1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Int J Obes (Lond). 2010 June ; 34(6): 989-1000. doi:10.1038/ij0.2010.12.

A microarray analysis of sexual dimorphism of adipose tissues
in high-fat-diet-induced obese mice

KL Grovel, SK Fried?, AS Greenberg3, XQ Xiaol, and DJ Clegg*

1Division of Neuroscience, Oregon National Primate Research Center (ONPRC), Oregon Health
and Science University, Beaverton, OR, USA

?Department of Medicine, Boston University School of Medicine, Boston, MA, USA
30Obesity and Metabolism, JM-USDA HNRCA at Tufts University, Boston, MA, USA

“Department of Internal Medicine, University of Texas Southwestern Medical Center, Dallas, TX,
USA

Abstract

Objective—A sexual dimorphism exists in body fat distribution; females deposit relatively more
fat in subcutaneous/inguinal depots whereas males deposit more fat in the intra-abdominal/gonadal
depot. Our objective was to systematically document depot- and sex-related differences in the
accumulation of adipose tissue and gene expression, comparing differentially expressed genes in
diet-induced obese mice with mice maintained on a chow diet.

Research Design and Methods—We used a microarray approach to determine whether there
are sexual dimorphisms in gene expression in age-matched male, female or ovariectomized female
(OVX) C57/BL6 mice maintained on a high-fat (HF) diet. We then compared expression of
validated genes between the sexes on a chow diet.

Results—After exposure to a high fat diet for 12 weeks, females gained less weight than males.
The microarray analyses indicate in intra-abdominal/gonadal adipose tissue in females 1642 genes
differ by at least twofold between the depots, whereas 706 genes differ in subcutaneous/inguinal
adipose tissue when compared with males. Only 138 genes are commonly regulated in both sexes
and adipose tissue depots. Inflammatory genes (cytokine—cytokine receptor interactions and acute-
phase protein synthesis) are upregulated in males when compared with females, and there is a
partial reversal after OVX, where OVX adipose tissue gene expression is more “male-like’. This
pattern is not observed in mice maintained on chow. Histology of male gonadal white adipose
tissue (GWAT) shows more crown-like structures than females, indicative of inflammation and
adipose tissue remodeling. In addition, genes related to insulin signaling and lipid synthesis are
higher in females than males, regardless of dietary exposure.

Conclusions—These data suggest that male and female adipose tissue differ between the sexes
regardless of diet. Moreover, HF diet exposure elicits a much greater inflammatory response in
males when compared with females. This data set underscores the importance of analyzing depot-,
sex- and steroid-dependent regulation of adipose tissue distribution and function.
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Introduction

There are sex-based differences in total body fat distribution and content, with women
having higher levels of adiposity deposited in the subcutaneous depot compared with
men.1~5 After menopause or surgical removal of the ovaries, the fat deposition in women
shifts toward a more central/male-like pattern of adipose distribution.6-10 These sex
differences in the distribution of body fat are statistically associated with differential risks to
various chronic diseases.1112 Epidemiological and clinical studies show that the amount of
thigh/ subcutaneous fat tissue is associated with a lower metabolic risk profile (lower
triglycerides and higher high-density lipoprotein cholesterol, glucose and insulin levels!3) in
both men and women.

Sex differences in fat distribution are manifested by differences in the number and size of fat
cells in lower/truncal subcutaneous fat depots. Specifically, women have smaller visceral fat
cells independent of obesity. 14-18 Sex- and depot-related differences in the uptake and
release of metabolic fuels (fatty acids, glycerol and lactate) or adipokines are thought to
mediate the association of fat distribution and metabolic risk, but the molecular mechanisms
involved are not well understood.® Adipose tissue of females produces more leptin,
antiinflammatory genes and insulin-sensitizing adipokines, such as adiponectin and omentin,
independent of fat cell size or fat mass.1%-21 Isolated adipocytes from subcutaneous depots
of premenopausal females and young rats are also more sensitive to insulin when compared
with males.22-27 The enhanced uptake and storage of fatty acids in lower body/truncal fat
depots in premenopausal females is because of their relatively higher lipoprotein lipase
activity and expression of fatty acid transporters.1’

Sex differences in adipocyte metabolism and depot differences may at least partially be
mediated by differences in sex steroids and/or expression of steroid receptors such as the
estrogen and androgen receptors.18:28-31 Numerous depot differences in gene expression
between subcutaneous and abdominal adipose tissues of men or women have been
documented.18:32 For rodents, sex differences between inguinal/subcutaneous (inguinal
white adipose tissue (IWAT)) depots may be related to the fact that IWAT in female rodents
contains mammary glands. Sex differences in gonadal/intra-abdominal (gonadal white
adipose tissue (GWAT)) may be because of the close proximity to reproductive tissue.
Despite these obvious differences, only a few previous studies have attempted to
systematically compare male and female adipose tissue gene expression33:34 to more fully
understand whether sex-based differences in male and female adipose tissues are related to
differences in function or sex steroids.

