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Abstract

Background: Dietary factors such as high-sodium or high-fat (HF) diets have been shown to induce a proinflammatory

phenotype. However, there is limited information with respect to how microenvironments of distinct intra-abdominal

adipose depots respond to the combination of a high-salt, HF diet.

Objective: We tested the hypothesis that HF feeding would cause changes in distinct adipose depots, which would be

further amplified by the addition of high salt to the diet.

Methods: Twenty-sevenmale C57BL6mice were fed an HF diet (60% of kcal from fat), an HF + high-salt diet (4%wt:wt),

a control diet [low-fat (LF);10% of kcal from fat], or an LF + high-salt diet for 12 wk. The main sources of fat in the diets

were corn oil and lard. Adipokines in serum and released from adipose tissue organ cultures were measured by

immunoassays. QIAGEN’s Ingenuity Pathway Analysis was used to perform functional analysis of the RNA-sequencing

data from distinct adipose depots.

Results:Diet-induced obesity resulted in a classical inflammatory phenotype characterized by increased concentrations of

circulating inflammatory mediators (38–56%) and reduced adiponectin concentrations (27%). However, high-salt feeding

did not exacerbate the HF diet–induced changes in adipokines and cytokines. Leptin and interleukin-6 were differentially

released from adipose depots and HF feeding impaired adiponectin and resistin secretion across all 3 depots (34–48% and

45–83%, respectively). The addition of high salt to the HF diet did not further modulate secretion in cultured adipose tissue

experiments. Although gene expression data from RNA sequencing indicated a >4.3-fold upregulation of integrin aX

(Itgax) with HF feeding in all 3 depots, markers of cellular function were differentially expressed in response to diet across

depots.

Conclusion: Collectively, these findings highlight the role of distinct adipose depots in mice in the development of obesity

and emphasize the importance of selecting specific depots to study the effects of therapeutic interventions on adipose

tissue function. J Nutr 2016;146:1189–96.
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Introduction

Excess delivery of nutrients to adipose tissue in obesity results in
an increase in adipose tissue mass, followed by an increase in
immune cells and thereby an altered production of proinflam-
matory adipokines, ultimately contributing to the progression of
chronic inflammation (1, 2). Studies indicate differences in gene

expression between adipose tissue depots in different anatomic
locations, particularly between visceral and subcutaneous

depots (3, 4). Thus, depots may be differentially influenced by

the influx of distinct immune cell populations. Cohen et al. (5)

suggested that different visceral adipose depots should not be

considered interchangeable and showed that distinct adipose

depots from lean mice have unique immune cell microenviron-

ments. However, there is limited information on changes in

immune cell populations and secretory function in different

adipose depots during obesity, particularly between different

visceral depots that may be influenced by dietary stimulants.
Associations between sodium intake and adiposity have been

reported in humans (6–8), and short-term increases in dietary

salt intake have been shown to activate a proinflammatory

phenotype in monocytes (9). Obese mice fed high-sodium diets
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not only gained more weight but exhibited increased inflammatory
Il6, monocyte chemotactic protein 1 (Mcp1)9, and tumor necrosis
factor (Tnf) mRNA and lower adiponectin mRNA expression than
mice fed low-sodium diets (10). In addition, high-fat (HF) feeding
alone in mice has been shown to cause an increase in proin-
flammatory, classically activated macrophages (M1) (11–14) as
well as an enrichment of T cells, predominantly T-helper (Th)
1 cells (15) and Th17 cells in adipose tissue (16). Th17 cells are a
major source of IL-17 (17), and studies in both obese humans and
mice have shown an increase in plasma IL-17 concentrations in
obese compared with lean individuals/mice (18, 19).

Recent studies have shown that high sodium intake drives
Th17 cell differentiation (20, 21) and thus may exacerbate local
or systemic inflammatory conditions. Elevated concentrations of
salt may be sensed in the gut, because mice fed a high-salt diet
exhibited an increased percentage of CD4+ IL17+ cells in the
lamina propria (20), suggesting increased inflammatory immune
infiltration in the gut. Experimental models of intestinal inflam-
mation have shown inflammatory changes specific to the
mesenteric adipose depot (22). However, a comparative analysis
of adipose depots influenced by Th17 cells in HF compared with
low-fat (LF) feeding conditions is lacking. Therefore, we
evaluated the effects of an HF, high-salt diet on inflammatory
responses across different adipose depots in obese mice. Our
hypothesis was that the proinflammatory effects of HF feeding
would be further exacerbated by the addition of salt to the diet,
particularly with respect to the mesenteric depot.

