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SUMMARY

In humans, dietary patterns impact weight and metabolism differentially across individuals. To uncover ge-
netic determinants for differential dietary effects, we subjected four genetically diverse mouse strains to hu-
manized diets (American, Mediterranean, vegetarian, and vegan) with similar macronutrient composition,
and performed body weight, metabolic parameter, and RNA-seq analysis. We observed pronounced diet-
and strain-dependent effects on weight, and triglyceride and insulin levels. Differences in fat mass, adipose
tissue, and skeletal muscle glucose uptake, and gene expression changes in most tissues were strain-depen-
dent. In visceral adipose tissue, ~400 genes responded to diet in a strain-dependent manner, many of them in
metabolite transport and lipid metabolism pathways and several previously identified to modify diet effects in
humans. Thus, genetic background profoundly impacts metabolism, though chosen dietary patterns modify
the strong genetic effects. This study paves the way for future mechanistic investigations into strain-diet in-

teractions in mice and translation to precision nutrition in humans.

INTRODUCTION

In the US, 73% of the adult population is obese (42%) or over-
weight (31%)." Diet modification is considered key to weight man-
agement and prevention of complications of excess weight, prom-
inently type 2 diabetes and cardiovascular disease.”® The most
common dietary patterns that have been investigated for effects
on weight loss and cardiometabolic disease are Mediterranean,*°
vegetarian and vegan,® low and very low fat,'® low and very low
carbohydrate,'®"'* Dietary Approaches to Stop Hypertension
(DASH),"® and Paleo diets.'® Mediterranean, DASH, and vege-
tarian diets proved most beneficial for preventing and treating dia-
betes and cardiovascular disease.”® They support long-term
weight loss, improve insulin sensitivity, lower circulating glucose
and lipid levels,”'” and are associated with advantageous cardio-
metabolic outcomes.'®?* Common to these favorable diets are
large amounts of plant-based foods, including vegetables, fruits,
nuts, seeds, whole grains, legumes, and beans. They are thus
high in fiber, phytonutrients (including antioxidants and polyphe-
nols), and omega-3 fatty acids, and low in saturated fatty acids.

Most investigated diets have modest long-term net effects on
weight loss when the whole population is considered. However,
they cause large differences in weight change among individ-
uals. For example, subjects on isocaloric low-fat and low-carbo-
hydrate-containing diets exhibited weight changes between
25 kg lost to 5 kg gained.'® Iso-caloric Mediterranean and Chi-
nese plant-based diets in pre-diabetic patients also produced
high variability in weight effects between individuals.?® These ob-
servations suggested that genetic background modifies an indi-
vidual’s response to diets.'°

Indeed, human studies show that the effects of diet on meta-
bolic outcomes depend on the genetic background of the indi-
vidual. Often the protective effects of diet on metabolism are
only conferred to individuals with a certain allelic variant of a sin-
gle nucleotide polymorphism (SNP). For example, the effects
of the Mediterranean diet on body composition, circulating tri-
glyceride, and cholesterol levels were modified by SNPs in
the transcription factor 7-like 2 (TCF7L2),>*" apo-lipoprotein
E (APOE),”® and cholesteryl ester transfer protein (CETP),?**°
respectively. The effect of a Mediterranean/DASH combination
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diet on circulating lipids was altered by an SNP in the gene Cav-
eolin 1 (CAV1),%"*? the impact of an Inuit diet on circulating fatty
acids by an SNP in Carnitine Palmitoyltransferase 1A (CPT1A),%°
and the effect of a high-fish diet on circulating triglycerides by an
SNP in Glucokinase Regulatory Protein (GCKR).**® Protective
effects of various dietary macronutrients on metabolism were
modified by SNPs located in metabolically relevant genes,
including Fat Mass and Obesity associated (FTO),%° Neuropep-
tide Y (NPY),®” Perilipin (PLIN),*®*° Fibroblast Growth Factor
21 (FGF21),"" Adiponectin (ADIPOQ),** Melatonin Receptor 1B
(MTNR1B),*® Fatty Acid Desaturase (FADS2),**~*® Hepatocyte
Nuclear Factor 1a (HNF1A),"” 3-Hydroxy-3-Methylglutaryl-
CoenzymeA Reductase (HMGCR),"® and Apo-Lipoprotein A2
(APOA2).“° Finally, lower overall energy intake or caloric content
had beneficial effects on metabolism that were modified by
SNPs in Insulin Receptor Substrate 1 ({RS7),°° Uncoupling Pro-
tein 2 (UCP2),°' and Beta-2 Adrenergic Receptor (ADRB2)
genes.”” Analysis of the UK Biobank showed that common
SNPs near Solute Carrier Family 12 member 3 (SLC712A3), ATP
Binding Cassette Subfamily A Member 6 (ABCA6), MLX Interact-
ing Protein Like (MLXIPL), and the gap junction locus (GJB6-
GJB2-GJA3) modified the positive impact of dietary fish oil
on circulating cholesterol or triglyceride levels.®® Many SNPs
also interact with diet to influence cardiovascular disease
outcomes.”>*°°

While such gene-diet interactions have been recognized, hu-
man studies often encounter limitations including low subject
numbers, minimal environmental control, and poor diet adher-
ence.”®%” Such factors make it hard to identify subtle geno-
type-diet interaction effects.”® Smaller studies, referenced
above, primarily identified SNPs that are in coding regions of
genes, and these genes are likely to have large effect sizes.
However, few studies have enough power to detect interac-
tions between diet and common regulatory variants.>® Mouse
populations with genetic diversity comparable to humans pro-
vide a renewable resource for controlled studies, the results
of which can be tested in humans at a limited scale.>® While
a uniform environment and adherence to provided diets reduce
noise, mouse models also allow deeper tissue and cellular phe-
notyping. Studies with ~100 genetically diverse mouse strains
showed that, when challenged with high fat or high carbohy-
drate diets, genetic background causes disparate responses
in body weight gain,”® " atherosclerosis development,*®°? in-
sulin resistance,®®%*5* circulating metabolites,®'*** glucose
uptake,®* adipocyte size,’* and protein abundances.®* Interest-
ingly, mouse genetic loci that favor body fat gain on a high fat
high sucrose diet and loci associated with atherosclerosis over-
lapped with loci identified in humans.®®®>%° For example,
mouse obesity loci near Npc1, Kif14, Atp2a1, Apob48r, Opcml,
and Sorl1 have been associated with various obesity pheno-
types, including body mass index (BMI) and waist circumfer-
ence, in humans.®® Furthermore, many lipid metabolism genes
and pathways in adipose tissue are conserved between human
and mouse.®® These earlier studies demonstrate that the effect
of dietary macronutrient content on metabolic parameters is
significantly modified by genetic variation, and the genetic
and cellular mechanisms identified in mice are likely conserved
in humans.
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Most studies in mice used high fat diets and did not test the
more subtle effects of dietary nutrient sources. Recently, Bar-
rington et al. studied the effects of humanized mouse diets on
metabolic parameters and DNA methylation, thereby expanding
mouse studies to include human diet patterns.®” Mouse diets
representative of human American, Mediterranean, ketogenic,
and Japanese diets were tested in four genetically diverse
mouse strains. Significant interactions between diet and genetic
background were observed for body fat, LDL cholesterol,
glucose tolerance, and liver triglycerides. However, the diets var-
ied widely in macronutrient composition with fat contents be-
tween 4.3% and 55.8%. Such differences could have at least
in part driven the large dietary effects that were observed.

The goal of our study was to investigate the metabolic effects
of different humanized mouse diets with equivalent macronu-
trient composition but differing macronutrient sources, and eval-
uate how genetic background modifies dietary effects on body
weight and other metabolic parameters, as well as on gene tran-
scription in metabolic tissues. We used common human diets
that derive macronutrients predominantly from animals or plants
(American, Mediterranean, vegetarian, and vegan) and studied
four genetically diverse mouse strains (A/J, C57BL/6J, DBA/2J,
and SJL). We observed clear strain-dependent differences in
metabolic parameters and distinct strain-dependent effects for
different diets suggesting an interplay between diets and genetic
background.

RESULTS

Design of mouse diets with human nutrient sources
Mediterranean, vegetarian, and vegan diets were chosen as es-
tablished human diet patterns with beneficial metabolic ef-
fects.”> 822 They were compared to a typical American diet
pattern that is most often associated with negative health out-
comes. To test responses to variations in dietary macronutrient
sources only, macronutrient content was kept the same in all di-
ets and adjusted to average consumption in the American pop-
ulation (35% fat, 50% carbohydrate, and 15% protein).®® The
American diet contained the highest amount of animal products
(red meats, dairy) with high amounts of saturated fatty acids, and
refined easily absorbable carbohydrates. The Mediterranean
diet consisted of more plant and less animal products. It included
fish and was higher in fiber and monounsaturated fatty acids,
and lower in saturated fatty acids when compared to the Amer-
ican diet. The vegetarian diet contained mostly plant products,
and eggs and dairy as animal products, while the vegan diet con-
sisted only of plant products. Vegetarian and vegan diets were
high in fiber, unsaturated fatty acids, and low in cholesterol. Hu-
man versions of each diet were designed based on 7-day menu
plans, and mouse chow was prepared using powdered versions
of human food sources (Figures STA-S1E; Tables S1 and S2).