Recent studies by Strissel er a/3% show that high-fat-diet (HF diet)-induced obesity causes
inflammation and remodeling of GWAT adipose tissue of male C57/BL6 mice, with very
little alteration in the IWAT. No previous studies have compared regional differences in the
inflammatory response and remodeling after exposure to an HF diet in adipose tissues
between males and females. We specifically assessed whole adipose tissue rather than
isolated adipocytes because of potential changes in gene expression and inflammation
induced by the isolation procedure. The objective of this study was to systematically
document depot- and sex-related differences in the accumulation of adipose tissue and gene
expression using diet-induced obese mice as a model. We compared these findings with
those of a select panel of validated differentially regulated genes in mice consuming a chow
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diet. The influence of female sex steroids was assessed by comparing females and
ovariectomized (OVX) animals. Our results reveal that depot-related differences in gene
expression are common in males and females when maintained on a chow diet, but that
females are resistant to adipose tissue inflammation associated with HF-diet-induced
obesity.

Materials and methods

Animals

The study was performed using 21 male, 21 female and 21 OV X female C57/BL6 mice fed
from day 21 (after weaning) for 12 weeks on an HF diet (4.7 Kcalg™t and 45% calories from
fat; Research Diets, Inc., New Brunswick, NJ, USA). An additional cohort of 10 male, 10
female and 10 OV X C57/ BL6 mice were weaned and maintained for 12 weeks on a chow
diet (Harlan Teklad, Madison, WI, USA, 2916). Mice were single caged and maintained at a
controlled temperature (22°C) and a 12 h light-dark cycle (light on from 0800 to 2000h).
Daily food intake and body weight were monitored. All procedures were approved by the
animal care and use committee of the University of Cincinnati and the University of Texas
Southwestern Medical Center.

Ovariectomy (OVX)

OVX or sham surgery was performed in anesthetized female mice by making bilateral dorsal
incisions through the skin, such that the ovary and oviduct could be rapidly removed. In the
sham operation, the ovary and oviduct were visualized but left intact before the incisions
were sutured. The success of the OV X procedure was confirmed by measuring uterine
weights. To equate for any interaction between gene expression profiles and surgical stress,
all mice (male, female and OV X) were exposed to a similar surgical paradigm. We represent
our groups as males (sham operated), females (sham operated) and OVX.

Nuclear magnetic resonance/body adiposity methods

Body fat was estimated using two procedures. During an ongoing experiment, body fat was
assessed using nuclear magnetic resonance (EchoMRI; EchoMedical Systems, Houston, TX,
USA). Unanesthetized mice were placed in a restraint tube and inserted into the nuclear
magnetic resonance machine. Upon killing, individual fat pads were weighed.

Tissue collection

After 12 weeks of exposure to the diet, animals were Killed during the first 2 h of the
beginning of the light cycle after a 12-h fast. All females were killed in the proestrus phase
of their estrus cycle. Two different WAT depots—GWAT and IWAT—were rapidly
dissected and the orientation of the fat pad was maintained. Half of the fat pad was rapidly
frozen for microarray analysis, and the other half of the fat pad was rapidly frozen for
validation of target genes. From the other side of the animal, the same fat pads were
removed and processed for tissue morphology. Where indicated, samples were rapidly
frozen in liquid nitrogen and stored at —70°C for RNA analysis.

Plasma analysis

Cardiac puncture was used to extract plasma. Blood was also collected, stored at room
temperature for 1 h and overnight at 4°C, and was then centrifuged at 1000¢g for 10 min to
collect the serum, which was stored for 5 days at —20 °C until analysis. Plasma leptin was
analyzed using a rat leptin radioimmunoassay kit (Linco Research, St Charles, MO, USA).
This assay is able to detect leptin in 100 pl samples of plasma with intra- and interassay
coefficients of variation of 4.6-5.7% for leptin. We also assayed the plasma using the
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Luminex Multi Analysis (Luminex Corporation, Austin, TX, USA) system for the
simultaneous measurement of up to 20 different hormones, peptides or cytokines in mouse
plasma (cytokine panel) in a single reaction vessel based on latex microbeads dyed with two
fluorophores.

RNA isolation

GWAT/IWAT were homogenized in 800 pl Trizol reagent (Invitrogen, Carlsbad, CA, USA),
and total cellular RNA was isolated according to the specifications of the manufacturer.
Total RNA was further purified using the RNeasy Mini kit (Qiagen, Valencia, CA, USA).
The quality and concentration of the RNA was determined by measuring the absorbance at
260 and 280nm, and RNA integrity was confirmed by bioanalysis (Agilent 2100
Bioanalyzer; Agilent Technologies, Santa Clara, CA, USA).

