0.05) and interacted with MVM (p < 0.01, Figure 4A,B,D).
Across the three experiments, HF-MVM mice in the DCM had the highest expression of
Srebf1, whereas those in CCBR had the lowest (p < 0.05). For Fasn, HF-MVM mice in both
TCP and CCBR had the lowest expression, but the DCM had the highest. HF-MVM mice in
the DCM had the highest Scd1 expression, four times higher than that in HF-MVM mice
in TCP (p < 0.05, Figure 4D). In each experiment, Fasn expression was increased by MVM
in DCM and decreased in TCP and CCBR. (p < 0.05). MVM upregulated the expression of
Scd1 over 70% in DCM (p < 0.05) but downregulated it by 40% in TCP (p < 0.05) and had no
effect in CCBR. Both Srebfl and Acaca were downregulated by 30% and 40% in the eWAT of
HF-MVM mice in CCBR (p < 0.05), but no effect from MVM in DCM or TCP was observed
(p > 0.05, Figure 4A,C).

Rbp4, Adipog, and Lep, three adipokine-encoding genes, were measured. MVM had a
main effect on Rbp4 (p < 0.05), and this effect was dependent on location
(p < 0.01), indicated by an increase in the DCM but decreased expression in TCP and CCBR
(Figure 4E). Adipoq and Lep were affected by location (p < 0.05) and its interaction with MVM
(p < 0.01, Figure 4EG). Across the three experiments, MVM-fed mice in DCM had the high-
est expression, and TCP and CCBR had the lowest expression of all three genes (p < 0.05).
Within DCM, HF-MVM mice had about 60% upregulation in all three genes, compared to
the HF group (p < 0.05 for all). In contrast, in both the TCP and CCBR, the inclusion of
MVM to the HF diet downregulated the expression of Rbp4 in eWAT by over 50% (p <0.05
and p < 0.01, Figure 4E). In HF-MVM mice, Adipog was downregulated by more than 40%
(p < 0.05, Figure 4F) in the TCP, and the expression of Lep was reduced by about 40% in the
CCBR (p < 0.05), compared with HF mice (Figure 4G).

Pparg, a gene encoding an important adipogenesis factor, was not affected by MVM,
location, or their interaction. The effect of MVM only existed in the DCM, where MVM
increased the expression of the gene by 30% (p < 0.05, Figure 4H).

In the liver, Pik3r1 and Akt were selected based on their role in the insulin signaling
pathway. Neither MVM, nor location, nor their interaction affected the expression of these
two genes (p > 0.05, Figure 41,]).

4. Discussion

The results of the study support our hypothesis that MVM would have physiological
effects in all experimental locations. In our previous study, adding MVM to an HF diet fed
to adult mice reduced weight gain and IR, modified the expression of genes associated with
IR in white adipose tissue, and shifted hepatic one-carbon metabolism toward favoring
increased gene methylation [16]. In the present study, we show that the direction and
magnitude of MVM effects were modified by the environment of the experimental location
and its associated factors. These results support the call for the reproducibility of results in
different experimental settings before conclusions are drawn and applied from preclinical
research [1-3].

To our knowledge, this is the first report to demonstrate that the effects of micronutri-
ents on physiological phenotypes and gene expression were modified by the heterogeneity
of the environment. Our results are consistent with other reports that environmental varia-
tions between animal facilities affect experimental outcomes despite attempts to minimize
the differences [4].

In all three experiments, although we maintained the genetic backgrounds of the mice
and employed similar experimental study designs, the effects of MVM on BW, fat mass,
insulin sensitivity, and resistance were dependent on the experimental location. MVM
additions decreased BW gain in one (DCM) but increased it in the other two locations
(TCP and CCBR). In DCM, the reduced BW and weight gain by MVM were associated
with an increase in eWAT mass, improved insulin sensitivity, and lower IR. Conversely,
in the TCP and CCBR, mice fed with the HF-MVM diet had decreased responses in these
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outcomes. In DCM, the results of ITT and HOMA-IR confirmed lower IR and were con-
sistent with lower body weight. Conversely, in TCP and CCBR, these measures showed
higher IR in those with higher body weight in response to MVM. These observations
demonstrate a strong effect of MVM on obese mice; however, it was also determined by the
experimental environment.