Selection of mouse strains

We selected four genetically diverse inbred mouse strains, A/J,
C57BL/6J, DBA/2J, and SJL,®° to test the contributions of ge-
netic background on metabolic changes in response to the diets
described above. Among the ~100 mouse strains in the hybrid
mouse diversity panel (HDMP), the four selected strains
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responded to a high fat diet with widely varying fat mass gain and
changes in insulin sensitivity.>**® SJL mice remained lean, while
the other three strains dramatically increased body fat mass.®*
A/J mice remained insulin sensitive, while C57BL/6J developed
intermediate and DBA/2J severe insulin resistance.®® We thus
expected that the metabolic responses of these four mouse
strains would noticeably differ. Since male mice of selected
strains showed more pronounced effects than females on fat
mass and insulin sensitivity,”® important parameters for our
study, we only used male mice.

Genetic background and diet interaction affect body
weight gain and metabolic parameters

In an initial study, diets were fed to mice (n = 7-8 for each condi-
tion) starting at 14-15 weeks of age. Body weights and food
intake were determined weekly, and blood samples for
measuring glucose, insulin, triglycerides, and non-esterified fatty
acids were taken before starting the diets and at 4, 8, and
16 weeks on the diets (Study 1, Figure S1F).

Body weight changes (study 1)

Overall, among the four strains analyzed, C57BL/6J and DBA/2J
mice showed the highest percent change in body weight over the
course of the study, with the degree of gain modified by diet.
American and Mediterranean diets promoted the most weight
gain (Figures 1A and S2A). C57BL/6J continued to gain weight
over the 16 weeks on all diets while DBA/2J mice did so only
on the American or Mediterranean diets. When fed vegetarian
or vegan diets, DBA/2J weights plateaued around week 4. A/J
mice gained the most weight on the American diet and gained
relatively little on the other 3 diets. SJL mice did not gain weight
on any of the four diets over the 16-week period. Variances in
body weight gain between strains and diets could not be ex-
plained by divergent food intake. We observed no significant dif-
ferences in caloric intake normalized to body weight between
diet groups (Figure S2B). There were consistent differences be-
tween strains, with SJL mice eating more and DBA/2J mice
eating less than average. However, these effects were inversely
related to body weight changes in these strains.

Since we were interested in unique dietary effects on different
genetic backgrounds, we used Analysis of Variance (ANOVA)
tests to determine the independent effects of the main variables,
strain and diet, as well as the effects of interactions between
both variables (strain:diet) on metabolic outcomes. ANOVA is a
form of linear regression used to deconvolve the effects of mul-
tiple variables,”® where interaction effects are determined by ac-
counting for the effects of the main variables (Graphical Ab-
stract). Significant interactions occur when the effects of one
variable depend on the state of the other, i.e., a particular diet

iScience

prevents weight gain in some strains but not others. Using a
three-way ANOVA to account for the effects of the main variables
strain, diet, and time, we determined that there are significant ef-
fects of strain and diet, and strain:diet interaction effects on
percent change in body weight (Table 1).

Circulating insulin, triglycerides, glucose, and non-
esterified fatty acids (study 1)

Among the four strains, DBA/2J mice had the highest triglyceride
levels at baseline (Figures 1B and S3A). For all diets, these levels
remained stable at earlier time points and increased to similar
levels at 16 weeks. SJL mice had substantially raised triglycer-
ides only after challenge with diets, and vegetarian and vegan di-
ets caused the largest elevations over the 16 weeks on diets. In
A/J mice, only the American diet triggered an increase in triglyc-
erides. C57BL/6J mice had the lowest triglyceride levels at base-
line and showed modest progressive increases over time on all
diets, with American diet resulting in the largest increase at the
earlier time points. Forinsulin, DBA/2J mice had, when compared
to the other three strains, elevated baseline levels that further
increased to a similar extent on all diets (Figures 1C and S3B).
A/J and SJL mice had consistently low insulin levels that re-
sponded to all diets to a similarly small degree. Insulin levels of
C57BL/6J were higher than those of A/J and SJL and showed
pronounced differential increases in response to the four diets;
vegan diet raised insulin levels the least overall and American
diet the most at the earlier time points. Using a three-way
ANOVA, we found significant effects due to strain and strain:diet
interactions for triglycerides and insulin, as well as for glucose
(Table 1; Figure S4). NEFA levels showed significant strain, diet,
and strain:diet interaction effects (Table 1; Figure S4).
Principal component analysis of aggregate metabolic
parameters (study 1)

We used principal component analysis (PCA) to explore the
multi-dimensional metabolic phenotype data in two dimensions
using linear combinations of the input variables. The axis that de-
scribes the most variance through the data, principal component
1 (PC1), separates DBA/2J and SJL data into clear groups, while
the axis with second highest variance, principal component 2
(PC2), separates C57BL/6J from DBA/2J and SJL mice (Fig-
ure 1D). Neither axis groups the data by diet (Figure 1E). These
results suggest that strain background explains more of the vari-
ability in the metabolic phenotypes than diet.

Genetic background impacts variations in total body fat
and glucose uptake in visceral adipose tissue and
skeletal muscle

The observed large differences in percent change in body weight
and metabolic parameters prompted us to investigate the

Figure 1. Genetic background and diet interaction affects body weight gain and metabolic parameters

(A) Percent body weight change from baseline over 16 weeks on diets (n = 7-8 mice for each strain and diet, 14 weeks old at week 0, male mice).

(B) Plasma or serum triglycerides at 0, 4, 8, and 16 weeks on diets (n = 7-8, 14 weeks old at week 0, male mice).

(C) Plasma or serum insulin at 0, 4, 8, and 16 weeks on diets (n = 7-8, 14 weeks old at week 0, male mice).

(D) Principal component analysis of all traits measured in study 1 using all samples, principal components PC1 and 2 shown with samples colored by genetic

background.

(E) Principal component analysis of all traits measured in study 1 using all samples, PC1 and 2 shown with samples colored by diet.
Error bars represent mean + SEM, p-values from three-way ANOVA performed considering the effects of Strain, Diet, Time, and all interaction effects (Table 1).

See also Figures S1-54.
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Table 1. P-values derived from three-way ANOVA interaction tests for study 1 phenotypic data

Parameter Strain Diet Strain: Diet Week Strain: Week Diet: Week Strain: Diet: Week
% Change Body Weight 1.0E-251 3.5E-87 2.0E-150 7.1E-27 4.4E-10 2.9E-100 1.1E-06
Triglycerides 7.8E-42 5.7E-02 8.5E-46 2.7E-05 8.7E-02 4.7E-12 5.1E-02
Insulin 7.5E-30 5.4E-01 2.9E-16 5.7E-01 4.2E-01 2.4E-15 3.1E-01
Glucose 7.8E-18 3.7E-01 2.0E-12 1.3E-01 4.7E-01 1.8E-12 4.1E-03
NEFA 2.2E-06 2.1E-04 1.9E-10 1.8E-04 8.2E-07 7.6E-10 5.7E-08

NEFA, non-esterified fatty acids.

metabolic phenotype of the mice in more depth with additional
approaches. We placed a second cohort of mice on diets start-
ing at 12 weeks of age (n = 4 for each condition), collected blood
samples at the start of the diet, and took weekly body weight and
food intake measurements. Glucose uptake in adipose tissues
and skeletal muscle was measured at 4 weeks on diets using
2-["8F] fluoro-2-deoxy-D-glucose positron emission tomography
(FDG-PET). Total body fat mass was determined at 5 weeks on
diets using magnetic resonance imaging (MRI). At euthanasia,
after 6 weeks on diets, blood and tissues were collected for anal-
ysis of circulating metabolites and RNA-seq analysis, respec-
tively (Study 2, Figure S1F).

Body weight changes and circulating insulin,
triglycerides, and glucose (study 2)

Similar to the first study, DBA/2J mice gained weight rapidly,
C57BL/6J and A/J had intermediate weight gain and SJL mice
were protected from weight gain (Figure S5). We again observed
that DBA/2J and C57BL/6J were most responsive to diet, gain-
ing the most weight on the American and least on the vegan
diet. Effects were less pronounced than in the first study, but us-
ing three-way ANOVA we show that the effects of strain and diet,
and the interaction effects of strain:diet on percent change in
body weight were all significant (Table 2). We also found that
circulating triglyceride and insulin levels, at baseline and after
6 weeks on diets, were similar to the first study (Figure S5). Circu-
lating insulin, triglycerides, and glucose were all significantly
affected by strain, while strain:diet interactions had a significant
effect on triglycerides and glucose (Table 2).

Body fat mass

Using MRI, we observed that A/J and DBA/2J mice had
the overall highest total body fat mass relative to body weight,
except for A/J mice fed a vegan diet (Figure 2A). C57BL/6J
and SJL mice had similarly low fat mass relative to body weight,
at least on vegetarian and vegan diets. Due to technical issues,
measurements for American and Mediterranean diets are
missing for C57BL/6J. Two-way ANOVA revealed significant
strain-dependent effects for relative total body fat mass
(Table 2).

Glucose uptake into adipose tissues and skeletal muscle
Using FDG-PET imaging, we measured glucose uptake in
visceral adipose tissue (VAT), brown adipose tissue (BAT),
and quadriceps (the largest skeletal muscle). We found that
SJL VAT accumulates the most, DBA/2J VAT the least, and
A/J and C57BL/6J VAT similar intermediate amounts of
glucose with results independent of diet (Figure 2B). Glucose
uptake for all strains and diets was similar in the quadriceps
muscle, except for SJL uptake that was larger on the vegan

diet (Figure 2C). In BAT, DBA/2J and A/J mice on the vege-
tarian diet took up more glucose than the other two strains
(Figure S6). C57BL/6J on all diets except for Mediterranean
took up the least amount of glucose in BAT. Two-way
ANOVA showed significant strain-dependent effects for all tis-
sues analyzed but no significant diet or strain:diet effects
(Table 2).