Microarray analysis

For the microarray analysis, seven independent pooled samples were analyzed from GWAT
and IWAT fat pads. Each sample comprised a pool of tissue from three animals (for pooled
samples, reverse transcription was performed on each sample individually and equal
amounts of complementary DNA (cDNA) were pooled); thus, samples were obtained from a
total of 21 mice. GWAT/IWAT adipose RNA pools were generated from the following
groups of mice: (1) males, (2) females and (3) OVX. To identify genes that were
differentially expressed in the two WAT fat pads, comparisons were made between
normalized signal intensity from the control group (males) and experimental groups (female
and OV X) from each experiment. Each total RNA sample was processed according to
protocols recommended by the manufacturers. In brief, total RNA is reverse-transcribed
with an oligo-dT primer and double-stranded cDNA is generated. The cDNA serves as a
template for the /n vitro transcription reaction that produces amplified amounts of biotin-
labeled antisense MRNA. This biotinylated RNA is referred to as labeled cRNA. After
fragmentation, the cRNA is hybridized onto oligonucleotide micrarrays (Mouse Genome
430 2.0; 40 000 mouse probe sets). A GeneChip Operating System absolute expression
analysis was performed for each Gene-Chip genome array hybridization. After the initial
analysis, the absolute analysis was re-run using global scaling to an average target intensity
of 350. The scaling allows for the direct comparison of hybridization values from the
different targets analyzed in this project (and with any additional GeneChip sample assays
using the same array type). For each analysis, scaled or unscaled, AMC Project Report
Version 12 (06/27/07) GeneChip Operating System parameters a1l and a.2 are set to 0.05
and 0.065, respectively. These parameters establish the point at which a probe set is called
present (P), marginal (M) or undetectable (A). This call is based on the detection of the ~
value of the probe set as determined using the software.

Analysis of gene expression

For the microarray data analysis, normalized expression values from the Affymetrix
identifier were imported into the online software server Genesifter (VizX Labs, Inc., Seattle,
WA, USA). For the comparisons of the microarray data sets, multiple #tests were used to
identify genes with at least a twofold differences in gene expression (with Benjamini and
Hockberg correction; £< 0.05) and at least an expression level of 100. Samples from at least
one of the groups had to have a 100% present call (7 out of 7) according to Affymetric MAS
5.0.

Real-time reverse transcriptase-PCR

Real-time reverse transcriptase-PCR was performed on GWAT/IWAT as described
previously.38 RNA samples (1 pg) were reverse transcribed using random hexamer primers
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(Promega, Madison, WI, USA). The reverse transcriptase product was then optimized for
each primer/probe set through a titration PCR analysis. The reaction mixture (10pl)
consisted of 5 pl of TagMan Universal PCR Master Mix, 300nM specific target gene
primers, 80nM 18S rRNA gene primers, 250nM specific probe and 2 ul cDNA.
Amplification was performed using the ABI/Prism 7700 Sequences Detector System
(Applied Biosystems, Foster City, CA, USA) with 2 min at 50 °C, 10 min at 95 °C and then
45 cycles each at 95 °C for 15 s and 60 °C for 60s. Primer/probe sets were purchased from
Applied Biosystems (see Supplementary Table 1 that lists probe set catalog numbers).

Inflammatory cytokines and receptors superarray

Reverse transcription was performed on 1 pg of RNA using TagMan Reverse Transcription
Kit (Applied Biosystems). For each reaction, cDNA synthesis was performed using 1 pg of
RNA in a reaction containing 2 pl of 10 x reverse transcriptase buffer, 4 ul of 25 mM
MgCl,, 3 pl of 10 mM deoxynucleo-tide triphosphates, 1 pl of 50 pM random hexamers, 0.5
pl of RNase inhibitor, 1 pl of MultiScribe Reverse Transcriptase, g.s. to 20 pl with nuclease-
free water. Reverse transcriptase reactions were performed on an Eppendorf Mastercycler
(Eppendorf AG, Hamburg, Germany) programmed for 25 °C for 10 min, 37 °C for | h and
95 °C for 5 min. Samples were diluted with 80 pl nuclease-free water and stored at 4 °C
until quantitative PCR (gPCR) was performed. gPCR was performed according to the
manufacturer’s directions (RT2Pro-filer PCR Array User Manual, v1.5) using RT2 Profiler
PCR Array mouse Inflammatory Cytokines and Receptors array (Cat no. PAMM-011) on an
ABI 7300 Real-Time PCR System (Applied Biosystems). For each 96-well plate, a master
mix was made containing 1225 pl Power SYBR Green PCR Master Mix (Applied
Biosystems), 98 pl diluted cDNA synthesis reaction and 1127 pl double-distilled water. The
master mix was vortexed and 21 pl was added to each well. gPCR reactions were 95 °C for
10 min, and 40 cycles of 95 °C for 15s followed by 60 °C for | min. A dissociation (melting)
curve was performed according to the manufacturer’s instructions and only samples with
one peak at temperatures of > 80°C were accepted. Auto Ct values were calculated using
7300 RQ Study Software v.1.3 (Applied Biosystems), which was verified and adjusted as
necessary. Gene expression values are expressed as ACt for each set of duplicates. The fold-
change for each gene was calculated as 2(~AACY), in which AACt = ACt (female group)
—ACt (male group).