Methods

Animals and diets. All procedures were executed in agreement with the
guidelines approved by the US Public Health Service and the Institutional

Animal Care and Use Committee at Texas A&M University. Male IL-17

reporter C57BL6 mice (3 mo of age; no. 018472; Jackson Laboratories)

were assigned 1 of 4 experimental diets: HF (60% kcal from fat; n = 7),
HF + high-salt (HF+NaCl; n = 7), control (LF; 10% kcal from fat; n = 7),

or LF + high-salt (LF+NaCl; n = 6) for 12 wk. Information on sample size

calculation is found in Supplemental Methods and Supplemental

References. All diets were purchased from Research Diets. On the basis
of previous reports shown to induce Th17 cell differentiation (20, 21,

23), the high-salt diets contained;4% wt:wt NaCl, whereas the regular

HF and LF diets contained;0.3%wt:wt NaCl. On the basis of the body

surface area normalization method for converting a dose from animals to
humans (24), the high-salt group consumed a human equivalent dose of

6.2 g sodium/d. This represents a dose above the average global intake

but well within the range of higher intakes reported at >9 g/d (25, 26).
The composition and nutritional information of the 4 diets is found in

Supplemental Table 1 and Supplemental References. Body weight and

feed intake were monitored weekly. At the end of the treatment period,

mice were killed by using carbon dioxide and cervical dislocation.
Subsequently, adipose tissue samples were processed immediately for

adipose tissue organ culture or snap-frozen and stored at 280�C for

further analysis by RNA sequencing as described below.

Adipose tissue morphometry. Additional adipose tissue samples were

fixed in 4% paraformaldehyde, paraffin-embedded, and stained with

hematoxylin and eosin. Images were captured with a Nikon Cool-SNAP

camera and NIS-Elements software. Adipocyte size was quantified with

the open-share Fiji program Adiposoft 1.13 (http://fiji.sc/Adiposoft). A

continuous block of cells was measured in a 509-mm2 field to determine

average cell size and size distribution for each treatment group.

Serum adipokine profiles. At the time of killing, cardiac blood was

collected and allowed to clot at room temperature for 30 min, then

centrifuged at 1500 g for 15 min, and the serum was stored at 280�C.
Serum IL-18 was measured with the Mouse IL18 ELISA Kit (R&D

Systems) and renin I with theMouse Renin I ELISA kit (RayBiotech) on a

SpectraMax 190 Microplate Reader (Molecular Devices). Serum con-

centrations of IL-1b, IL-4, IL-6, IL-17a, IFN-g, TNF-a, leptin, resistin,

and adiponectin were measured by customized Bio-Plex immunoassays

on the Bio-Plex 200 System by using Bio-Plex Manager 6.0 software

(BioRad).

Adipose tissue organ culture. Subcutaneous (inguinal) and visceral

(mesenteric and epididymal) adipose tissue samples (200 mg/depot) were

isolated and cultured as previously described (27). The adipose tissue

explants (200 g/L) were incubated for 24 h at 37�C in 5% CO2. As a

positive control to show the responsiveness of adipose tissue in organ

culture, a subset of epididymal adipose tissue samples were cultured in

the presence of 10 mg LPS/mL. After the incubation period, the medium

was aspirated from the floating fat and centrifuged for 5 min at 500 g at

room temperature to remove any excess lipids or debris. The resultant

supernatant was separated into aliquots and stored at 280�C until

further analysis. Cell culture supernatants were analyzed by the same

Bio-Plex immunoassays described above.

RNA isolation and RNA sequencing. RNAwas isolated from adipose

tissues by using the ToTALLY RNA kit (Ambion) and RNeasy kits

(Qiagen). RNA quality was assessed by the Agilent 2100 Bioanalyzer

with the use of the Agilent RNA 600 Nano kit, and all samples had an

RNA Integrity Number score >8.0. The samples were randomized within

tissue type, and sequencing libraries were generated by using the TruSeq

RNA Sample Preparation kit (Illumina) as per the manufacturer�s
instructions. Five microliters of External RNA Controls Consortium

standard (LifeTech) was added with the starting RNA at a dilution of

1:1000. Libraries were pooled and sequenced on an IlluminaHiSeq 2500

at the Texas AgriLife Genomics and Bioinformatics core facility (College

Station, TX). Sequence cluster identification, quality prefiltering, base

calling, and uncertainty assessment were performed by using Illumina�s
HCS 2.2.38 and RTA 1.18.61 software with default parameter settings.