Analysis of adipose tissues, skeletal muscle, and liver
After 6 weeks on diets, major metabolic organs were harvested
and weighed, and tissue weight was normalized to body weight
(Figure S7). VAT, subcutaneous adipose tissue (SAT), and BAT
were consistently the largest in DBA/2J regardless of diet
(Figures S7A-S7C). The other three strains had similar adipose
tissue proportions. Quadriceps and gastrocnemius muscle
weights relative to body weight were consistently the lowest
for DBA/2J mice on all diets, while the other three strains had
similar skeletal muscle weights (Figures S7E and S7F). Relative
liver and pancreas weights were similar among diets and strains
(Figures S7D and S7G), while relative brain weight was the
lowest for DBA/2J mice on all diets (Figure S7H). A two-way
ANOVA test showed significant strain-dependent effects for
relative organ weights (Table 2). BAT weight was significantly
affected by diet (Table 2), with the lowest relative weights on
the vegan and vegetarian diets for all strains except A/J on the
vegetarian diet (Figure S7C). Gastrocnemius and VAT were sug-
gestive of a diet effect (p = 0.13 and p = 0.21, respectively,
Table 2) with relative gastrocnemius weights trending higher on
vegetarian and vegan diets for C57BL/6J and SJL mice (Fig-
ure S7F), and relative VAT weights trending lower on the vegan
when compared to the American diet for all strains (Figure S7A).
No organ weights differed significantly due to strain:diet interac-
tions (Table 2).

Principal component analysis of aggregate metabolic
parameters (study 2)

Using all phenotype data from study 2, we performed PCA and
plotted the data for principal components 1 and 2 (PC1 and
PC2), the axes of highest variance. We show that these separate
the data based on strain but not diet (Figures 2D and 2E), sug-
gesting, like in study 1, that strain explains more of the variability
in the measured traits.

Genetic background and diet impact gene expression in
adipose tissues, skeletal muscle, and liver

To determine which genes are expressed in response to diets
with different genetic backgrounds, we isolated and sequenced
mature RNA species from VAT, SAT, BAT, liver, and quadriceps
muscle from two mice for each strain and diet group. We found
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Table 2. P-values derived from two- and three-way ANOVA interaction tests of study 2 phenotypic data

Parameter Strain Diet Strain: Diet Week Strain: Week Diet: Week Strain: Diet: Week
% Change Body Weight 1.1E-45 2.9E-16 1.5E-04 3.6E-34 2.8E-11 4.3E-03 1.7E-01
Triglycerides 4.7E-24 3.5E-01 9.8E-03 4.0E-05 1.1E-02 1.7E-01 1.7E-01
Insulin 3.6E-07 3.5E-01 2.0E-01 2.6E-04 6.1E-05 1.7E-01 1.7E-01
Glucose 2.0E-13 3.5E-01 2.1E-02 5.1E-16 5.3E-03 1.7E-01 1.7E-01
MRI-Total Fat 2.9E-11 4.1E-01 5.6E-01 - — — —
FDG-PET-VAT 1.3E-12 3.4E-01 9.6E-01 - - - -
FDG-PET-Quad 1.4E-02 5.7E-01 5.6E-01 = = = =
FDG-PET-BAT 1.3E-02 5.7E-01 5.6E-01 - - - -

VAT Wt/BW 4.5E-09 2.1E-01 5.6E-01 = = = =

SAT Wt/BW 3.0E-04 4.4E-01 7.6E-01 - - - -

BAT Wt/BW 1.3E-16 1.9E-02 7.6E-01 - — — —

Liver Wi/BW 1.7E-07 8.3E-01 7.3E-01 - - - -

Quad Wt/BW 1.6E-11 4.0E-01 7.8E-01 - - - -
Gastro Wt/BW 6.2E-19 1.3E-01 6.2E-01 - - - -
Pancr Wt/BW 2.1E-03 6.8E-01 7.9E-01 - - - -

Brain Wt/BW 9.5E-08 5.2E-01 7.6E-01 - - - -

BAT, brown adipose tissue; FDG-PET, 2-[18F] fluoro-2-deoxy-D-glucose positron emission tomography; gastro, gastrocnemius muscle; MRI, mag-
netic resonance imaging; Pancr, pancreas; Quad, quadriceps muscle; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue; Wt, weight.

that between ~24,000 (Liver) and ~31,000 (SAT) genes were ex-
pressed in each tissue.

Principal component analysis of tissue gene expression
data

We used PCA to reduce the dimensionality of the gene expres-
sion data. When viewing all samples on principal components
1and 2 (PC1 and PC2), we observed clear separation of samples
for all tissues except for the two white adipose tissues (SAT and
VAT) that strongly overlapped (Figure 3A). PC1 and PC2 did not
separate data by strain or diet (Figures 3B and 3C). PC3 and PC4
explained a smaller portion of the variation in the data and sepa-
rated the samples again by tissue, including notably dividing SAT
and VAT samples, but did not split the data by strain or diet
(Figures S8A-S8C). PC5 and PC6 finally separated the samples
by strain (Figure S8E), but not tissue or diet (Figures S8D and
S8F), and no principal components separated samples by diet.
However, as would be expected, differences between tissue
types accounted for the most variation in expressed genes.
When separating the data by tissue and performing PCA sepa-
rately for each tissue, we found that PC1 and PC2 separated
samples reasonably well by strain for all tissues, but no principal
components separated samples by diet (Figure S9). Thus, strain
explained the variation in gene expression in examined tissues
better than diet.

Effects of diets on gene expression in visceral adipose
tissue

To characterize more subtle effects of diets, we performed differ-
ential expression analysis for each of the adipose tissues, quad-
riceps muscle, and liver comparing the American diet to each of
the other three diets. We show data for visceral adipose tissue
since it showed the most pronounced differences (Figure S10).
Each diet comparison showed large effects on gene expression
(Figures S10A, S10C, and S10E). KEGG pathway analysis of
genes differentially expressed between diets suggested that
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when compared to the American diet, the Mediterranean diet up-
regulated genes involved in immune responses, the vegetarian
diet promoted muscle-like expression patterns, and the vegan
diet modified gene expression in multiple metabolic pathways
(Figures S10B, S10D, and S10F).

Expression of strain or diet dependent genes in adipose
tissues, skeletal muscle, and liver

For each tissue, we used a two-way ANOVA test to identify
genes for which expression varied across samples due to effects
of strain and diet, and strain:diet interactions. We identified be-
tween ~8,300 (Quad) and ~13,600 (SAT) genes with significant
strain effects (Table S3). For example, Melanocortin 2 Receptor
Accessory Protein 2 (Mrap2) expression in SAT (Figure 3D) and
RUNX Family Transcription Factor 1 (Runx1) expression in quad-
riceps muscle (Figure 3E) were significantly affected by strain,
with Mrap2 expression dramatically higher in DBA/2J and
Runx1 expression highest in SJL mice when compared to the
other strains. Far fewer genes were impacted by diet; we identi-
fied between 0 (BAT) and 50 (VAT) genes with significant diet ef-
fects (Table S3). After VAT, the liver showed the largest response
to diet with 32 genes (Table S3). For example, Uncoupling Pro-
tein 2 (Ucp2) and Angiotensin Il Receptor Associated Protein
(Agtrap) expressions in the liver were significantly affected by
diet (Figures 3F and 3G). Ucp2 expression was highest on the
Mediterranean diet in all strains except A/J and on the vegan
diet in DBA/2J (Figure 3F). Agtrap was highest in C57BL/6J
and SJL on the Mediterranean diet and in A/J and C57BL/6J
on the vegan diet (Figure 3G).

Strain:Diet interaction effects on gene expression in
adipose tissues, skeletal muscle, and liver

In most tissues, we identified a few genes with significant strain:
diet interaction effects (Table S4). Fas Binding Factor 1 (Fbf7)
was the only gene in BAT and had highest expression in A/J
mice on a vegan diet (Figure 3H). In SAT there were six genes,
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Figure 2. Genetic background impacts variations in total body fat and glucose uptake in visceral adipose tissue and skeletal muscle

(A) Total body fat volume per gram body weight measured via magnetic resonance imaging (MRI) after 5 weeks on diets (n = 3—4, 17 weeks old, male mice). BW,
body weight. Note, due to technical issues, data for C57BL/6J on American and Mediterranean diets are missing.

(B) Glucose uptake in visceral adipose tissue (VAT) measured via 2-['®F] fluoro-2-deoxy-D-glucose positron emission tomography (FDG-PET) imaging at 4 weeks
on diet (n = 3-4, 16 weeks old, male mice). SUV%ID, standardized uptake values (SUV) normalized to injected dose per gram body weight.

(C) Glucose uptake in quadriceps (Quad) muscle measured via FDG-PET imaging at 4 weeks on diet (n = 3-4, 16 weeks old, male mice).

(D) Principal component analysis of all traits measured in study 2 using all samples, Principal components PC1 and 2 shown with samples colored by genetic

background.

(E) Principal component analysis of all traits measured in study 2 using all samples, PC1 and 2 shown with samples colored by diet.
Error bars represent mean + SEM, p-values from three-way ANOVA performed considering the effects of Strain, Diet, Time, and all interaction effects (Table 2).

See also Figures S5-57.

including Cilia and Flagella Associated Protein 65 (Cfap65), that
were highest expressed in DBA/2J mice on the vegan diet (Fig-
ure 3l). In the liver, five genes (including transcription factors
Dmrtb1 and Pbx4, and a ribonuclease family member RnaseZ2a,
all with currently unspecified functions), and in quadriceps mus-
cle (Quad), two genes (with unknown functions) were dependent
on strain:diet interaction effects (Table S4). In VAT, however, 421
genes had significant strain:diet interaction effects on gene
expression (Figure 4A; Table S4).