Adipose tissue morphology

Fat was dissected, fixed, embedded in paraffin and sectioned.3” Sections were stained with
hematoxylin and eosin or with Gomori trichrome. Digital images were acquired with an
Olympus DX51 light microscope. For each mouse, morpho-metric data were obtained from
500 adipocytes from three or more sections that were cut at least 50 um apart. Fat cell area/
size was determined using ImageJ software (NIH). Immuno-histochemistry was performed
using VectaStain kits (Vector Labs). Antibodies were rat anti-mouse F4/80 (Serotec).
Negative controls were nonimmune immunoglobulin G and peptide-neutralized primary
antibody.

Adipocyte death

Dead/dying adipocytes were identified by the presence of crown-like structures. These
structures have been shown to correspond to perilipin-negative lipid droplets surrounded by
macrophage (M®) crowns.3” The frequency of adipocyte death was calculated from
micrographs as (humber of dead adipocytes/number of total adipocytes) x 100.
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Statistical analysis

Results

Data are expressed as meansts.e.m. (/7= 6-8). Two-way analysis of variance was used to
determine the significance of the effect of sex on the measured parameters. Single
differences between male, female and OV X were assessed using Student’s #test. Simple
correlations were assessed using Pearson’s correlation coefficients. Threshold significance
was defined at £< 0.05. For the Kegg pathway analysis, the % change represents the
percentage of genes that met the differential expression criteria of the analysis compared
with the total number of genes in this pathway. The % represents the percentage of genes
that were above the set detection limits in the adipose tissue compared with the total number
of genes in this pathway. The zscore represents an analysis of the observed number of
genes in this pathway compared with the number of genes that would be expected to change
considering the overall analysis. A positive zscore indicates that the pathway has a greater
number of genes meeting the criteria than would be expected by chance.38

Nuclear magnetic resonance/body adiposity

Body and fat pad weight are summarized in Table 1. Under HF diet, both male and OV X
mice gained more weight than intact females (£ < 0.05, two-way analysis of variance).

Plasma analysis

Measured plasma leptin levels reflect total adiposity on HF diet, with males having
significantly higher plasma levels of leptin than females. Removal of the ovaries in females
increases plasma leptin levels, which is a reflection of the increase in total body adiposity
(Table 1). The remaining hormones, measured by the Luminex (tumor necrosis factor-a,
interleukin (IL)-1B, IL-6, monocyte chemotactic protein-1 and granulocyte-macrophage
colony-stimulating factor), do not achieve statistical differences across the groups on HF
diet.

Sex-dependent differences in gene expression: microarray analysis

A scatter plot depicting comparisons of male versus female GWAT and IWAT on HF diet is
depicted in Supplementary Figures. We show here that 1642 probe sets amplify
differentially expressed RNA between the two sexes (Supplementary Figure 2 and
Supplementary Table 5); more than two-thirds of the differently expressed probe sets
amplify RNAs that are significantly lower in female GWAT than in male GWAT. Analysis
of male IWAT versus female IWAT found that only 706 amplification probe sets are
different between the two sexes. In contrast to GWAT, more than two-thirds of the probe
sets corresponding to differentially regulated genes are higher in females. Although both fat
pads have a relatively large number of sex-dependent differences, only a small number of
these probe sets that amplify differentially expressed messages are commonly regulated in
GWAT and IWAT (8 and 20%, respectively; Supplementary Figure 2). There are also 129
probe sets that correspond to genes that are regulated in opposite directions; that is, higher in
male GWAT than in IWAT, and higher in female IWAT than in GWAT. Examples of these
include keratin 8, 13 and 18, prolactin receptor, cadherin 1 and lipocalin 2.

It should be noted that the parameters used for the microarray analysis are considered
conservative, requiring an expression level of 100 and a twofold differential expression. If
the analysis was widened to include all probe sets with a significant 1.5 + fold change (P <
0.05 using Student’s #test) in expression and 100% present call in at least one group (but no
limit on expression values), this would result in a large increase in the number of
differentially expressed genes. For GWAT there are 4063 probe sets that amplify
differentially expressed genes between male and female and it was 2025 in IWAT. In
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addition, we denote statistical significance only for those genes that we confirmed using
PCR. We directly compared the GWAT expression of these validated genes with those of
mice maintained on chow.