Sequencer .bcl basecall files were formatted into .fastq files by using

bcl2fastq 1.8.4 script configureBclToFastq.pl. Samples were demultiplexed

during the execution of the configureBclToFastq.pl script, except in the case

of RAD-Seq or related protocols where known expected sequences (i.e.,

restriction enzyme sequences) were verified for the purposes of sample

demultiplexing. The demultiplexed data were aligned by using STAR with

default parameters (28) and referenced againstMusmusculus [University of
California, Santa Cruz (UCSC) version mm10]. Differentially expressed

genes were determined by using EdgeR (29) on the basis of the matrix of

gene counts. Data are expressed as log2 fold-changes with corresponding

false discovery rate–adjusted P values (or q values).

Ingenuity Pathway Analyses. Functional analyses of the RNA-

sequencing data were performed by using QIAGEN’s Ingenuity Pathway

Analysis (IPA). To perform IPA analysis, all genes expressed in adipose

depots were uploaded and stringency was set at q < 0.01 and >2-fold

change. Core analysis allowed us to explore the data sets in the context

of canonical pathways and upstream regulators that were different

between dietary treatments and adipose depots. P values were calculated

with the right-tailed Fisher�s exact test. The P value and ratio associated

with the canonical pathways and upstream regulators are a measure of

their statistical significance with respect to the eligible molecules for the

data set and a reference set of molecules.

Statistical analysis. GraphPad Prism 6.0 was used to perform the

statistical analyses. Data were analyzed by using a 2-factor ANOVAwith

9 Abbreviations used: Emr1, epidermal growth factor-like module containing

mucin-like hormone receptor 1; Foxp3, forkhead box P3; Gata3, GATA binding

protein 3; HF, high-fat; HF+NaCl, high-fat + high-salt; IPA, Ingenuity Pathway

Analysis; Itgax, integrin aX; LF, low-fat; LF+NaCl, low-fat + high-salt; M1,

classically activated macrophage;Mcp1, monocyte chemotactic protein 1; Nos2,

NO synthase; Rorc, nuclear receptor retinoic acid receptor-related orphan

receptor g; Stat3, signal transducer and activator of transcription 3; Stat4, signal

transducer and activator of transcription 4; Tbx21, T-box transcription factor Th,

T helper; Tnf, tumor necrosis factor.
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the main effects of fat and salt. If justified, Bonferroni�s multiple-

comparisons test was used for post hoc comparisons. Data were tested

for normality by the Shapiro-Wilk test. Nonparametric data were
analyzed by using the Kruskal-Wallis test, followed, if justified, by

Dunn�s multiple-comparisons test. In addition, Student�s t test was used

to establish differences relative to the unstimulated control. Differences

were considered significant at P < 0.05, and all results are reported as
means 6 SEMs.

Results

High-salt feeding does not exacerbate the HF diet–induced
obese phenotype. During the 12-wk dietary intervention, both
the HF andHF+NaCl mice gained more weight than the LF diet–
fed mice; however, by 3 wk, the HF group weighed significantly
more than the HF+NaCl group (P < 0.05) (Figure 1A). Total
food intake by weight for the 12-wk period did not differ
between any of the groups (LF = 245 6 9.1, LF+NaCl = 258 6
16.7, HF = 2326 7.9, and HF+NaCl = 2376 10.4 g); however,
the HF diets were more energy dense than the LF diets
(Supplemental Table 1), resulting in a greater overall caloric
intake by the HF groups than in the LF groups (LF = 9316 34.6,
LF+NaCl = 955 6 61.8, HF = 1206 6 41.1, and HF+NaCl =
11856 52.0 kcal/12 wk). The addition of salt to either the LF or
HF diets did not influence adipose mass in the subcutaneous or
mesenteric depots (Figure 1B). In contrast, the HF+NaCl diet–
fed mice had a greater epididymal adipose tissue mass than did
the HF diet–fed mice (P < 0.01) (Figure 1B). Compared with the
LF groups, the HF and HF+NaCl groups showed greater
subcutaneous adipocyte size (P < 0.05) (Figure 1C, D) and a
shift in adipocyte size distribution, with a greater proportion of
adipocytes >10,000 mm2 (Supplemental Figure 1A). Mesenteric