Diets and immune response in adipose tissues

It is well known that an American/Western diet promotes an
inflammatory response in visceral adipose tissue, marked by
the infiltration of different immune cells.”’ To determine if
strain or diet affected the composition of immune cells pre-

sent in each adipose tissue, we deconvolved the bulk RNA
sequencing data using a reference panel of gene expression
in 16 immune cell types. We found that the three adipose tis-
sues varied considerably in immune cell type proportions
(Figures S11A-S11C). Strikingly, SAT tissue had overall low
macrophage content compared to BAT and VAT. Significant
strain-dependent effects, determined by two-way ANOVA,
were observed for six immune cell types in VAT, for four in
SAT, and three in BAT (Figure S11D). However, no significant
diet effects were found, and only for B cell proportions in
VAT was a strain:diet interaction effect observed (Fig-
ure S11D). In VAT, various types of macrophages and
T cells differed significantly by strain, as determined by two-
way ANOVA (Figures S11E and S11F).
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Gene expression response driven by strain:diet
interaction effects in visceral adipose tissue correlate
with metabolic responses

Pathways in VAT affected by Strain:Diet interaction
effects

To understand which pathways were affected by strain:diet in-
teractions, we identified gene ontology (GO) biological process
pathways and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways that were enriched within our set of 421 genes.
We found that many fatty acid and sterol transport and meta-
bolism pathways were highly enriched in our strain:diet respon-
sive gene set (Figures 4B and S12).

Correlation of Strain:Diet dependent gene expression
with other metabolic phenotypes

To reconcile gene expression patterns with observed pheno-
types, we investigated which of the 421 differentially expressed
genes were significantly correlated with metabolic traits
(Table S5). To highlight some examples, VAT expression of Sta-
bilin 2 (Stab2), a gene involved in hyaluronan transport, was
significantly correlated with BAT weight normalized to body
weight (R% = 0.59, P.gj = 0.037), and its levels are elevated in
DBA/2J mice, as previously observed’? (Figure 4C). VAT expres-
sion of High-Mobility Group Box 2 (Hmgb2), a gene that regu-
lates pre-adipocyte expansion,”® was significantly correlated
with BAT weight normalized to body weight (R? = 0.60, Pagj =
0.032) and circulating insulin at week 0 (R? = 0.63, Pagj = 0.016)
(Figure 4D). VAT expression of Twist Basic-Helix-Loop-Helix
Transcription Factor 1 (Twist?), an early adipogenesis
gene,”*"® was significantly correlated with SAT (R® = 0.61,
P.q = 0.025) and BAT weight normalized to body weight (R? =
0.58, P,q = 0.045) (Figure 4E). Aldo-keto-reductase 1 B8
(Akr1b8) expression in VAT was highly correlated with all adipose
tissue weights per body weight, total fat mass, and percent
change in body weight at various time points (Table S5; Fig-
ure 4F). Akr1b8 is likely involved in the regulation of lipotoxic-
ity.”>”” An additional ~15 genes in VAT positively correlated
with several parameters including percent change in body
weight, relative adipose tissue weights, and/or insulin and tri-
glyceride levels (Table S5; Figure S13). VAT expression of Solute
Carrier Family 22, Member 23 (S/c22a23), an adipose norepi-
nephrine importer,”® was significantly negatively correlated
with VAT weight (R® = —0.57, Paqj = 0.048) and percent change
in body weight at weeks 3, 4, 5 and 6 on diets (R = —0.65,
—0.67, —0.68, —0.68; P,q = 0.01, 0.007, 0.005, 0.005) (Fig-
ure 4G). Nine other genes had significant negative correlations

¢? CellPress
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with percent change in body weight and/or relative adipose tis-
sue weights (Table S5; Figure S14).
Expression of genes in C57BL/6J VAT on a vegan diet
Other VAT genes with strain:diet interactions were expressed
specifically in some strains in response to the diets in a way
that did not reflect observed phenotypes. This included the
largest proportion of strain:diet interaction genes for which
expression was highest in C57BL/6J vegan samples, notably
Hmgcr (Figure 4H) and Gckr (Figure 4l). Other C57BL/6J VAT
vegan-specific genes fell into broad categories, such as solute
carriers and transporters (Figure S15). These encode trans-
porters of metabolically relevant molecules (S/ic2a2 - glucose,
Slc17a8 - glutamate, Slc13a2 - citrate, Slc22a7 - prostaglandins,
Slc22a1 - Na*/vitamin C, Slc30at - manganese, S/c35a2 - nucle-
otide sugars, Slc36a71 - apolar amino acids, Slc39a2 - zinc,
Slc40a1 - iron, Slc66a1 - cationic amino acids, Kcnk10 — potas-
sium). Other categories included ATP-binding cassette (ABC)
transporter genes (Figure S16), cytochrome P450 genes (Fig-
ure S17), hydroxysteroid dehydrogenase genes (Figure S18),
and serine protease inhibitor genes (Figure S19). Other notable
C57BL/6J VAT vegan-specific genes include sterol and fatty
acid metabolism genes such as fatty acid binding proteins
(Fabp1 and Fabp2) and lipases (Lipc and Lipg), other genes
involved in regulating metabolism such as 3-hydroxybutyrate
dehydrogenase 1 (Bdh), and genes involved in hormone
signaling pathways including Insulin-Like Growth Factor Binding
Protein 2 (Igfbp2) (Figure S20).
Effects of diet components on gene expression in
visceral adipose tissue
To determine if specific diet components (Table S1) are potentially
responsible for changes in gene expression, we used the statisti-
cal method partial least-squares regression (PLSR). Like PCA,
this approach reduces high dimensional data to one or two
component axes; however, PLSR is based on the shared variance
structure underlying two linked datasets. We used PLSR to
predict how the sources of each diet (Table S1) covary with and
predict the expression of the 421 strain:diet dependent genes
(Table S4). The results of this analysis are shown in Figure 5.
PLSR works by decomposing the predictor dataset (diet sour-
ces) and outcomes dataset (gene expression) into loading vec-
tors and latent variables, such that the covariance between
them in component space is maximized. The new axes represent
scaled, centered versions of loading vectors, called compo-
nents, which are linear combinations of diet source or gene
expression input variables. The position of diet source input

Figure 3. Genetic background and diet impact gene expression in liver, quadriceps muscle, SAT, and BAT

A) Principal component analysis of expressed RNA species using all samples, Principal components PC1 and 2 shown with samples colored by tissue.
B) Principal component analysis of expressed RNA species using all samples, PC1 and 2 shown with samples colored by genetic background.

C) Principal component analysis of expressed RNA species using all samples, PC1 and 2 shown with samples colored by diet.

E) Expression of gene Runx1 in quadriceps (Quad) muscle, with significant strain-dependent effects (n = 2, 18 weeks old, male mice).
F) Expression of gene Ucp2 in liver, with significant diet-dependent effects (n = 2, 18 weeks old, male mice).
G) Expression of gene Agtrap in liver, with significant diet-dependent effects (n = 2, 18 weeks old, male mice).

¢
(
(
(D) Expression of gene Mrap2 in subcutaneous adipose tissue (SAT), with significant strain-dependent effects. (n = 2, 18 weeks old, male mice).
(
(
(
(

H) Expression of gene Fbf1 in brown adipose tissue (BAT), with significant strain:diet-dependent effects. (n = 2, 18 weeks old, male mice).

(I) Expression of gene Cfap65 in subcutaneous adipose tissue (SAT), with significant strain:diet-dependent effects (n = 2, 18 weeks old, male mice).

Error bars represent mean + SEM, p-values from two-way ANOVA performed considering the effects of Strain, Diet, and interaction effects, p-values adjusted
using FDR correction (n = 26,000-33,000) (Table S3). Gene expression plots show normalized counts.

See also Figures S8 and S9.
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variables and gene expression output variables on the new
component axes are defined as the calculated loading vectors,
while the position of the mice (colored by strain and diet in Fig-
ure 5) is defined by the latent variables. The genes and diet sour-
ces that covary are located near each other, and we hypothesize
that these genes may be responsive to the nutrients located
nearby (Figure 5). Genes and diet sources located opposite
each other are negatively related, while variables at 90° from
one another are not strongly related.

In the reduced components space, we find that the plot cleanly
divides between animal diet sources and mice fed animal-based
diets at the bottom right and plant diet sources and mice fed
plant-based diets at the top and left (Figure 5). We observe
that transporter genes Sic2a2 (glucose), Slc40a1 (iron exporter),
Sic15a5 (unknown function), Slc22a23 (organic ion transporter),
and S/c39a2 (zinc transporter) are associated with sugars in
the diet. Another zinc transporter, Sic30a1, is opposite the sugar
processing genes (Figure 5). These genes may directly
contribute to the response to available plant or animal nutrient
sources.

Co-expression networks identify additional Strain:Diet
responsive genes

Finally, since we were underpowered to detect subtle strain:diet
effects in the genome-wide ANOVA analysis (Table S3), we used
co-expression network analysis to identify additional strain:diet
responsive genes. We used the tool iterativeWGCNA'® to iden-
tify groups of genes with highly similar expression patterns,
then used ANOVA to identify which modules contain genes
whose expression varies by strain and diet, using an aggregate
expression value per module to reduce the burden of multiple
test corrections.