The effects of MVM on fat mass and the expression of six genes expressed in eWAT
also interacted with the experimental location. Reduced IR in DCM was associated with
higher expression of Fasn, Rbp4, Scd, Adipoq, and Lep in eWAT when compared to HF
mice. However, in the TCP location, mice fed the HF-MVM diet had decreased eWAT
mass and percentage, and these changes were associated with lower expression of these
genes. Similarly, in the CCBR, although eWAT mass did not differ, the expression of Srebf1,
Acaca, Rbp4, and Lep was lower. Together, these results indicate that the effect of MVM
was dependent not only on the experimental location at the level of phenotype but also on
gene expression in the eWAT. This location-dependent effect of MVM on gene expression
indicates that the alteration is likely to be associated with epigenetic changes induced by
heterogeneous experimental environments.

From all genes investigated, MVM had a main and consistent effect on two genes
related to adipose function in eWAT in all locations, but it also interacted with the location,
which was also a main factor. Rbp4, responsible for encoding retinol-binding protein, was
similarly affected by MVM, and it was dependent on location. Fasn, which encodes fatty
acid synthase, was upregulated in DCM and downregulated in TCP and CCBR.

Retinol-Binding-Protein 4 (Rbp4) not only serves as a transport protein for retinol but
also exerts an autocrine/paracrine function in adipose tissue. The progression of obesity
often leads to elevated secretion of Rbp4 by adipocytes, impairing insulin sensitivity and
accelerating lipolysis in adipose tissue [20]. In the DCM, a 2.2-fold higher expression of
Rbp4 was found in the eWAT of HF-MVM mice compared to HF mice, which corresponded
to the enlargement of their eWAT. However, in both the TCP and CCBR, HF-MVM mice
had lower expression of this gene, and this was associated with their reduced eWAT weight
and percentage. Notably, the effect of MVM on Rbp4 expression is consistent across the
three experiments, and it was dependent upon the proportion of eWAT/BW%. Therefore,
the effect of MVM on the expression of Rbp4 may be mediated by body weight and/or
body composition, which are sensitive to food intake [21].

Fatty acid synthase (Fasn) is needed for the production of long-chain fatty acids
from acetyl-CoA and malonyl-CoA, representing one of the rate-limiting steps in de novo
lipogenesis [22]. In the DCM, Fasn expression in eWAT was not only associated with
eWAT weight but also showed an inverse association with body weight and a trend for
body weight gain in HF-MVM mice. These association patterns remained consistent
across experiments. Furthermore, irrespective of the direction of gene regulation and
the disparities in phenotypic outcomes among the three experiments, the addition of
MVM to an HF diet consistently affected gene expression in e WAT. These results provide
evidence that micronutrient intake is a factor modulating gene expression in the white
adipose tissue in adulthood. Beyond micronutrients, other food components can also affect
the expression of the gene. For instance, Chaplin et al. reported that the expression of
Fasn in eWAT was upregulated in mice fed an HF diet supplemented with conjugated
linoleic acid (CLA) and CLA + calcium, but not calcium alone, compared to the HF control
group [23]. Furthermore, resveratrol, a polyphenol found in grape skin, restored Fasn
gene expression from the perturbed levels induced by an HF diet. This restoration was
accompanied by DNA methylation status for the gene [24]. Altogether, these results may
suggest responsiveness or plasticity of Fasn gene expression in response to nutrients in
the diet.

It is clear that the MVM addition, while location-dependent, affected both obese
phenotype and gene expression in heterogeneous experimental environments. Many
factors may have modified the effect of the MVM on the characteristics of the metabolic
syndrome, as summarized in the Supplemental Table S5. Although all mice were from



Nutrients 2024, 16, 696

11 0f 13

the same breeding company/site, variations in the maternal diets may have influenced
the epigenetic baselines of the experimental animals [25]. The different number of mice
housed per cage could have created different hierarchical structures among male mice,
with variations in circulating testosterone levels between dominant and subordinate males
influencing their behaviors and metabolism [26]. The sex of experimenters is also known to
impact the stress levels of the mice [13,27], which may have modified mice’s behavior and
metabolism. Other environmental sources of biological variations, including holding room
occupancy, cage location, and overall day-to-day activity in the test location on-site, may
have impacted the animal epigenome and physiological phenotypes [4].