Ovarian-dependent differences in gene expression

A scatter plot depicting comparisons of female versus OVX female GWAT and IWAT on
HF diet is represented in Supplementary Figure 1. When compared with differences in gene
expression between male and female animals (Supplementary Figure 1a and b), there are
very few differences in gene expression between female and OV X females (Supplementary
Figure 1c and d) in either the GWAT or IWAT on HF diet. Indeed, there are only 118 probe
sets that amplify RNA with differential expression in the GWAT and 28 probe sets with
differential expression in IWAT between the two groups (Supplementary Figure 3).
However, 75% of the probe sets corresponding to differentially expressed genes in GWAT,
and 79% in IWAT, are in common with genes differentially expressed between male and
female fat pads, indicating that these are likely steroid-regulated genes. Of the probe sets
corresponding to differentially expressed genes between the female and OV X females, only
five are commonly regulated in the two fat pads.

When using the less stringent parameters outlined above, there is again a large increase in
the number of probe sets that amplify differentially expressed genes. This modification in
analysis parameters increases the number of probe sets corresponding to differentially
expressed genes in the GWAT to 517 and in IWAT to 205.

Kegg pathway analysis

To begin to identify functional differences in fat depots between male and females, we
performed a Kegg Pathway analysis. Table 2 lists pathways identified by this analysis for
the different comparisons (a pathway analysis was performed using Panther v 6.1 on the 448
genes that were differentially expressed across the clusters in Table 2, see Supplementary
Table 6). For the male GWAT versus female GWAT comparison, the cytokine signaling
pathway shows the greatest number of genes (26 genes) with differential expression (see
Supplementary Table 2). With the less stringent analysis, this number increases to 50 genes
with differential expression. As expected, there is also a significant difference in numerous
genes involved in the insulin signaling pathway (Supplementary Table 3), with 10
differentially expressed genes (25 with the less stringent analysis). For the Kegg Pathway
analysis of the male IWAT versus female IWAT comparison, only four genes were
identified from the cytokine signaling and three from the insulin signaling pathway (see
Supplementary Table 2 and Supplementary Table 3, respectively). However, using the less
stringent analysis, 21 cytokine signaling and 13 insulin signaling pathways were identified.
Neither of these pathways was highlighted by the Kegg pathway analysis for female versus
OVX female, for either of the fat pads. The zscores for genes that were up- and
downregulated independent of each other have been calculated using methods previously
reported.3® A zscore of = 2 is considered to be significant. Table 2 shows only Kegg
pathways with a zscore of > 2.

gPCR confirmation of microarray results

To initially test the consistency of the microarray results, we chose a selection of genes with
large sex-dependent or fat pad-dependent differences. Figure 1 illustrates comparisons
between the microarray and gPCR results for lipocalin 2 and FoxALl (forkhead box Al). In
all instances, for both sex and fat pad, there is strong agreement between the microarray
analysis and gPCR confirmation. We found lipocalin 2 highly expressed in male GWAT
relative to females and OV X regardless of diet (Figure 1a —d). It should be noted that
although FoxAL1 is highly expressed in only the IWAT of female and OV X females (Figure
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1), this is likely because of expression in mammary gland epithelium, which is present
specifically in IWAT of females, rather than expression in adipocytes.

To confirm changes in the cytokine signaling pathway, we used a SuperArray qPCR
platform (see Supplementary Table 4). The gPCR analysis for the male GWAT versus
female GWAT confirmed many of the differences identified by microarray analysis, as well
as identified a few additional genes that did not show up on the microarray results. These
additional genes are likely due to the increased sensitivity of the gPCR technique. This was
especially apparent for the analysis of the male IWAT versus female IWAT comparison, in
which numerous genes not identified by microarray analysis were shown to be significantly
different by qPCR (see Supplementary Table 4). Although a comparison of the GWAT
versus IWAT was not performed, it is apparent from the average Ct values that expression
of cytokines is higher in GWAT when compared with IWAT for both sexes. Again, the
increased sensitivity of the gPCR technique has shown that cytokine expression in both
GWAT and IWAT from the male is higher than the female; however, the relative level of
expression of these genes is much lower in IWAT. Furthermore, we performed standard
gPCR for additional genes associated with inflammation, macrophage infiltration and
activation. Figure 2 shows a strong agreement between the microarray and gPCR results for
retinol-binding protein 4 (panels a and b), CD68 (panels ¢ and d), serum amyloid A3
(SAAZ3; panels e and f) and CD14 (panels g and h). The one discrepancy between the two
techniques was for SAAS3, in which the microarray results indicated that OV X resulted in a
near male pattern of expression in GWAT, whereas the gPCR showed only a trend toward a
change in expression between female versus OV X female. Genes that are expressed in
adipocytes involved in the acute-phase response and insulin resistance, including SAA3, is
higher in male than female GWAT, consistent with the other inflammatory markers. SAA3,
CD68 and CD14 (Figure 2 i,j,k) were similarly expressed regardless of sex when the mice
were maintained on chow. In addition, we found that after OV X there was a trend for
increased SAA3, CD68 and CD14 that did not reach significance, but suggests a potential
anti-inflammatory role of estrogen (Figure 2 i,j,k). Furthermore, these genes were
significantly elevated in males after HF diet exposure.