Considering all expressed genes in VAT (STAR Methods), we
identified 131 modules of co-expressed genes, containing
~15,000 genes in total. We defined the aggregate expression
value using a metric called the eigengene, which is the first prin-
cipal component (PC1) of the expression data of genes in the
module. Using a two-way ANOVA by strain and diet, we identi-
fied four modules for which aggregate expression responded
to strain:diet interactions (Figure 6A; Table S6). In these 4 mod-
ules, the expression of 285 genes varies by strain:diet interac-
tions, including 78 new strain:diet genes that were not identified
in the genome-wide ANOVA (Figure 6B). The aggregate expres-
sion in each module is similar to the 421 genes in Table S4;
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C57BL/6J mice on a vegan diet have significantly different
expression than other groups (Figure 6C).

To consider the function of these strain:diet responsive genes,
we calculated the correlation of metabolic traits with the module
aggregate expression value. Two of the four modules’ aggregate
gene expression (modules 1 and 4) is significantly correlated with
metabolic traits (Figure 6D). Module 1 expression was positively
correlated with body weight traits but negatively with adipose tis-
sue weights and circulating triglyceride levels. Module 4 expres-
sion was positively correlated with body weight, adipose tissue
weights, and insulin and triglyceride levels, and was negatively
correlated with muscle weight, liver weight, circulating glucose,
and glucose uptake traits. Using enrichment testing, we found
that all four modules were enriched for different KEGG signaling
pathway genes (Figure 6E). Module 1 contained Acid Phospha-
tase 1 (Acp1), a gene in the riboflavin metabolism pathway (Fig-
ure 6F), and module 4 contained Ras Association Domain Family
Member 4 (Rassf4), a gene in the Hippo signaling pathway (Fig-
ure 6G). Module 4 also contained the organic cation transporter
gene Sic22a15 and putative transporter gene Tmem144/
Slc35g7 (Figure 6H). While Slc22a15 was identified in the previ-
ous genome-wide ANOVA (Table S4), the co-expression analysis
allowed us to prioritize Tmem144, a gene of unknown function.

DISCUSSION

Our study shows that diet, genetic background, and the interac-
tion between the two can all modify body weight gain and various
metabolic parameters in mice. Among the four strains analyzed,
DBA/2J mice had the most pronounced increases in body
weight, stored the largest amount of fat, and had the highest in-
sulin and triglyceride levels, with diet types modifying the extent
of the changes. On the other hand, SJL had the lowest fat mass
and low insulin levels, but relatively high triglyceride levels. While
diet had little impact on fat mass or body weight in SJL mice, diet
affected triglyceride and insulin levels. A/J mice had high fat
mass relative to body weight with some diet-dependent effects;
they increased body weight, triglyceride, and insulin levels most
with the American diet, but showed little change in these param-
eters on the other three diets. C57BL/6J mice showed large body
weight gains with different diet patterns modifying the extent of
gains. Although the data were incomplete, C57BL/6J exhibited
relatively low fat mass versus body weight, similar to SJL, except

Figure 4. Gene expression response driven by strain:diet interaction effects in visceral adipose tissue correlates with metabolic responses
(A) Heatmap of 421 visceral adipose tissue genes that exhibit significant strain:diet-dependent effects. Color represents the normalized expression value across
samples, normalization performed with DESeq2.

(B) Pathway analysis of 421 visceral adipose tissue genes that exhibit significant strain:diet-dependent effects. Significantly enriched pathways from the Gene
Ontology-biological processes database. P-values adjusted using FDR correction for multiple tests.

(C) Expression of gene Stab2 in visceral adipose tissue, with significant strain:diet-dependent effects (n = 2, 18 weeks old, male).

(D) Expression of gene Hmgb2 in visceral adipose tissue, with significant strain:diet-dependent effects (n = 2, 18 weeks old, male).

(E) Expression of gene Twist1 in visceral adipose tissue, with significant strain:diet-dependent effects (n = 2, 18 weeks old, male).

(F) Expression of gene Akr1b8 in visceral adipose tissue, with significant strain:diet-dependent effects (n = 2, 18 weeks old, male).

(G) Expression of gene Slc22a23 in visceral adipose tissue, with significant strain:diet-dependent effects (n = 2, 18 weeks old, male).

(H) Expression of gene Hmgcr in visceral adipose tissue, with significant strain:diet-dependent effects (n = 2, 18 weeks old, male).

(I) Expression of gene Gckr in visceral adipose tissue, with significant strain:diet-dependent effects (n = 2, 18 weeks old, male).

Error bars represent mean + SEM, p-values from two-way ANOVA performed considering the effects of Strain, Diet, and interaction effects, p-values adjusted
using FDR correction (n = ~31,000) (Table S4). Gene expression plots show normalized counts.

See also Figures S12-S20.
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Figure 5. Partial least squares regression (PLSR) aligns diet components and RNA expression in reduced-dimension space

PLSR used 38 diet components (Table S1) to predict the expression of the 421 strain:diet-dependent VAT genes (Table S4) in reduced-dimension space,
based on the shared variance structures of the datasets. Briefly, Xand Y were decomposed into loading vectors and latent variables, such that the covariance
of the representations of X and Y in component space is maximized (see STAR Methods). The new axes represent scaled, centered versions of the X- and Y-
loading vectors, called components, which are linear combinations of X and Y input variables, respectively. The position of X input variables (diet sources in
black) and Y output variables (genes in blue) on the new component axes are defined as the calculated X- or Y- loading for each input variable. The position of
the mice (colored by strain and diet) is defined by the latent variables; here we averaged the position calculated for X- and Y-spaces. In this shared space, the
covariance between diet sources and gene expression is related to the cosine of the angle between them; items nearby each other are strongly related, items
opposite each other along a component are negatively related, and items at 90-degree angles apart are not related to each other. Genes referenced in

discussion are boxed in red.

on the American diet (as judged by visceral adipose tissue
weight at euthanasia). They also had the lowest triglyceride
levels overall and intermediate insulin levels that were highest
on the American and lowest on the vegan diet. Glucose uptake
varied largely in a strain-dependent manner. When data for all
metabolic parameters were combined in principle component
analysis, we consistently observed clear separation by strain,
but not by diet, suggesting that the genetic background exerted
a much stronger effect on the metabolic phenotype than a diet.

In previous mouse studies that tested dietary effects on meta-
bolic parameters in a panel of ~100 genetically diverse mouse
strains, including the four strains we used, mice were fed high
fat high sucrose diets.®>°>%%% Qur diets contained a similar
amount of fat (35 kcal%) as the ones used in these previous

12 iScience 27, 111323, December 20, 2024

studies (32 kcal%).°%%>%%%5 When comparing results with our
American diet that had the highest sucrose content, similar
to our results, large differences in body weight and insulin levels
between A/J, C57BL/6J, DBA/2J, and SJL strains at baseline
and in response to the high fat high sucrose diet were
observed.?%62635% Triglyceride levels were also consistent
with data shown for DBA/2J, A/J, and C57BL/6J in the study
by Parks et al.®® with DBA/2J highest, A/J intermediate, and
C57BL/6J lowest levels among these three strains (no data
shown for SJL). DBA/2J had decreased insulin-stimulated
glucose uptake in isolated soleus muscle when compared to
A/J.°® We found lower glucose uptake for DBA/2J when
compared to A/J in quadriceps in vivo. With regard to body fat
percentage, consistent with our data, DBA/2J and A/J had
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similarly high body fat percentages and SJL the lowest.>¢%5°

Thus, consistent with these earlier studies, we capture a large ef-
fect of strain on body weight gain and insulin levels at baseline
and in response to a high fat diet.

The earlier study that used humanized diets showed stronger
diet effects than ours.®” Large differences in macronutrient
composition between diets in the earlier study could have ac-
counted for observed differences. Additionally, keeping fat, carbo-
hydrate, and protein levels the same in our diets may have blunted
dietary effects. In line with the average fat content in the human
diet, our diets contained around twice the amount of fat when
compared to regular mouse chow (17kcal%). Thus, the higher fat
content could also have muted effects of macronutrient sources.

We observed larger, more significant differences in metabolic
parameters in study 1 than study 2, though the directionality and
pattern between strains and diets were largely conserved. This
was likely due to the more intrusive tests performed during study
2 (FDG-PET and MRI) that elicited stress responses and intro-
duced noise impacting weight gain and metabolic parameters.
Due to limited resources, we also used only four mice per group
in study 2 making it underpowered to detect smaller differences.
Similarly, with n = 2 mice per group, RNA-seq did not have
enough power to identify the full spectrum of strain:diet respon-
sive genes; only large magnitude changes in gene expression
were identified as significant. Furthermore, we only used male
mice which limits our conclusions to this population. Despite
these limitations, we were able to capture large-scale differ-
ences due to genetic background that were evident when visual-
izing the data in reduced dimensions. Further, using correlation
analysis and co-expression networks, we were able to link the
expression of diet and genetic background-responsive genes
to important metabolic parameters. Our data suggest modu-
lating effects of macronutrient sources.

The American diet, with the highest content of animal sourced
macronutrients when compared to mostly or only plant-based
vegetarian and vegan diets, led to higher weight gains in DBA/
2J,C57BL/6J, and A/J mice and, at least in part, higher triglyceride
and insulin levels. Although larger mouse studies will be required to
further corroborate these results, the observation is consistent
with human studies. Plant-based diets in humans consistently
outperform American diets in beneficial effects on metabolic pa-
rameters when the general population is considered.?” In further
support of differential responses to plant-based diets, we find
that the PLSR model cleanly divides between animal and plant

iScience

sources. Also, when compared to the American diet, the three
more plant-based diets showed dramatically different gene
expression responses in VAT; the Mediterranean diet upregulated
genes involved in immune responses, the vegetarian diet pro-
moted muscle-like expression patterns, and the vegan diet modi-
fied gene expression in multiple metabolic pathways. The vegan
diet seemed to be the most different from the American diet, result-
ing in the largest number of differentially expressed genes.