The lack of individual animal food intake was a major limitation of the study, thus
limiting the interpretation of the origin of the physiological outcomes. Individual food
intake was not measured due to our Research Ethics Boards” mandatory group housing
regulation. Although the content of micronutrients added to the diets was confirmed
and showed consistency in the three locations and across the diet batches, other aspects,
including diet storage, may have played a role. SFAs, MUFAs, and, particularly, N-6
PUFAs differed among the different experimental locations as well as within batches of
diet from the same experiment (HF vs. HF-MVM) (Supplemental Table S3). PUFAs are
susceptible to degradation. Lard, a major component of HF diets, contains a significant
proportion of unsaturated fatty acids, which are prone to oxidization [28]. Lipid peroxi-
dation in the TCP diets was two to three times higher than in the DCM and CCBR diets
(Supplemental Table S2). Because mice possess exceptional sensory abilities in olfactory and
gustatory perceptions [29], even slight modifications in these sensory cues can significantly
affect their food intake and possibly induce stress responses [30].

Although the primary environmental factors modifying study outcomes have not
been identified, these results provide evidence that MVM additions to the high-fat diet
influence obesity and characteristics of the metabolic syndrome of adult mice in three
different environments. The observation is of significance to the design of dietary inter-
ventions in obese adults with characteristics of metabolic syndrome. Blood measures of
micronutrients, including vitamins A, B1, B6, and B12, as well as the trace minerals Se
and Zn, have been reported to be suboptimal in these individuals [31-33]. Many of these
have been added to the diets as supplements in randomized controlled trials and provided
the background for the content of the MVM [34,35]. However, the beneficial results of
micronutrient supplementation for improving metabolic health in obese adults appear
to be inconsistent [36]. Our findings provide a possible explanation for the variability in
outcomes of the human trials conducted to date [36], suggesting that differences in the
living conditions of selected participants need attention. Also, by identifying potential
mechanisms, the results add plausibility to the fact that micronutrient supplements modify
the metabolic consequences of obesity and thus may encourage the design of such studies.

5. Conclusions

MVM supplementation influenced phenotypes and expression of genes related to
adipose function in obese adult male mice, but the experimental location and its associ-
ated conditions were significant interacting factors. Preclinical studies investigating the
relationship between diet and metabolic outcomes should acknowledge the plasticity of
the epigenome and implement measures to reproduce studies in different locations. If
clinical studies are to be derived from preclinical outcomes, greater efforts should be made
to mitigate the impact of environmental variables on participants in clinical studies in
free-living conditions.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/nu16050696/s1, Table S1: Composition of diets used in the
three experiments; Table S2: Expected and measured micronutrient concentrations and peroxidation
values in the experimental diets; Table S3: Free fatty acids analyses of the three experimental diets;
Table S4: TagMan® Gene Expression Assays; Table S5: Potential variables (experimental factors)
among three experiments.


https://www.mdpi.com/article/10.3390/nu16050696/s1

Nutrients 2024, 16, 696 12 of 13

Author Contributions: Conceptualization, Z.Y., R K. and G.H.A.; formal analysis, Z.Y.; funding
acquisition, G.H.A; investigation, Z.Y., RK. and E.K.; methodology, Z.Y. and R.K,; resources, G.H.A.;
supervision, G.H.A.; writing—original draft, Z.Y.; writing—review and editing, Z.Y., RK,, EX., CE.C.
and G.H.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Canadian Institutes of Health Research, Institute of
Nutrition, Metabolism and Diabetes (CTHR-INMD), Reference MOP-130286; Natural Sciences and
Engineering Research Council of Canada (NSERC), Reference RGPIN-2016-06639; Z.Y. was partially
supported by the Ontario Graduate Scholarships (OGS).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee of the University of Toronto (protocol
#20012670 on 8 December 2020 and #20012824 on 2 August 2022) and by the Animal Care Committee
of The Centre for Phenogenomics (protocol #25-0372H on 8 November 2021).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data is available from the research team upon reasonable request.

Acknowledgments: We would like to thank Jacqueline Beaudry for her help with the experiment
conducted at TCP. We would also like to thank Richard Bazinet and Camilla Parzanini for measuring
concentrations of free fatty acids in diets.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Freedman, L.P.; Cockburn, ILM.; Simcoe, T.S. The Economics of Reproducibility in Preclinical Research. PLoS Biol. 2015,
13, €1002165. [CrossRef] [PubMed]

2. Begley, C.G.; Ioannidis, ].P.A. Reproducibility in Science: Improving the Standard for Basic and Preclinical Research. Circ. Res.
2015, 116, 116-126. [CrossRef]

