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Accumulating evidence suggests that subcutaneous and visceral
adipose tissues are differentially associated with metabolic disorders.
In obesity, subcutaneous adipose tissue is beneficial for metabolic
homeostasis because of repressed inflammation. However, the
underlying mechanism remains unclear. Here, we demonstrate that
γ-aminobutyric acid (GABA) sensitivity is crucial in determining fat
depot-selective adipose tissue macrophage (ATM) infiltration in
obesity. In diet-induced obesity, GABA reduced monocyte migration
in subcutaneous inguinal adipose tissue (IAT), but not in visceral
epididymal adipose tissue (EAT). Pharmacological modulation of
the GABAB receptor affected the levels of ATM infiltration and ad-
ipose tissue inflammation in IAT, but not in EAT, and GABA admin-
istration ameliorated systemic insulin resistance and enhanced
insulin-dependent glucose uptake in IAT, accompanied by lower in-
flammatory responses. Intriguingly, compared with adipose-derived
stem cells (ADSCs) from EAT, IAT-ADSCs played key roles in medi-
ating GABA responses that repressed ATM infiltration in high-fat
diet-fed mice. These data suggest that selective GABA responses
in IAT contribute to fat depot-selective suppression of inflammatory
responses and protection from insulin resistance in obesity.
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Adipose tissue, developmentally derived from the mesoderm,
is capable of expanding to accommodate excess energy,

which distinguishes it from other metabolic tissues (1). Func-
tionally, while white adipose tissue is specialized in storing extra
energy sources into unilocular lipid droplet, brown adipose tissue
is primarily specialized in generating heat with uncoupling
protein-1 (1). Anatomically, white adipose tissue is largely sub-
divided into visceral adipose tissue and subcutaneous adipose
tissue (2, 3). Visceral adipose tissue is found in the abdominal
cavity and readily communicates with internal organs. On the
other hand, subcutaneous adipose tissue protects organs from
physical damage and contributes to the maintenance of body
temperature. In obesity, expansion of visceral adipose tissue is
closely linked to metabolic diseases, including insulin resistance
(4, 5). However, expansion of subcutaneous adipose tissue appears
to protect against metabolic complications (6, 7). In accordance
herewith, transplantation of subcutaneous adipose tissue into
visceral depots improved systemic glucose intolerances upon high-
fat diet (HFD) (8). In addition, subcutaneous adipose tissue-
transplanted recipients express high levels of antidiabetic adipokines
(9, 10), implying that subcutaneous adipose tissue expansion in
obesity mediate metabolic benefits by reducing lipotoxicity and
insulin resistance. Nonetheless, the mechanisms by which subcu-
taneous adipose tissue expansion in obesity is less detrimental in
causing metabolic complications are yet unclear.
In obesity, adipose tissue undergoes numerous remodeling

processes, such as proinflammatory responses, endoplasmic re-

ticulum stress, hypoxia, and mitochondrial dysregulation (2, 11).
Among these, inflammatory responses are one of the major risk
factors for insulin resistance in obesity (12–14). For example,
inflammatory cytokines, such as TNF-α, inhibit insulin signaling
by inhibiting phosphorylation of insulin receptor substrate-1
(IRS-1) (15, 16). In addition, inflammatory responses in adipo-
cytes increase free fatty acids, facilitating insulin resistance (17,
18). In obesity, enhanced adipose tissue macrophages (ATMs)
play key roles in inflammatory responses in adipose tissue (19–22).
ATM depletion or inactivation in mice ameliorates proinflam-
matory responses as well as insulin resistance, indicating that
ATMs might be important for insulin resistance in obesity (23,
24). Furthermore, it has been shown that in obesity, visceral
adipose tissue seems to be more susceptible to ATM accumulation
and proinflammatory responses than subcutaneous adipose tissue
(20, 25), and subcutaneous fat transplantation into visceral fat
relieves circulating inflammatory cytokine levels (10). Similarly,
obese humans with higher subcutaneous adiposity exhibited lower
inflammatory profiles and lower insulin resistance than those with
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higher visceral adiposity (26). Although compelling evidence
suggests that subcutaneous adipose tissues are less inflammatory
and are beneficial for energy metabolism, the mechanisms that
render subcutaneous adipose tissue less susceptible to ATM
accumulation and proinflammatory responses in obesity are
still unclear.
In this study, we aimed to understand the molecular mecha-