adipocyte size was greater in the HF group than in all other
groups (P < 0.01), and the changes in adipocyte size were
characterized by a greater proportion of adipocytes >20,000
mm2 (Supplemental Figure 1B). The effects of the high-salt diet
were most profound in the epididymal adipose depot, with a
significantly larger mean adipocyte size (Figure 1F), fewer small
adipocytes (<1000 mm2) (P < 0.01), and a much greater number
of adipocytes >10,000 mm2 compared with all other diets (P <
0.01) (Supplemental Figure 1C). Although the effects of the
high-salt diet on adipocyte size were opposite in the epididymal
and mesenteric depots with HF feeding, the interaction term for
the fat and salt effect was significant in both depots, indicating
that sodium had opposite effects on visceral adipocyte size
depending on the fat content of the diet (P < 0.05).

Changes in systemic adipokines and cytokines were charac-
terized to evaluate the influence of high-salt feeding on the obese
phenotype (Table 1). At week 12, mice fed the HF diet had lower
concentrations of serum adiponectin and higher concentrations
of serum IL-17a, TNF-a, IFN-g, and leptin than mice fed the LF
diet (P < 0.05). Including the high amount of salt to the HF diet
did not further augment these systemic markers; in fact, in some
cases it improved the serum markers of the obese phenotype.
This was particularly true for adiponectin concentrations, where
the HF+NaCl group had significantly higher concentrations than
the HF group (P < 0.05). The interaction term for the fat and salt
effect was significant, indicating that sodium had opposite
effects on adiponectin concentrations depending on the fat
content of the diet (P < 0.01). The only other variable with a
significant interaction term was IL-6 (P < 0.01). Compared with
mice fed the HF diet, the HF+NaCl group had lower serum
concentrations of renin, an enzyme involved in the regulation of
blood pressure (P < 0.04) (Table 1).

FIGURE 1 Body weight (A), adipose tissue mass (B), representative micrographs of subcutaneous adipose tissue (C), and adipocyte size in

subcutaneous (D), mesenteric (E), and epididymal (F) adipose tissue in mice fed 1 of 4 diets containing 2 amounts of salt and fat for 12 wk. Values

are means 6 SEMs; n = 6–7 mice/group (A, B) and n = 3–4 mice/group (D–F). Labeled means at a time point without a common letter differ, P ,
0.05 (A); means within a depot without a common letter differ, P , 0.05 (B, D–F). FxS, fat 3 salt interaction; HF, high-fat; HF+NaCl, high-fat with

high-salt; LF, low-fat; LF+NaCl, low-fat with high-salt.
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Adipose tissue function is impaired by HF feeding in select
depots. Adipose tissue functions as an endocrine organ,
secreting a wide range of adipokines. We therefore characterized
changes in the secretion of select adipokines across different
adipose depots after the consumption of an HF diet (Figure 2).
There was a significant effect of fat on adiponectin secretion in
all depots (P < 0.01) and no effect of salt (P = 0.29) (Figure 2A).
In contrast, leptin secretion was different in all 3 adipose depots.
In the subcutaneous depot, leptin secretion was unaltered by
diet, whereas in the mesenteric adipose depot leptin secretion
was greater in the HF diet–fed mice than in the LF group (P <
0.05) and in the epididymal depot leptin secretion was less in HF
diet–fed mice than in the LF group (P < 0.01) (Figure 2B).
Resistin secretion from the HF group was significantly less than
in the LF group across all depots (P < 0.05), and the addition of a
high amount of salt did not further influence resistin secretion
(Figure 2C). In the epididymal adipose depot, secretion of the
inflammatory cytokine IL-6 was greater with HF feeding than
with LF feeding (P < 0.01). In the subcutaneous depot, IL-6
secretion in the HF group was greater than in the HF+NaCl
group (P = 0.05) (Figure 2D). There was no interaction between
fat and salt observed for the secretion of adiponectin, leptin,
resistin, or IL-6. All of the other cytokines examined were below
the level of detection under basal conditions (Supplemental

Figure 2A). However, in the presence of LPS, concentrations of
IL-17, IL-1b, and IFN-g secreted from epididymal adipose tissue
were detected (Supplemental Figure 2A), suggesting that the
organ culture model was responsive to stimuli but unaltered by
dietary intervention (Supplemental Figure 2B).

RNA sequencing reveals depot-specific responsiveness to
diet. Functional gene set enrichment analysis was performed by
using IPA pathway profiling to probe the biological relevance of
the differentially expressed genes between diets and adipose
depots. The top conical pathways and upstream regulators
altered by the group fed the HF diet compared with those fed LF
(control) diet in distinct adipose depots are reported in Supple-

mental Table 2. The results show activation of several pathways
involving immune cell regulation/response, particularly in the
subcutaneous depot with HF feeding.