3. Voelk], B.; Altman, N.S.; Forsman, A.; Forstmeier, W.; Gurevitch, J.; Jaric, I.; Karp, N.A.; Kas, M.].; Schielzeth, H.; Van de Casteele,
T.; et al. Reproducibility of Animal Research in Light of Biological Variation. Nat. Rev. Neurosci. 2020, 21, 384-393. [CrossRef]

4.  Jaric, I; Voelkl, B.; Clerc, M.; Schmid, M.W.; Novalk, J.; Rosso, M.; Rufener, R.; von Kortzfleisch, V.T.; Richter, S.H.; Buettner,
M.; et al. The Rearing Environment Persistently Modulates Mouse Phenotypes from the Molecular to the Behavioural Level. PLoS
Biol. 2022, 20, e3001837. [CrossRef]

5. Ueno, H.; Takahashi, Y.; Mori, S.; Murakami, S.; Wani, K.; Matsumoto, Y.; Okamoto, M.; Ishihara, T. Mice Recognise Mice in
Neighbouring Rearing Cages and Change Their Social Behaviour. Behav. Neurol. 2024, 2024, 9215607. [CrossRef]

6. Jaric, I; Voelkl, B.; Amrein, I.; Wolfer, D.P.; Novak, J.; Detotto, C.; Weber-Stadlbauer, U.; Meyer, U.; Manuella, F.; Mansuy,
LM.,; et al. Using Mice from Different Breeding Sites Fails to Improve Replicability of Results from Single-Laboratory Studies. Lab
Anim. 2024, 53, 18-22. [CrossRef]

7. von Kortzfleisch, V.T.; Richter, S.H. Systematic Heterogenization Revisited: Increasing Variation in Animal Experiments to
Improve Reproducibility? J. Neurosci. Methods 2024, 401, 109992. [CrossRef]

8. Richter, S.H.; Garner, ].P; Auer, C.; Kunert, J.; Wiirbel, H. Systematic Variation Improves Reproducibility of Animal Experiments.
Nat. Methods 2010, 7, 167-168. [CrossRef]

9. Bernstein, B.E.; Meissner, A.; Lander, E.S. The Mammalian Epigenome. Cell 2007, 128, 669-681. [CrossRef]

10. Randunu, R.S.; Bertolo, R.F. The Effects of Maternal and Postnatal Dietary Methyl Nutrients on Epigenetic Changes That Lead to
Non-Communicable Diseases in Adulthood. Int. J. Mol. Sci. 2020, 21, 3290. [CrossRef]

11. Teske, J.A.; Perez-Leighton, C.E.; Noble, E.E.; Wang, C.; Billington, C.J.; Kotz, C.M. Effect of Housing Types on Growth, Feeding,
Physical Activity, and Anxiety-Like Behavior in Male Sprague-Dawley Rats. Front. Nutr. 2016, 3, 4. [CrossRef]

12. Wali, J.A.; Ni, D.; Facey, H.J.W.; Dodgson, T.; Pulpitel, T.].; Senior, A.M.; Raubenheimer, D.; Macia, L.; Simpson, S.J. Determining
the Metabolic Effects of Dietary Fat, Sugars and Fat-Sugar Interaction Using Nutritional Geometry in a Dietary Challenge Study
with Male Mice. Nat. Commun. 2023, 14, 4409. [CrossRef]

13.  Georgiou, P.; Zanos, P.; Mou, T.-C.M.; An, X.; Gerhard, D.M.; Dryanovski, D.I; Potter, L.E.; Highland, ].N.; Jenne, C.E.; Stewart,
B.W.; et al. Experimenters’ Sex Modulates Mouse Behaviors and Neural Responses to Ketamine via Corticotropin Releasing
Factor. Nat. Neurosci. 2022, 25, 1191-1200. [CrossRef]

14. Sherwin, C.M.; Glen, E.F. Cage Colour Preferences and Effects of Home Cage Colour on Anxiety in Laboratory Mice. Anim. Behav.
2003, 66, 1085-1092. [CrossRef]

15.  Zocher, S.; Overall, RW.; Lesche, M.; Dahl, A.; Kempermann, G. Environmental Enrichment Preserves a Young DNA Methylation
Landscape in the Aged Mouse Hippocampus. Nat. Commun. 2021, 12, 3892. [CrossRef]

16. Yang, Z.; Kubant, R.; Cho, C.E.; Kranenburg, E.; Beaudry, J.; Bottiglieri, T.; Anderson, G.H. Micronutrients in High-Fat Diet