Although the Mediterranean diet affected immune response
gene expression in VAT, we did not observe large differences
in immune cell proportions due to diet or strain:diet interactions.
Most calculated cell type proportions only differed between
strains. SJL mice are known to have elevated T cell levels®
which we confirm; we observe the highest T cell proportions in
SJL mice on plant-based diets.

Our analysis identified ~400 genes in VAT for which expression
is altered by strain:diet interactions. Several of these were previ-
ously shown to modify the effect of diet on metabolic parameters
in humans. This includes genetic variation in HMGCR*® and
GCKR***; we show that expression in mouse visceral adipose tis-
sue is responsive to strain:diet interactions. We identified Ucp2 as
strain and diet responsive but did not show a significant interaction
effect; previous studies found interactions between dietary energy
intake and SNPs in UCP2 on metabolic parameters in humans.®’
We detected many genes known to control adipose tissue expan-
sion and homeostasis, including Hmgb2, Akr1b8, Sic22a23,
Kcnk10,%" Twist1 and Acp1. An SNP in Ncan was previously found
to be associated with fatty liver disease in humans.®> Acp17 cata-
lyzes riboflavin production, and promotes adipogenesis and tissue
expansion.®*®* Human ACP7 genetic variants are associated
with glycemia, dyslipidemia, and obesity.®>® Interestingly, in our
study, Acp7-containing module 1 aggregate expression was
inversely correlated with adipose tissue weights, and triglyceride
and insulin levels. Based on correlations we identified, we predict
that Hmgb2, Akr1b8, and Twist1 expression influence fat storage
phenotypes, as most evident in DBA/2J mice. We also identified
genes that regulate fatty acid and sterol metabolism and had pre-
viously been studied in the liver (Agxt, Agxt2, Bdh1, Slc40a1l,
Hmgcr, Adck2, and Gekr).2”~°? These genes had highest expres-
sion in C57L/6J-vegan fed mice specifically.

Slc transporter genes with highest expression specifically in
C57BL/6J vegan fed mice were identified as potentially important
for sugar transport in the PLSR model based on their proximity to
the dietary nutrients fructose and dextrose. Fructose and dextrose

Figure 6. Co-expression network analysis for visceral adipose tissue uncovers four modules for which genes vary by strain and diet

(A) Results of a two-way ANOVA determining if expression of eigengene (similar to normalized average expression of module genes (see STAR Methods)) in each
module varies due to strain, diet, and strain:diet interaction effects. p-values adjusted using FDR correction (n = 131).

(B) The total number of genes in each of the selected modules, with the number of genes previously identified using ANOVA colored black (Table S3) and the

number of genes discovered in this analysis only colored gray.
(C) Relative expression of module eigengenes in VAT.

(D) Pearson correlation of module eigengene expression with metabolic traits. BAT, brown adipose tissue; BW, bodyweight; gastroc, gastrocnemius; MRI,
magnetic resonance imaging; PC, percent; PET, positron emission tomography; quad, quadriceps; SAT, subcutaneous adipose tissue; TG, triglycerides; VAT,
visceral adipose tissue; w, tissue weight. p-values from Pearson correlation adjusted using FDR correction (n = 131).

(E) KEGG pathways that were enriched for module genes.

(F) Expression of module 1 gene Acid Phosphatase 1 (Acp1) in VAT. Acp1 is a gene in the KEGG-riboflavin metabolism pathway that is enriched in module 1.
(G) Expression of module 4 gene Ras Association Domain Family Member 4 (Rassf4) in VAT. Rassf4 is a gene in the KEGG- Hippo signaling pathway that is

enriched in module 4.
(H) Expression of selected transporter genes from module 4 in VAT.
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levels are lower in the vegan and vegetarian diets, and many mice
on vegan and vegetarian diets are plotted near these sugars as
well. Importantly, Slc2a2, a well-known glucose transporter and
glucose sensor,” is found near the sugars in the plot, and could
be responding to lower amounts of one or both sugars. Slc39a2
is also found near the sugars in the RNA-PLSR plot while
Slc30a1 is found opposite. Both transport zinc, and in response
to zinc deficiency, zinc importer Slc39a2 is up-regulated® while
zinc exporter Sic30a1 is downregulated.?® While we did not mea-
sure the zinc content of our diets, red meat and poultry sources
naturally contain zinc. Dietary zinc content may thus have contrib-
uted to the observed response. Sic40a1 is an iron exporter that is
important for macrophage metabolism but may not be necessary
for adipocyte function.”®°” Sic15a5 and Sic22a23 are not well
studied, though they may also be important to the sugar and
zinc transport responses of visceral adipose tissue for C57BL/6J
fed a vegan diet based on their similar location in the plot. Both
genome-wide ANOVA and co-expression network analyses also
found that carnitine/carnosine transporter Sic22a15 was regulated
by strain and diet.°® Tmem144is a novel gene hypothesized tobe a
carbohydrate transporter. Based on correlations with phenotypes,
Slc22a15 and Tmem144 may regulate adipose tissue size and in-
sulin levels, and based on the identity of co-expressed genes, they
may regulate the Hippo signaling pathway.

In conclusion, we identified known and novel candidate genes
that respond to macronutrient source uniquely by genetic back-
ground. Mechanistic studies will be required to determine if and
how these genes respond to diet components and/or genetic
background. Future studies in C57BL/6J mice that showed the
most pronounced effects on a vegan diet (highest number of differ-
entially expressed gene in VAT and simultaneously lowest insulin
levels compared to C57BL/6J mice on the other 3 diets) might un-
cover genetic markers that could identify individuals that would
most benefit from a vegan diet. Commonalities between our study
and the earlier human studies support the concept that results
from mice may be translatable to humans. Our study further illus-
trates that inclusion of relatively few mice in well controlled studies
can yield relevant effects that can then be tested in humans at a
limited scale. Thus, our study provides a novel resource for preci-
sion nutrition; to apply diets to populations in which they would be
most beneficial®® and prevent or ameliorate disease progression
based on genetic risk, among other factors.

Limitations of the study

Due to limited resources, we used only four mice per group in
study 2 making it underpowered to detect smaller differences.
Similarly, with n = 2 mice per group, RNA-seq did not have
enough power to identify the full spectrum of strain:diet respon-
sive genes; only large magnitude changes in gene expression
were identified as significant. We only used male mice which
limits our conclusions to this population.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Susanna R. Keller
(srkdb@virginia.edu).
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Materials availability
This study did not generate new unique reagents.

Data and code availability

o RNA-seq data (raw FASTQ files and processed counts) are deposited at
GEO and are publicly available with the accession code GSE260764.

e All original code has been deposited on Github at https://github.com/
jnr3hh/Reed_Civelek_Keller 2024 _Manuscript and is publicly available
as of the date of publication.

o Any additional information required to reanalyze the data reported in this
article is available from the lead contact upon request.

o Counts, TPMs and fastq files from the RNA-seq data generated in this
study are publicly available on GEO (accession code GSE260764). Co-
des to perform the analyses in this study are available on https://github.
com/jnr3hh/Reed_Civelek_Keller_2024_Manuscript.
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

hisat2 Kim et al.'®® Kim et al.'%®

htseq Putri et al.’®” Putri et al."””

samtools Danecek et al.%® Danecek et al.%®

CIBERSORTx Newman et al.'®® Newman et al.'%%; https://cibersortx.
stanford.edu/

PMOD version 3.9 PMOD Technologies

Other

American Diet Research Diets, Inc. D19062002

Mediterranean Diet Research Diets, Inc. D19062003

Vegetarian Diet Research Diets, Inc. D19062004

Vegan Diet Research Diets, Inc. D19062005

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals: Male A/J (Stock #000646), C57BL/6J (Stock #000664), DBA/2J (Stock #000671) mice were purchased at 9 weeks of age
from Jackson Laboratories. For the first study SJL/JCrNTac (Model # SJL-M) were obtained from Taconic Biosciences at 7-9 weeks
of age. For the second study SJL/J mice were acquired from Jackson Laboratories (SJL/J, Stock #000686) at 5 weeks of age (not
available for purchase at a later age). Mice were housed under temperature- (22°C) and humidity-controlled conditions and a con-
stant light-dark cycle with free access to water and chow. They were fed a standard chow diet (cat. no. 7912 Teklad LM-485; Harlan
Laboratories) until age 14-15 weeks (study 1) and 12-13 weeks (study 2). At this time mice were placed on one of four humanized diets
(American, Mediterranean, vegetarian or vegan (described below)) until euthanasia with carbon dioxide asphyxia (after 16 weeks on
diets in study 1 and 6 weeks in study 2 (Figure S1F)). Before starting the diets, mice were weighed and assigned to diets such that the
average body weight of mice on each diet was similar for each individual strain. Mice were housed four per cage with the exception of
SJL mice; they required single housing due to aggressive behavior against cage mates. Body weights and food intake were deter-
mined weekly, up to 10 weeks on diets and at euthanasia in study 1 (body weight), and until euthanasia in study 2. Blood collections
for measurements of glucose, insulin, triglycerides, and non-esterified fatty acids (NEFA) were performed before starting the diets
and at 4, 8, and 16 weeks on diets in study 1 and at the start of the diets and at euthanasia in study 2. In study 2, glucose uptake
in muscle and fat tissues was measured in live mice after 4 weeks on diets using 2-['®F] fluoro-2-deoxy-D-glucose positron emission
tomography (FDG-PET), and magnetic resonance imaging (MRI) was performed at 5 weeks on diets. At the beginning of studies, the
number of mice for each strain and diet was n=7-8 (study 1) and n=4 (study 2). There were a few deaths (for unknown reasons) during
study 1 (1 C57BL/6J on Mediterranean and vegetarian diets, 1 DBA/2J on Mediterranean and vegetarian diets) and in study 2 (1 A/J
on American diet). After euthanasia, blood was collected by cardiac puncture and tissues were dissected. Tissues were frozen in
liquid nitrogen and stored at -80°C until further processing. All animal procedures were approved by the University of Virginia Insti-
tutional Animal Care and Use Committee.