Immune cell recruitment in response to HF feeding has been
documented in epididymal adipose tissue (15). Therefore, we
used the RNA-sequencing data to further characterize the
immunologic status of different adipose depots after dietary

intervention. Fold-changes in the selected adipokines in the LF
+NaCl, HF, and HF+NaCl diet–fed groups relative to the LF
diet–fed group are shown in Supplemental Table 3. We observed
that most changes in gene expression were in mice fed the
HF diet compared with all other groups, particularly in the
subcutaneous and mesenteric depots (Supplemental Table 3). In
general, the secretory pattern of resistin in different adipose
depots in response to the HF diet (Figure 2) was comparable to
the RNA gene expression data (Supplemental Table 3). How-
ever, there was little association between circulating concentra-
tions of inflammatory mediators (Table 1) and gene expression
(Supplemental Table 3) in the selected adipose depots. These
data suggest that there may be other depots or tissues contrib-
uting to the systemic low-grade chronic inflammation observed
after HF feeding.

A significant increase in the macrophage marker epidermal
growth factor-like module containing mucin-like hormone
receptor 1 (Emr1) in response to HF feeding was observed in
all 3 adipose depots (Supplemental Table 3). In addition, the
increase in Emr1 was mirrored by a significant upregulation of
theM1marker integrin aX (Itgax) in all 3 depots of HF-fed mice
(Supplemental Table 3). The RNA-sequencing results for the
Th1, Th2, Th17, and regulatory T cell markers exhibited a less
distinctive pattern and varied between depots (Supplemental
Table 3). In the epididymal adipose depot, the HF diet did not
significantly alter T cell markers examined, but differing effects
were noted in the subcutaneous and mesenteric depots (Supple-
mental Table 3). In the subcutaneous depot, signal transducer
and activator of transcription 4 (Stat4), T-box transcription
factor (Tbx21), GATA binding protein 3 (Gata3), Il21, and
forkhead box P3 (Foxp3) were upregulated in the HF group
compared with the LF group (Supplemental Table 3). In
contrast, in the mesenteric depot, Stat4 was upregulated,
whereas IL21, nuclear receptor retinoic acid receptor-related
orphan receptor g (Rorc), and Foxp3were downregulated in the
HF group compared with the LF group (Supplemental Table 3).

Because changes in the M1 macrophage marker Itgax with
HF compared with LF feeding were observed in all adipose
tissues, we used IPA to further examine genes associated with
this marker. Pathway analysis of Itgax gene interactions in
adipose tissues of HF relative to LF diet–fed mice is shown in
Figure 3. Intriguingly, even though Itgax was upregulated in all
depots, the surrounding networks did not show the same degree
of activation. Many genes of the regulatory network involving

TABLE 1 Serum adipokine and cytokine concentrations in mice fed 1 of 4 diets containing 2 amounts of
salt and fat for 12 wk1

LF LF+NaCl HF HF+NaCl

P

Fat Salt Fat 3 salt interaction

IL-1b, pg/mL 12.7 6 6.31 18.8 6 9.78 16.4 6 6.77 13.7 6 5.23 0.48 0.40 0.27

IL-4, pg/mL 118 6 21.4 157 6 69.8 200 6 44.5 216 6 52.4 0.08 0.28 0.40

IL-6, pg/mL 103 6 25.3 167 6 16.1 167 6 37.1 124 6 15.3 0.36 0.36 0.04

IL-17a, ng/mL 1.71 6 0.32b 1.38 6 0.33b 2.76 6 0.40a 2.08 6 0.36a,b 0.02 0.10 0.33

IL-18, pg/mL 275 6 11.2 278 6 14.2 260 6 1.80 260 6 7.29 0.05 0.44 0.42

TNF-a, pg/mL 7.46 6 1.17b 11.1 6 2.42a,b 15.9 6 2.11a 16.5 6 3.79a 0.01 0.22 0.29

IFN-g, pg/mL 479 6 106b 565 6 96.7a,b 906 6 61.6a 723 6 96.9a,b ,0.01 0.31 0.09

Resistin, ng/mL 57.6 6 9.79 38.8 6 27.3 73.3 6 21.3 59.9 6 12.4 0.16 0.19 0.44

Leptin, ng/mL 28.3 6 3.23b,c 20.7 6 3.88c 64.5 6 2.83a 60.5 6 5.72a,b ,0.01 0.10 0.34