Finally, Figure 3 shows a comparison of microarray and gPCR results for several genes
involved in regulation of insulin sensitivity. Again, there is strong agreement between the
two techniques for the insulin receptor substrate 1 (panels a and b), the glucose transporter 4
(panels ¢ and d) and phosphoenolpyruvate carboxykinase (PEPCK) (panels e and f). We
found a similar pattern of expression for insulin receptor substrate 1 and glucose transporter
4 (Figure 3 g,h) expression in chow-fed animals. However, phosphoenolpyruvate
carboxykinase did not show any sexual dimorphism until animals were exposed to HF diet.

Adipose tissue morphology

Adipose tissue morphology was assessed for crown-like structures, which are clusters/rings
of macrophages that have been recruited to the periphery of a dead or dying adipocyte.3®
The male GWAT adipose tissue contains more crown-like structures than females,
consistent with their increased expression of inflammatory genes (Figure 4). Furthermore,
OVX increases the number of crown-like structures in GWAT compared with females,
suggesting an anti-inflammatory role for female sex hormones. Fat cell area/size was
determined, and in GWAT, there was a significant increase in OV X fat cell size relative to
males or females (male: 5985.75+357.45; female: 5508.5+4778.74; and OV X:
12858.15+4778.74). For IWAT, the females had statistically smaller fat cells when
compared with the males or the OVX (male: 5220.01+535.76; female: 3365.91 + 583.93;
and OVX: 4996.61 + 572.59).
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Discussion

After exposure to a high fat diet, we found that age-matched males gained weight and body
fat, and increased their percentage of adiposity more than females. In addition, there is a
trend toward relatively more fat deposited in intraabdominal depots of the males when
compared with the females. Analysis of micro- and qPCR arrays suggests a depot difference
in inflammatory pathways (IWATKGWAT) in both sexes, and a significant upregulation of
inflammatory genes in the males relative to the females that does not occur when the mice
are maintained on chow. Removal of the ovaries (OVX) caused a significant increase in
percentage of adiposity and a trend toward relatively more fat deposited in the intra-
abdominal depots when compared with intact females. Although OV X increases expression
levels of inflammatory genes in GWAT compared with the intact females, OV X does not
reach the level of expression observed in the males, even though this group had similar
levels of adiposity. Consistent with the gene expression profiles when compared with the
females, males have more crown-like structures in both depots, and we found an
intermediate number in the OVX. These findings suggest that after exposure to an HF diet,
male adipose tissue becomes more inflamed when compared with female and OVX GWAT.
In the presence of the HF diet, male GWAT re-models more than female adipose tissue. Our
findings suggest that ovarian hormones are only partially responsible for these differences.

Despite the higher level of total body fat, female humans and rodents are more insulin
sensitive than males. Women have improved glucose tolerance and increased insulin
sensitivity when compared with men,33:39:40 and are more resistant to fatty acid-induced
insulin resistance.2>4143 |nsulin resistance has been associated with consumption of HF
diets and induction of a low-grade inflammation.3> Female mice are less prone to diet-
induced insulin resistance,2544-46 and many genetically induced forms of insulin resistance
have a milder phenotype in females compared with males.25:344445 |n this study we extend
these findings and by analyses of GWAT of mice fed on HF and chow diet, we find that
males show clear evidence of inflammation, with an upregulation of genes encoding
cytokines-cytokine receptor interactions, natural killer cell-mediated cytotoxicity, leukocyte
transendothelial migration and complement and coagulaton cascades (Kegg pathways
analyses), compared with females when placed on the HF diet. PCR analysis by Superarray
confirmed the significantly higher expression of genes involved in cytokine signaling in
males when compared with females on HF diet. The acute-phase reactant, SAAS3, is higher
in males than females, but only when the mice are maintained on the HF diet. These findings
are consistent with a greater level of inflammation and activation of the innate immune
system after exposure to the HF diet in the males.