METHOD DETAILS

Design of humanized mouse diets

We designed mouse versions of four common human diets; American, Mediterranean, vegetarian, and vegan. Macronutrient compo-
sition was the same for all diets (35% fat, 50% carbohydrates, 15% protein) and was based on the average/mean macronutrient
intake among adults in the US®® (33-34% kcal from fat, 49-51% kcal from carbohydrates, 15-16% kcal from protein). Meal plans con-
taining the desired macronutrient composition were designed as following. Dietary intake patterns for the four diets were generated
by developing 7-day meal plans for breakfast, lunch, dinner and two snacks per day for humans (examples shown in Figures S1A-
S1D). The meal plans followed the NHANES-based pattern for typical American and vegetarian diets, the Food Pyramid for the Med-
iterranean diet, and lastly, to generate the pattern for the vegan diet, the vegetarian diet pattern was modified to remove all animal
sources. All diet patterns were based on an average intake of 2,000 kcal per day and matched for macronutrient content. The Nutrient
Database for Research (NDS-R, Minnesota) version 2018 was used for all macro- and micronutrient analysis. The diet patterns of all
four human diets were translated into mouse chow replica in collaboration with Research Diets, Inc. (New Brunswick, NJ, USA). The
food sources and nutrient profiles of the mouse chows reflected that of the human diet patterns and supplied adequate nutritional
requirements according to NRC nutrient guidelines for mice. All four mouse diets were designed to have similar kcal/g food. Diet in-
gredients and compositions are shown in Tables S1 and S2, and Figure S1E.
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Food intake measurements
Food was weighed before addition to mouse cages. A week later remaining food was weighed. To obtain food intake/cage during the
week, food weight at the end of the week was subtracted from food weight at the beginning of the week.

Blood collections

Blood was collected between 8-9 AM from nicked tail veins of mice fed ad libitum. The first drop was used for blood glucose mea-
surements using a glucometer (AimStrip Plus Blood Glucose Testing System (Germaine Laboratories, Inc, San Antonio TX, USA).
Additional blood was collected into heparinized (for preparation of plasma for insulin and triglyceride measurements at 0, 4 and
8 weeks on diets) and non-heparinized capillary tubes (for preparation of serum for non-esterified fatty acid (NEFA) measurements).
Blood was transferred to microfuge tubes and kept on ice before centrifugation at 1,600 g for 30 min at 4°C. Plasma or serum was
collected and stored at -20°C until further analysis. At euthanasia blood glucose measurements were performed before animals were
euthanized and additional blood (non-heparinized) was collected immediately after CO, asphyxia by cardiac puncture with a 1 ml
syringe connected to a 25G-5/8 needle, transferred to a 1.5 ml microcentrifuge tube, allowed to clot for 30 min onice, and then centri-
fuged at 1,600 g for 30 min at 4°C. Serum was stored at -20°C (short-term storage) and -80°C (long-term storage) and used for insulin,
triglyceride, and NEFA measurements.

Measurements of plasma and serum insulin, triglycerides, and non-esterified fatty acids

Insulin and triglycerides were measured in plasma or serum (terminal bleed only) using an Insulin Rodent Chemiluminescence ELISA
(cat. no. 80-INSMR from ALPCO, Salem NH, USA) and the L-Type Triglyceride M Assay (Triglyceride M Color A 994-02891, Triglyc-
eride M Color B cat. no. 990-02991 and Multi-Lipid Calibrator cat. no. 464-01601 from FUJIFILM Wako Diagnostics USA Corporation,
Richmond, VA, USA). Non-esterified fatty acid levels (NEFA) were determined in serum using the HR Series NEFA-HR(2) assay (Color
Reagent A cat. no. 999-34691, Solvent A cat. no. 995-34791, Color Reagent B cat. no. 991-34891, Solvent B cat. no. 993-35191,
NEFA Standard Solution cat. no. 276-76491 from FUJIFILM Wako Diagnostics USA Corporation, Richmond, VA, USA).

2-["®F] Fluoro-2-deoxy-D-glucose positron emission tomography (FDG-PET) imaging in vivo

Mice fed ad libitum were injected intraperitoneally with 2-['8F] fluoro-2-deoxy-D-glucose (100-200 uCi) between 8-9 AM. After 30 min,
during which mice were allowed to move freely in cages, they were anesthetized with isoflurane (3% in oxygen/air (50/50, 1 L/min) and
imaged for 10 min in a Bruker Albira Si PET/SPECT/CT trimodal rodent scanner (Bruker, Billerica, MA) to acquire a single static PET
image. This was followed by a 5 min computed tomography (CT) scan for attenuation correction and anatomical co-registration.
Anesthesia was maintained during scanning using 1.5-2% isoflurane. The images were automatically reconstructed and registered
using the Albira reconstruction toolbox as both PET and CT images are in the same image space. Visualization and quantification of
PET/CT data were performed using Pixel wise MODeling (PMOD)’s image View tool (version 3.9, PMOD Technologies Ltd., Zurich,
Switzerland). Briefly, the whole-body PET and CT images were read using the View tool and volumes of interest (VOI) drawn on CT
images for regions corresponding to epididymal white adipose tissue (visceral adipose tissue, VAT), interscapular brown adipose
tissue (BAT), and quadriceps skeletal muscle (Quad). The same VOI were then automatically drawn on the PET images. The Contour
tool with appropriate thresholding was applied for accurate delineation of the boundaries of VAT, BAT, and Quad. Standardized up-
take values (SUV) were computed for the VOI normalizing for the injected dose per gram body weight. SUV computations were per-
formed using PMOD.

Magnetic resonance imaging (MRI) in vivo

MRI was performed using a 9.4T/20 (bore diameter 20 cm) horizontal bore BioSpec AVANCE neo preclinical imaging system equip-
ped with a 116 mm bore gradient insert (Bruker BioSpin GmbH, Germany, maximum gradient strength 660 mT/m). Between 8-10 AM
mice fed ad libitum were anaesthetized with 3% isoflurane and secured in an MRI compatible cradle. Anesthesia was maintained
during scanning using 1.5-2% isoflurane in oxygen/air (50/50, 1 L/min). Respiration rate and rectal temperature were monitored
throughout and body temperature maintained at 37°C (SA Instruments Inc, Stony Brook, NY, USA). A 40-mm inner diameter quad-
rature radiofrequency coil was used for signal transmission and reception. Scout images were taken to confirm correct positioning
and orientation of subsequent scans. A 2-dimensional 28-slice T2-weighted (RARE) 3-point DIXON scan was performed for water-fat
separation (1 mm slice thickness, image matrix = 256 x 128, field of view = 50 x 35 mm, repetition time = 1404 ms, echo time = 18 ms,
signal averages = 2, RARE-factor = 4). The fat fraction (FF) map was calculated from the separated fat images. Quantification of fat
volumes (from FF maps) were performed using PMOD’s VOI and contour tools (with appropriate thresholding) as described above.
Volumes were normalized to mouse body weights.

Isolation and sequencing of mature RNA species

Homogenization of visceral (VAT) and subcutaneous (SAT) adipose tissues, quadriceps muscle and liver

Since some of the adipose tissues, quadriceps muscle and livers were large and/or dense, we homogenized tissues first at liquid
nitrogen (LN2) temperatures using the Cell Crusher Tissue Pulverizer (from CELLCRUSHER, Portland Oregon, USA). Briefly, tissues
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were kept on dry ice until use, and all devices and tools were cooled in LN2. The whole tissue was inserted into the cell crusher device
and crushed, then the powdered tissue was collected in 1.5 ml tubes in LN2. Samples were immediately used for RNA isolation or
frozen at -70°C until use.

RNA isolation

All tissues were weighed and kept on dry ice before powdering or addition of TRIzol (cat. no. 15596026 from ThermoFisher Scientific,
Waltham, MA, USA). For BAT and small SAT tissues, the whole tissue was added to 1 mL TRIzol. For powdered tissues (VAT, liver,
quadriceps muscle, large SAT), ~0.3 g of powdered tissue (not weighed to keep samples cold) was added to 1 mL TRIzol. Samples
were spun at 4°C at 15,000 g for 15 minutes to remove lipid and cell debris. RNA was then extracted using the RNeasy Micro Kit (cat.
no. 74004 from Qiagen, Germantown, MD, USA) following manufacturer’s protocol. DNA on Qiagen spin column was digested using
the RNAse-free DNAse kit (cat. no. 79254 from Qiagen, Germantown, MD, USA) following manufacturer’s protocol. The isolated RNA
was quantified using the Qubit Fluorometric Quantification system with the RNA Broad Range assay kit (cat. no. Q10210 from
ThermoFisher Scientific, Waltham, Massachusetts, USA) following manufacturer’s protocol. RNA quality was assayed using the
TapeStation RNA Broad Range assay (Agilent, Santa Clara California, USA). RNA species with RNA Integrity Number (RIN) > 7.5
were used in RNA-seq analyses.