Adiponectin, μg/mL 7.63 6 0.32a 6.67 6 0.31a,b 5.54 6 0.33b 6.83 6 0.38a,b ,0.01 0.31 ,0.01

Renin I, ng/mL 1.29 6 0.18a,b 1.00 6 0.15a,b 1.53 6 0.28a 0.83 6 0.10b 0.44 0.02 0.29

1 Values are means 6 SEMs, n = 6–7 mice/group. Labeled means in a row without a common superscript letter differ, P , 0.05. HF,

high-fat; HF+NaCl, high-fat with high-salt; LF, low-fat; LF+NaCl, low-fat with high-salt.
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Itgaxwere upregulated in the subcutaneous depot, whereas little
change and, in some cases, downregulation of pathway genes
were noted in the epididymal andmesenteric depots, respectively
(Figure 3).

Discussion

The lack of successful therapeutic treatments for the current
obesity epidemic emphasizes the need for a greater understand-
ing of the basic biology of the disease and how the organ systems
involved respond differently to pharmacologic and dietary
interventions. Adipose tissue is one of the major organs that
undergo severe remodeling and functional changes during the
onset of obesity. Gene expression profile studies in humans (3,
30–32) have indicated clear differences between visceral and
subcutaneous adipose depots. More recently, data from murine
models indicated that the composition of different intra-
abdominal visceral depots is unique (5). Thus, the current study
extends the present state of knowledge by characterizing the
response of distinct adipose depots to different dietary factors.
We induced obesity by using an HF diet, which has been
previously shown to increase serum TNF-a, IL-17, and leptin
concentrations (18, 33, 34), in combination with a high-salt diet,
which has been shown to induce proinflammatory Th17 cells
(20, 21), to examine depot-specific changes in adipose tissue
function.

More than 15 y ago, Montague et al. (3) explored site-related
differences in human adipocyte leptin expression and showed
that leptin mRNA appeared to be expressed predominantly in
subcutaneous adipocytes instead of omental adipocytes. A short
time after this, Gottschling-Zeller et al. (35) showed that leptin
secretion from subcutaneous adipose was 3-fold higher relative
to omental adipocytes. We observed an increase in leptin
secretion from the mesenteric adipose tissue in response to HF
feeding; however, this observation did not hold true for the other
visceral depot examined (epididymal) and there was no effect of
diet on the subcutaneous depot (Figure 2). Previous work in
human adipocytes showed that adiponectin released by omental
and subcutaneous adipocytes was similar in lean and obese
individuals. However, adiponectin released by omental adipo-
cytes from obese individuals was significantly reduced, whereas
that of subcutaneous adipocytes was not affected (36). Consis-
tent with these findings, we showed that the secretion of
some adipokines, such as adiponectin and resistin, was altered
similarly across multiple depots but others (e.g., leptin and
IL-6) appear to be depot-specific (Figure 2). The exact mecha-
nism for these depot-specific differences is unknown; however,
there are histologic and gene expression differences across
depots. Consistent with previous reports (37), data from the
current study show divergent effects of diet-induced obesity on
adipocyte size in the epididymal, mesenteric, and subcutaneous
adipose depots. Furthermore, reported differences in lipogenic
genes suggest that the epididymal adipose depot has lower
metabolic activity and is less responsive to HF feeding than the
subcutaneous or other visceral depots (37, 38), and thus the
structure and functional differences in depots may be contrib-
uting to some of the depot-specific differences observed in the
current study.

It is thought that part of the chronic inflammation observed
in obesity is due to immune cell infiltration and altered
production of adipokines (2, 39). By performing comparative
fluorescence-activated cell sorting analysis of immune cells
across adipose depots, recent studies have expanded our
understanding of how distinct adipose depots mediate disease

FIGURE 2 Secreted concentrations of adiponectin (A), leptin (B),

resistin (C), and IL-6 (D) in media of adipose tissue organ cultures from

mice fed 1 of 4 diets containing 2 amounts of salt and fat for 12 wk.