Recently, Greenberg and colleagues3®:37 showed that after consumption of the HF diet, there
is re-modeling of male adipose tissue and increased infiltration of macrophages as evidenced
by higher levels of crown-like structures and this is associated with insulin resistance. In this
study we extend those findings and show increased crown-like structures in male GWAT
when compared with female GWAT and these data are consistent with the microarray
findings of elevations in inflammatory markers. More importantly we report that the
inflammation/macrophage infiltration is higher in GWAT of males when compared with
females. In addition, CD68 and CD14, which are markers of macrophages, are upregulated
in male when compared with female GWAT. Only when males are maintained on the HF
diet show a slight increase in the remodeling of GWAT in the OV X females with increased
crownlike structures relative to the females, but this did not reach the level of the males. The
increased inflammation/macrophage infiltration in male GWAT compared with females is
consistent with males being more prone to diseases associated with obesity and
inflammation when compared with females.
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Males have lower insulin receptor substrate 1 and glucose transporter 4 expression in
GWAT (microarray result confirmed using gPCR) than females regardless of dietary
exposure. These findings are consistent with a recently published paper by Macotela er a/.?>
and consistent with earlier reports comparing male and female adipose tissue in rats,39
showing increased expression of genes related to insulin signaling in female compared with
male GWAT rodents fed standard chow. Interestingly, removal of ovarian hormones in the
OVX partially reverses gene expression for SAA3, regardless of dietary exposure.
Phosphoenolpyruvate carboxykinase, an inflammation gene that is rate determining for
glyceroneogenesis and the main pathway of fatty acid esterification?’ in adipocytes, is
higher in the female GWAT despite similarly sized cells. In addition, the adipocyte secretory
protein, retinol-binding protein 4, is higher in females than males and higher in GWAT than
IWAT in both sexes. Taken together with the parallel changes in glucose transporter 4, we
predict that triglyceride turnover, that is, lipolysis and re-esterification of fatty acids, is
higher in females regardless of diet. These data are consistent with Macotela et a/.,2° in
which they found that adipocytes from females have higher mRNA/protein levels of several
genes involved in glucose and lipid metabolism; however, they found more lipogenic
enzymes and genes in lipogenic pathways increased in females when compared with males
than what we report in this study. In addition, these data are consistent with those of
Koutsari er al,*8 in which they found in humans, greater lipogenic activity in IWAT in
women when compared with men.

Macotela et al., %> found that GWAT adipocytes from male mice were 60% larger than
adipocytes from the analogous depot in females (£ < 0.05). Additionlly, IWAT adipocytes
from males were only 20% bigger than females. After OV X, GWAT and IWAT adipocytes
increased in size by 70 and 50%, respectively (P < 0.05) in their study.2> In this study we
confirm their data, and show a significant increase in adipocyte size in OVX relative to
males and females in GWAT. Importantly, our data differ from those of Macotela er a/2° in
that we found no difference between male and female adipocyte size in the GWAT. These
data suggest that after exposure to the HF diet, female adipocytes expand (get larger) to
store excess lipid in the presence of a HF diet. We found that females did have significantly
smaller adipocytes in the IWAT than males and OVX, and these data are consistent with
previous findings.2> Our data further suggest that the HF diet is having the greatest effect on
GWAT adipose tissue in males.

Some genes are oppositely regulated between fat pads in males and females. One of these
genes, lipocalin 2, which binds to and transports small hydrophobic molecules such as
retinol, fatty acids, steroids and thyroid hormone, is significantly elevated in males when
compared with females, regardless of diet. Lipocalin 2 is highly expressed by fat cells /n
vivoand /n vitro. Expression of lipocalin 2 is elevated by agents that promote insulin
resistance and is reduced by thiazolidinediones. Lipocalin 2 serum levels are elevated in
multiple rodent models of obesity, and forced reduction of lipocalin 2 in 3T3-L1 adipocytes
improves insulin action.>% However, the role of lipocalin 2 in adipose tissue is unclear,
because it has been reported to have proapoptotic effects on both neutrophils and
leukocytes.®!

Conclusions

There are major sex-based differences in gene expression profiles between male and female
mice, and these differences are amplified after exposure to the HF diet. Specifically, despite
no difference in adipocyte size, gene expression profiles in GWAT seem to differ most
significantly between the sexes, and this difference is enhanced after exposure to the HF
diet. Interestingly, removal of the ovaries does not completely reverse or alter gene
expression profiles, despite increased adipocyte size and weight gain in OVX. The increased
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expression of genes in the insulin signaling cascade observed in adipose tissue from females
may account for their lower level of insulin resistance and diabetes risk when compared with
males, and this gene expression trend is maintained after exposure to the HF diet. The
increased expression of genes associated with inflammation and cytokines in the males after
exposure to HF diets suggests that male adipose tissue is more inflamed than females,
potentially leading to a greater incidence of insulin resistance and diabetes risk when
compared with females. Our descriptive data show sex- and depot-dependent variations in
patterns of gene expression in age-matched male and female C57/BL6 mice on HF and
chow diets. These data further suggest that the metabolic profile of male and female adipose
tissue differs based on the location of the adipose tissue, the presence of sex hormones and
dietary fatty acid exposure. This data set underscores the importance of analyzing depot-,
sex- and steroid- dependent regulation of adipose tissue distribution and function.

Supplementary Material
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Figure 1.