Modify Insulin Resistance and Its Regulatory Genes in Adult Male Mice. Mol. Nutr. Food Res. 2023, 67, €2300199. [CrossRef]


https://doi.org/10.1371/journal.pbio.1002165
https://www.ncbi.nlm.nih.gov/pubmed/26057340
https://doi.org/10.1161/CIRCRESAHA.114.303819
https://doi.org/10.1038/s41583-020-0313-3
https://doi.org/10.1371/journal.pbio.3001837
https://doi.org/10.1155/2024/9215607
https://doi.org/10.1038/s41684-023-01307-w
https://doi.org/10.1016/j.jneumeth.2023.109992
https://doi.org/10.1038/nmeth0310-167
https://doi.org/10.1016/j.cell.2007.01.033
https://doi.org/10.3390/ijms21093290
https://doi.org/10.3389/fnut.2016.00004
https://doi.org/10.1038/s41467-023-40039-w
https://doi.org/10.1038/s41593-022-01146-x
https://doi.org/10.1006/anbe.2003.2286
https://doi.org/10.1038/s41467-021-23993-1
https://doi.org/10.1002/mnfr.202300199

Nutrients 2024, 16, 696 13 of 13

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Monzillo, L.U.; Hamdy, O. Evaluation of Insulin Sensitivity in Clinical Practice and in Research Settings. Nutr. Rev. 2003, 61,
397-412. [CrossRef] [PubMed]

Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the
Method. Methods 2001, 25, 402-408. [CrossRef] [PubMed]

Cho, C.E.; Sanchez-Hernandez, D.; Reza-Lopez, S.A.; Huot, PS.P.; Kim, Y.-I.; Anderson, G.H. High Folate Gestational and
Post-Weaning Diets Alter Hypothalamic Feeding Pathways by DNA Methylation in Wistar Rat Offspring. Epigenetics 2013, 8,
710-719. [CrossRef] [PubMed]

Yang, Q.; Graham, T.E.; Mody, N.; Preitner, F.; Peroni, O.D.; Zabolotny, ]. M.; Kotani, K.; Quadro, L.; Kahn, B.B. Serum Retinol
Binding Protein 4 Contributes to Insulin Resistance in Obesity and Type 2 Diabetes. Nature 2005, 436, 356-362. [CrossRef]
Guyenet, S.J.; Schwartz, M.W. Regulation of Food Intake, Energy Balance, and Body Fat Mass: Implications for the Pathogenesis
and Treatment of Obesity. . Clin. Endocrinol. Metab. 2012, 97, 745-755. [CrossRef]

Wang, Y.; Urs, S.; Kim, S.; Soltani-Bejnood, M.; Quigley, N.; Heo, Y.-R.; Standridge, M.; Andersen, B.; Joshi, R.; Wortman, P; et al.
The Human Fatty Acid Synthase Gene and De Novo Lipogenesis Are Coordinately Regulated in Human Adipose Tissue. |. Nutr.
2004, 134, 1032-1038. [CrossRef] [PubMed]

Chaplin, A.; Palou, A.; Serra, F. Methylation Analysis in Fatty-Acid-Related Genes Reveals Their Plasticity Associated with
Conjugated Linoleic Acid and Calcium Supplementation in Adult Mice. Eur. ]. Nutr. 2017, 56, 879-891. [CrossRef]

Gracia, A.; Elcoroaristizabal, X.; Fernandez-Quintela, A.; Miranda, J.; Bediaga, N.G.; de Pancorbo, M.M.; Rimando, A.M.; Portillo,
M.P. Fatty Acid Synthase Methylation Levels in Adipose Tissue: Effects of an Obesogenic Diet and Phenol Compounds. Genes
Nutr. 2014, 9, 411. [CrossRef]

Waterland, R.A.; Jirtle, R.L. Transposable Elements: Targets for Early Nutritional Effects on Epigenetic Gene Regulation. Mol. Cell.
Biol. 2003, 23, 5293-5300. [CrossRef]

Machida, T.; Yonezawa, Y.; Noumura, T. Age-Associated Changes in Plasma Testosterone Levels in Male Mice and Their Relation
to Social Dominance or Subordinance. Horm. Behav. 1981, 15, 238-245. [CrossRef]

Sorge, R.E.; Martin, L.J.; Isbester, K.A.; Sotocinal, S.G.; Rosen, S.; Tuttle, A.H.; Wieskopf, ].S.; Acland, E.L.; Dokova, A.; Kadoura,
B.; et al. Olfactory Exposure to Males, Including Men, Causes Stress and Related Analgesia in Rodents. Nat. Methods 2014, 11,
629-632. [CrossRef]