Values are means 6 SEMs, n = 6–7 mice/group. Labeled means

within a depot without a common letter differ, P , 0.05. HF, high-fat;

HF+NaCl, high-fat with high-salt; LF, low-fat; LF+NaCl, low-fat with

high-salt.
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progression (5). Specifically, global differences in immune cell
populations from the stromal vascular fraction of 3 different
adipose depots (parametrial, retroperitoneal, and omental) were
reported. However, this study was conducted in lean mice and
showed differences in the microenvironments, more specifically
enrichment of leukocyte populations (specifically T cells) within
the omental depot compared with the parametrial or retroper-
itoneal depots. The current study adds to previous research by
providing insight into changes in the adipose microenvironment
that occur with diet-induced obesity (Supplemental Tables 2 and 3).

Adipose tissue macrophage numbers increase in obesity in
multiple adipose depots, such as perigonadal, perirenal, mesen-
teric, and subcutaneous depots (40). A strong correlation
between adipocyte size and macrophage infiltration has been
reported, with the strongest correlation being observed in the
mesenteric depot and the weakest in the subcutaneous depot
(40). Furthermore, it is known that diet-induced obesity
decreases the expression of genes characteristic of M2 or
‘‘alternatively activated" macrophages and increases the expres-
sion of genes encoding Tnfa and inducible NO synthase (Nos2)
that are characteristic of M1 or ‘‘classically activated" macro-
phages (13). In the current study, increased expression of the
macrophage marker Emr1 and the M1 marker Itgax was
observed in all depots after HF feeding (Supplemental Table 3).
Additional M1 markers were upregulated in the subcutaneous
and epididymal depots after HF feeding; however, the pattern
was less consistent across depots.

The enrichment of T cell populations, predominantly the Th1
cell subset, has also been observed in diet-induced obesity;
however, there are discrepancies regarding how long after
initiation of HF feeding these changes actually occur (15, 41–
43). In general, these studies focused primarily on epididymal
adipose tissue, raising the possibility that specific depots may
display differential expression of immune cell markers during
HF feeding.We explored this prospect in the subcutaneous and 2
visceral depots. Our data indicate an upregulation of Th1 cell
markers in the subcutaneous depots, a pattern that was not
observed in the epididymal or mesenteric depots (Supplemental
Table 3). Differences in the duration of our study compared with
previous reports on visceral adipose tissue may be an important
factor that contributes to the divergent depot effects observed. It
has been reported that increases in macrophages occur after;6–
12 wk with HF feeding, whereas increases in lymphocytes occur

FIGURE 3 Genetic networks generated from the differentially

expressed genes from adipose tissues of mice fed a LF or a HF diet

for 12 wk. The Ingenuity Pathway Analysis–generated networks of

genes associated with Itgax signaling in subcutaneous (A), mesenteric

(B), and epididymal (C) adipose tissue are shown. The solid and dotted

lines between genes represent a direct and indirect relation, respec-

tively. The intensity of the node color indicates the expression level of

genes, with red representing upregulation and green downregulation

in the HF group relative to the LF group (n = 5 mice/group). Asterisks

(*) indicate the multiple identifiers in the dataset file map to a single

change in the IPA Global Molecular Network. Arhgdib, r guanosine

diphosphate dissociation inhibitor b; Bcl2a1a, B-cell leukemia/

lymphoma 2 related protein A1a; Cd180, CD 180; Cd27, CD 27;

Def6, DEF6, guanine nucleotide exchange factor; Dock3, dedicator of

cyto-kinesis 3; Elmo1, engulfment and cell motility 1; Fanca, fanconi

anemia, complementation group A; Fblim1, filamin binding LIM

protein 1; Fermt3, fermitin family member 3; Fga, fibrinogen a chain;

Gcsam, germinal center-associated, signaling and motility; Gipr,

gastric inhibitory polypeptide receptor; H2, histocompatibility-2,

MHC; HF, high-fat; Icam1, intercellular adhesion molecule 1; Itg,

integrin; Itga4, integrin a4; Itgal, integrin aL; Itgax, integrin aX; Itgb2,

integrin b2; Jnk, mitogen-activated protein kinase; Klra17, killer cell

lectin-like receptor, subfamily A, member 17; LF, low-fat; Ltf,

lactotransferrin; Myh9, myosin, heavy chain 9; Pawr, proapoptotic

WT1 regulator; Rac2, RAS-related C3 botulinum substrate 2; Sh2d2a,

SH2 domain containing 2A; Sigirr, single immunoglobulin and toll-

interleukin 1 receptor domain; Slc5a7, solute carrier family 5 member

7; Swap70, SWA-70protein; Tkt, transketolase; Vasp, vasodilator-

stimulated phosphoprotein.
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as early as 2–6 wk or as late as 20–22 wk (14, 15, 41, 42). These
depot-specific effects as well as the timing of shifts in immune
cell populations should be considered in future studies.