Sequencing and quantification

RNA species were sequenced by Psomagen, Inc (Rockville, MD, USA). Raw FASTQ files are available on GEO (accession code
GSE260764). Using fastQC, the quality of the sequenced reads was assessed, and low quality reads (Phred < 28) were removed
with trimGalore. We aligned our sequenced reads to the mouse genome GRCm39 using hisat2 and quantified the aligned reads using
htseq. Quantified transcripts per sample and transcripts per million (TPMs) are available on GEO (accession code GSE260764).

QUANTIFICATION AND STATISTICAL ANALYSIS
All data are presented as mean + SEM. All gene expression plots show normalized counts.

Analysis of variance

Gene expression was normalized using R package DESeq2 with a design matrix Strain*Diet. Genes and traits with zero values in more
than 75% of the samples were removed. Statistical analyses were performed using R, ANOVA tests were performed using the base R
function aov(). [2-way: trait or gene expression ~ Strain*Diet, 3-way: trait ~ Strain*Diet*Time, 3-way removing batch effects: trait ~
Strain*Diet*Time+batch]. Batch effects refer to sample effects due to differences in the two RNA-sequencing runs. P-values were
adjusted using false discovery rate (FDR) correction for the number of traits or genes tested.

Principal component analysis
Principal component analysis was performed using base R function pca() on transcripts per million (TPM) normalized gene expres-
sion data or phenotypic traits. We removed genes with less than 0.1 TPM in 75% of the samples. For phenotypic data, we removed
traits with many zeros (>50%), then removed samples with any zeros. Outliers were removed based on the results of the principal
component analysis (Figure S21).

Differential expression analysis

To characterize the effects of diet, we performed differential gene expression analysis for visceral adipose tissue comparing RNA-seq
data for the American diet to data for the other three diets. We used the DESeq2 R package with a design matrix Strain*Diet+batch
accounting for the strain, diet, and RNA sequencing batch. Volcano plots were made using package EnchancedVolcano.

Immune cell-type deconvolution

To determine which immune cell types were present in the bulk tissue RNA-seq data, we used CIBERSORTXx.'%° This program em-
ploys a machine learning algorithm that compares purified cells or single-cell gene signatures to infer the fraction of that cell type
present in the bulk tissue RNA-seq data. We used the previously validated gene signature set ImmuneCC. It contains 511 reference
genes corresponding to 25 unique immune cell types found in normal mouse immune cells, non-hematopoietic mouse tissues, and
mouse tumor tissues. ' '° Briefly, to generate the ImmuneCC data set, PCA was used to cluster 115 publicly available datasets into 25
cell types. Genes highly expressed in non-hematopoietic cell types were removed, then differential expression analysis identified the
top expressed genes in each cell type compared to the other 24 cell types. Using the ImmuneCC data set, we ran CIBERSORTx on
the javabased web platform in relative mode using 100 iterations for each adipose tissue. For simplicity we averaged similar cell types
and ran the program using 16 cell types.

Enrichment analysis

To determine if a set of genes was overrepresented within known pathways, we compared them to Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) murine reference pathways. We performed these analyses on genes differentially ex-
pressed between diets (Figure S10) and the 421 strain:diet dependent genes (Table S4). In brief, the number of KEGG or GO pathway
genes in the set of genes of interest was compared to the number of pathway genes in the ~30,000 background genes expressed in
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VAT. Significance of enrichment was determined using Fisher’s exact test, performed in R using the packages org.Mm.eg.db, topGO,
KEGGREST, and bc3net. P-values were adjusted using false discovery rate (FDR) correction for the number of pathways tested.

Partial least squares regression

Partial least squares regression is a dimensionality reduction technique used to determine how the variance in a set of X variables is
related to the variance in a set of Y outcome variables."''~''* Like PCA, PLSR uses linear combinations of input variables to represent
the multidimensional data in 2D. In PCA, the goal is to find principal component vectors such that the variance in one dataset is maxi-
mized. In PLSR, the goal is to find component vectors that represent axes through which the covariance of X and Y is maximized. Let
X be a matrix of dimension N x K and let Y be a matrix N x M, where N is the number of samples (31 mice) and K is the number of diet
sources (38 sources), and M is the number of genes (421 genes) (Figure S22). X and Y were centered and scaled. Both X and Y can be
decomposed into latent variable vectors and loading vectors, such that t = Xa;

u=1Yb,
where t and u are latent variables and a and b are loading vectors. Loading vectors a and b are vectors of length K and M, respec-
tively, that represent the direction of change in component space, while latent variables t and u are vectors of length n that represent

the magnitude of change in component space. To obtain the values of a, t, b, and u that will maximize the covariance between X and
Y in the new component space, we solve formula:

ar cov(Xa,Yb)

g max
llall = 1,]1b]| =1

We used the package mixOmics''® function pls() to solve this function. In practice, solving the above function requires initializing a
and b to any value, then iteratively computing a, t, b, and u as

a = X"t/t't,norm a;

t = Xa;

o
|

= Y"t/t't,norm b;

u=Yb
until a converges. When a converges, the matrices X and Y are updated to remove the information of this component, where
X=X —-1tc,

c = X"u/uu;
Y=Y -td,

d=YTt/tt

The process of finding new a, t, b, and u values begins again with the residual X and Y matrix and continues for as many compo-
nents will define the new space. The number of components included in the model is determined empirically using cross validation;
we found that 3 components was optimal for this application. Loading vectors a and b now define the position of X input variables
(diet sources) and Y output variables (genes) in the new component space, which were scaled and plotted together (Figure 5). Latent
variables t and u now define the position of each sample in component space; in this study they define the position of each mouse (by
strain and diet). These are projections of the samples into X and Y space, respectively. To plot both t and u information in the shared
space, we averaged the X and Y projections. In this shared space, the covariance between diet sources and gene expression is
related to the cosine of the angle between them; items nearby each other are strongly related, items opposite each other along a
component axis are negatively related, and items at 90-degree angles apart are not related to each other. Because local regression
is used to find a, t, b, and u, PLS is able to handle noisy or incomplete data, and particularly data with multiple correlated variables.

Co-expression network analysis

Co-expression networks identify groups of highly correlated, likely co-regulated genes, within a large gene set in an unbiased way.
We used the iterativeWGCNA'® package to identify these groups, or modules, of related genes in the visceral adipose tissue gene
expression. We used transcripts per million format, removed low-expressed genes (expression < 0.1 in > 75% of samples), and per-
formed log normalization. The iterative WGCNA program then computes the correlation between all genes, which is contained in a
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matrix. By clustering the correlation matrix using hierarchical clustering, the program identifies groups of genes with high correlations
and thus similar patterns of expression, termed modules. iterativeWGCNA reassesses the strength of each gene’s membership in the
module, and iteratively removes and reassigns genes to obtain more homogenous modules.

We defined the aggregate expression value of each module as the eigengene, which is the eigenvector or first principal component
through the expression data for each module. We determined which module eigengenes were dependent on strain and diet using a
2-way ANOVA and which were correlated with metabolic traits using Pearson correlation. Both were corrected for the number of
module eigengenes tested using FDR multiple test correction.

e6 iScience 27, 111323, December 20, 2024



	ELS_ISCI111323_annotate_v27i12.pdf
	Combined effects of genetic background and diet on mouse metabolism and gene expression
	Introduction
	Results
	Design of mouse diets with human nutrient sources
	Selection of mouse strains
	Genetic background and diet interaction affect body weight gain and metabolic parameters
	Body weight changes (study 1)
	Circulating insulin, triglycerides, glucose, and non-esterified fatty acids (study 1)
	Principal component analysis of aggregate metabolic parameters (study 1)

	Genetic background impacts variations in total body fat and glucose uptake in visceral adipose tissue and skeletal muscle
	Body weight changes and circulating insulin, triglycerides, and glucose (study 2)
	Body fat mass
	Glucose uptake into adipose tissues and skeletal muscle
	Analysis of adipose tissues, skeletal muscle, and liver
	Principal component analysis of aggregate metabolic parameters (study 2)

	Genetic background and diet impact gene expression in adipose tissues, skeletal muscle, and liver
	Principal component analysis of tissue gene expression data
	Effects of diets on gene expression in visceral adipose tissue
	Expression of strain or diet dependent genes in adipose tissues, skeletal muscle, and liver
	Strain:Diet interaction effects on gene expression in adipose tissues, skeletal muscle, and liver
	Diets and immune response in adipose tissues

	Gene expression response driven by strain:diet interaction effects in visceral adipose tissue correlate with metabolic resp ...
	Pathways in VAT affected by Strain:Diet interaction effects
	Correlation of Strain:Diet dependent gene expression with other metabolic phenotypes
	Expression of genes in C57BL/6J VAT on a vegan diet
	Effects of diet components on gene expression in visceral adipose tissue
	Co-expression networks identify additional Strain:Diet responsive genes


	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Method details
	Design of humanized mouse diets
	Food intake measurements
	Blood collections
	Measurements of plasma and serum insulin, triglycerides, and non-esterified fatty acids
	2-[18F] Fluoro-2-deoxy-D-glucose positron emission tomography (FDG-PET) imaging in vivo
	Magnetic resonance imaging (MRI) in vivo
	Isolation and sequencing of mature RNA species
	Homogenization of visceral (VAT) and subcutaneous (SAT) adipose tissues, quadriceps muscle and liver
	RNA isolation
	Sequencing and quantification


	Quantification and statistical analysis
	Analysis of variance
	Principal component analysis
	Differential expression analysis
	Immune cell-type deconvolution
	Enrichment analysis
	Partial least squares regression
	Co-expression network analysis