Rendina-Ruedy, E.; Smith, B.J. Methodological Considerations When Studying the Skeletal Response to Glucose Intolerance
Using the Diet-Induced Obesity Model. Bonekey Rep. 2016, 5, 845. [CrossRef] [PubMed]

Rokni, D.; Hemmelder, V.; Kapoor, V.; Murthy, V.N. An Olfactory Cocktail Party: Figure-Ground Segregation of Odorants in
Rodents. Nat. Neurosci. 2014, 17, 1225-1232. [CrossRef] [PubMed]

Kondoh, K; Lu, Z.; Ye, X.; Olson, D.P.; Lowell, B.B.; Buck, L.B. A Specific Area of Olfactory Cortex Involved in Stress Hormone
Responses to Predator Odours. Nature 2016, 532, 103-106. [CrossRef]

Garcia, O.P; Long, K.Z.; Rosado, J.L. Impact of Micronutrient Deficiencies on Obesity. Nutr. Rev. 2009, 67, 559-572. [CrossRef]
[PubMed]

Lapik, L A.; Galchenko, A.V.; Gapparova, K.M. Micronutrient Status in Obese Patients: A Narrative Review. Obes. Med. 2020,
18, 100224. [CrossRef]

Via, M. The Malnutrition of Obesity: Micronutrient Deficiencies That Promote Diabetes. ISRN Endocrinol. 2012, 2012, 103472.
[CrossRef] [PubMed]

Li, Y.; Wang, C.; Zhu, K,; Feng, R.N.; Sun, C.H. Effects of Multivitamin and Mineral Supplementation on Adiposity, Energy
Expenditure and Lipid Profiles in Obese Chinese Women. Int. J. Obes. 2010, 34, 1070-1077. [CrossRef]

Gunasekara, P.; Hettiarachchi, M.; Liyanage, C.; Lekamwasam, S. Effects of Zinc and Multimineral Vitamin Supplementation on
Glycemic and Lipid Control in Adult Diabetes. Diabetes Metab. Syndr. Obes. 2011, 4, 53-60. [CrossRef]

Lee, C.Y. Effects of Dietary Vitamins on Obesity-Related Metabolic Parameters. J. Nutr. Sci. 2023, 12, e47. [CrossRef]

zfAACT

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1301/nr.2003.dec.397-412
https://www.ncbi.nlm.nih.gov/pubmed/14968910
https://doi.org/10.1006/meth.2001.1262
https://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.4161/epi.24948
https://www.ncbi.nlm.nih.gov/pubmed/23803567
https://doi.org/10.1038/nature03711
https://doi.org/10.1210/jc.2011-2525
https://doi.org/10.1093/jn/134.5.1032
https://www.ncbi.nlm.nih.gov/pubmed/15113941
https://doi.org/10.1007/s00394-015-1135-3
https://doi.org/10.1007/s12263-014-0411-9
https://doi.org/10.1128/MCB.23.15.5293-5300.2003
https://doi.org/10.1016/0018-506X(81)90013-1
https://doi.org/10.1038/nmeth.2935
https://doi.org/10.1038/bonekey.2016.71
https://www.ncbi.nlm.nih.gov/pubmed/27818742
https://doi.org/10.1038/nn.3775
https://www.ncbi.nlm.nih.gov/pubmed/25086608
https://doi.org/10.1038/nature17156
https://doi.org/10.1111/j.1753-4887.2009.00228.x
https://www.ncbi.nlm.nih.gov/pubmed/19785688
https://doi.org/10.1016/j.obmed.2020.100224
https://doi.org/10.5402/2012/103472
https://www.ncbi.nlm.nih.gov/pubmed/22462011
https://doi.org/10.1038/ijo.2010.14
https://doi.org/10.2147/DMSO.S16691
https://doi.org/10.1017/jns.2023.30

	Introduction 
	Materials and Methods 
	Experimental Design 
	Dietary Interventions 
	Insulin Tolerance Test (ITT) and Insulin Resistance (by-HOMA-IR) 
	RNA Isolation and Gene Expression 
	Statistical Analysis 

	Results 
	Body Weight Gain 
	Body Composition and Insulin Resistance 
	Insulin Sensitivity 
	Gene Expression 

	Discussion 
	Conclusions 
	References