Validation of microarray results with gPCR. (&) Differences in lipocalin 2 microarray gene
expression between males, females and OV X in gonadal fat (GWAT) and inguinal fat
(IWAT). (b) gPCR of lipocalin 2 mRNA in the three groups on HF diet. (c) Differences in
FoxALl microarray gene expression between males, females and OVX. (d) gPCR of FoxAl
mRNA in the three groups. (€) qPCR of GWAT lipocalin 2 mRNA in the three groups on
chow (Note: S* = A<0.05 compared between the sexes; P* = P<0.05 compared between the
fat pad; and /* = P<0.05 independent of the sexes).
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Figure2.

gPCR validation of microarray for markers of inflammation. (a) Differences in retinol
binding protein 4 (RBP4) gene expression by microarray between males, females and OVX
in gonadal fat (GWAT) and inguinal fat (IWAT). (b) qPCR of RBP4 mRNA on HF diet. (c)
Differences in CD68 gene expression by microarray. (d) gPCR of CD68 mRNA on HF diet.
(e) Differences in SAA3 gene expression by microarray. (f) gPCR of SAA3 mRNA on HF
diet. (g) Differences in CD14 gene expression by microarray. (h) qPCR of CD14 mRNA on
HF diet. (i) gPCR of GWAT SAA3 mRNA on chow. (j) gPCR of GWAT CD68 on chow.
(k) qPCR of GWAT CD14 mRNA on chow (Note: S* = £<0.05 compared between the
sexes; P* = P<0.05 compared between the fat pad; and /< = P< 0.05 independent of the

Sexes).
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gPCR validation of microarray for markers of the insulin signaling pathway. (a) Differences
in insulin receptor substrate 1 (IRS1) gene expression by microarray between males, females
and OV X in gonadal fat (GWAT) and inguinal fat (IWAT). (b) gPCR of IRS1 mRNA on
HF diet. (c) Differences in glucose transporter 4 (Glut4) gene expression by microarray. (d)
gPCR of Glut4 mRNA on HF diet. (€) Differences in phosphoenolpyruvate carboxykinase
(PEPCK) gene expression by microarray. (f) gPCR of PEPCK mRNA on HF diet. (g) g°PCR
of GWAT IRS1 mRNA on chow. (h) gPCR of GWAT Glut4 mRNA on chow. (i) gPCR of
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GWAT PEPCK mRNA on chow (Note: S* = A<0.05 compared between the sexes; P* =
£<0.05 compared between the fat pad; and I* = P< 0.05 independent of the sexes).
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Figure4.

(a) Adipose tissue morphology. Histology (hematoxylin and eosin-stained sections) of male,
female or OV X gonadal (G) or inguinal (1) showing crown-like structures (arrows, at week
12 because of numerous crown-like structures). (b) Quantification of adipocyte death
determined from multiple histological sections (> 500 cells) of 6-8 mice per group per time
point. Bars identified by * are significantly different (£<0.05) by Tukey’s procedure.
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Table 1

Body weight, body adiposity, lean tissue and plasma analysis

Male Female OoVvX

Final body weight (g) 42.25+0.67  39544114% 36.25x1.15
Body weight change (@) 9.0240.29 5.8+037°  9.61x0.61
Body fat (g) 14.98+0.36  10gs1 06  14.55+1.0
Lean mass (g) 24.9+0.33 20.06+0.24  20.26+0.32
Inguinal fat pad (9) 1.5+0.06 0.92+008% 122+0.12
Retroperitoneal fat pad (g) 0.4+0.04 0.30+0.04 0.28+0.02
Gonadal fat pad (g) 1.66+0.16 0.86+0.08%  1.260.12
Mesenteric fat pad (g) 2.16+0.12 1.08+0.12 1.48+0.16
% Inguinal fat pad (depot/BW) 3.55+0.06 2.8240.10 3.3740.11
% Retroperitoneal fat pad (depot/BW)  0.95+0.05 1.35+0.04 0.77+0.03
% Gonadal fat pad (Depot/BW) 3.93+0.09 2.64+0.11 3.48+0.12
% Mesenteric fat pad (Depot/BW) 2.53+0.13 3.3240.13 4.08+1.15
Inguinal/intra-abdominal 0.35 0.41 0.40
Cumulative food intake (g) 162.35+1.17  157.142.47  164.77+2.7
Leptin 78421753 34374768 55.05:12.3
TNF-a 12.6+4.0 10.9+7.0 19.5+10.0
IL-1B 39.7£3.0 18.2+7.0 55.2+7.0
IL-6 11.9+12.0 16.4+16.0 16.3+19.0
MCP-1 87.0+£8.0 61.1+16.0 77.9+16.0
GmCSF 130.8+12.0 153.7£18.0  149.8+18.0

Abbreviations: GmCSF, granulocyte-macrophage colony-stimulating factor; HF, high-fat; IL, interleukin; MCP-1, monocyte chemotactic

protein-1; OVX, ovariectomy; TNF-a, tumor necrosis factor-a.

Page 19

*
Statistically different from control, males (P < 0.05). Body weight (g), carcass fat(g), lean mass (g), tissue weights (g), plasma leptin, TNF-a.,

IL-1B, IL-6, MCP-1 and GmCSF of male, female or OVX mice maintained on HF diet for 12 weeks (7= 21/group).
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