Reports indicate an association between obesity and Th17
cells (18, 19, 44–49). A link between obesity and the increase in
plasma IL-17 concentrations in both HF diet–fed mice (23% fat
for 8 wk) and obese women [BMI (in kg/m2): 30–48] has been
documented (18, 19). Similarly, there have been reports of
increased Th17 cell phenotype in the adipose tissue, liver, and
spleen of obese humans and mice (44–49). However, results are
inconsistent, likely due to varying study durations and diet
compositions and the contribution of IL-17 across several
different tissues in animal models has not been reported. Thus,
we investigated the changes in Th17 phenotype in a diet- and
depot- specific manner. We observed very low amounts of IL-17
secretion from subcutaneous, epididymal, and mesenteric depots
as well as inconsistent gene expression of Th17 cell markers
Il17a, Rorc, signal transducer and activator of transcription 3
(Stat3), and Il21 (Supplemental Table 3). Methodologic differ-
ences in the type of samples analyzed (mixed cell compared
with purified cell populations), basal concentrations compared
with ex vivo stimulation, and the use of cell surface markers
compared with secreted proteins or gene expression data may
account for reported differences. For example, leukocyte subsets
isolated from subcutaneous adipose tissue of HF diet–fed mice
(60% fat for 18 wk) that were stimulated with phorbol myristate
acetate and ionomycin exhibited increased Il17 expression (46).
In a complementary study, CD4+ T cells from the adipose tissue
of metabolically abnormal humans expanded in culture ex-
hibited a predominant Th17 and Th22 phenotype (47). There-
fore, it is possible that the Th17 response is minimal under
normal obese conditions and that T cells of the inflamed obese
adipose tissue may be primed or preconditioned to respond to
additional stimuli, placing the obese individual at increased risk
of an abnormal immune response. Moreover, we must also
acknowledge that the increase in Il17 observed in obese models
may originate from other organ and/or tissue sources. For ex-
ample, hepatic Il17 mRNA expression was elevated in humans
with nonalcoholic steatohepatitis compared with healthy con-
trols and a higher percentage of IL17+ cells was also observed in
hepatic mononuclear cells from mice fed an HF diet (59% from
fat) for 8 wk (48).

In recent publications, investigators linked high amounts of salt
with increased Th17 cell polarization (20, 21). In particular, it was
reported that high-salt–fed mice exhibited an increased percentage
of CD4+IL17+ cells in the lamina propria (20). Lymph nodes
within the lamina propria are a rich source of T cells, and studies
have shown that HF feeding causes bacteria from the intestine to
translocate into the mesenteric adipose tissue, resulting in adipose
tissue inflammation (36, 37). Thus, we hypothesized that the
mesenteric adipose depot would be most responsive to high-salt
feeding and perhaps further exacerbate the HF phenotype.
Surprisingly, we found minimal effect of high-salt feeding on
circulating IL-17 concentrations (Table 1), IL-17 secretion (Sup-
plemental Figure 2), and gene expression in adipose depots
(Supplemental Table 3). Nevertheless, we observed an increase in
the secretion of IL-17 from epididymal adipose tissue with acute
LPS stimulation in culture (Supplemental Figure 2). Thus, future
studies should not only consider depot-specific effects but also the
exposure time (acute compared with chronic) of shifts in immune
cell populations. In addition, we must recognize that, although the
HF+NaCl group had greater body weights than the LF group, they
also had lower body weights than the HF group (Figure 1), which
may have contributed to the minimal impact observed on the

inflammatory profile. The difference in body weight between
the HF and HF+NaCl groups could not be accounted for by
differences in adipose mass of the depots investigated; however,
the differences in body weight may be attributed to changes in
other depots or, as recent research suggests, an association between
dietary salt and sarcopenic obesity (50).

In conclusion, our results show differences in response to HF
feeding among distinct adipose depots and that the addition of a
high-salt diet does little to further exacerbate the inflammatory
profile observed in diet-induced obesity (Figures 1 and 2).
Furthermore, the current study complements recent data in lean
mice, emphasizing the importance of specific visceral depots (5),
and clearly showed that different visceral depots from obese
mice uniquely respond to dietary interventions (Figures 1–3,
Supplemental Figure 1, Supplemental Tables 2 and 3). Thus,
special consideration should be given when selecting depots to
study the effects of therapeutic interventions on adipose tissue
function or basic adipocyte biology as it relates to obesity.
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