nisms by which subcutaneous inguinal adipose tissue (IAT) ac-
cumulates fewer ATMs than does visceral epididymal adipose
tissue (EAT) in obesity. To examine environmental and intrinsic
factors that are crucial in the regulation of differential ATM
accumulation in obese EAT and obese IAT, we performed fat-tissue
transplantation. We used transcriptome analysis to delineate intrinsic
differences between EAT and IAT. Moreover, we performed
both ex vivo and in vivo fluorescently labeled mononuclear
cell (MNC) migration assays to find out the mechanism in
explaining fat depot-selective differential ATM infiltration in
obesity. Collectively, our data suggest that the γ-aminobutyric
acid (GABA) response is an important factor in determining fat
depot-selective ATM infiltration and proinflammatory responses
in obesity.

Results
IAT Is Less Prone to Recruit ATM in Obesity. To investigate the ex-
tent of inflammatory responses in subcutaneous IAT and visceral
EAT, 8-wk-old mice were fed either normal chow diet (NCD) or
HFD for 10 wk. As expected, body weights were gradually in-
creased over time upon HFD feeding (SI Appendix, Fig. S1A). As
shown in SI Appendix, Fig. S1B, however, EAT and IAT showed
different tissue weight-gain patterns upon HFD. When adipocyte
size was measured, hypertrophic adipocytes were more abundant
in EAT than in IAT upon HFD (SI Appendix, Fig. S1C). Given
that proinflammatory responses are elevated in obese adipose
tissue, inflammatory gene expression was examined in EAT and
IAT. Consistent with previous reports (27, 28), IAT from HFD-fed
mice exhibited substantially lower proinflammatory gene ex-
pression than EAT from HFD-fed mice (SI Appendix, Fig. S1 D
and E). Because increased ATMs have been implicated in
obesity-induced adipose tissue inflammation, total ATMs (CD11b+

and F4/80+) and proinflammatory M1-like ATMs (CD11b+, F4/80+,
and CD11c+) were counted. Similar to previous findings (20, 29),
ATM accumulation was significantly higher in obese EAT than in
obese IAT (Fig. 1A and SI Appendix, Fig. S1F). Similarly, different

degrees of ATM accumulation in EAT and IAT were also observed
in genetically obese and diabetic db/db mice (SI Appendix, Fig.
S1G), implying that IAT is less prone to ATM accumulation in
obesity. In obese human subjects, the mRNA levels of proin-
flammatory genes and ATM marker genes were less elevated in
subcutaneous adipose tissue than in visceral adipose tissues (SI
Appendix, Fig. S1H).
Next, we asked how IAT would reveal less ATM accumulation

in diet-induced obesity (DIO). Because ATM accumulation
could be determined by proliferation, apoptosis, and infiltration
(30–32), we decided to test these processes in HFD-fed mice. In
accordance with previous reports (30, 31), the portion of Ki67

+

proliferative ATMs was greatly expanded in obese EAT com-
pared with lean EAT (Fig. 1B). On the other hand, the portion
of annexin V+ dead ATMs was markedly lower in obese EAT
than in lean EAT (Fig. 1C). However, there were no significant
differences in proliferative and dead ATM populations between
EAT and IAT (Fig. 1 B and C). To assess whether ATM in-
filtration might be involved, exogenous Ds-Red+ MNCs were
injected into recipient HFD-fed mice, and the degree of exoge-
nous ATM infiltration into each fat depot was evaluated (Fig.
1D). As shown in Fig. 1E and SI Appendix, Fig. S1 I and J, the
levels of infiltrated Ds-Red+ total ATMs and Ds-Red+ M1-like
ATMs were significantly elevated in EAT from HFD-fed mice.
In contrast, the numbers of Ds-Red+ ATMs and M1-like ATMs
were significantly lower in IAT from HFD-fed mice. Taken to-
gether, these data suggest that obese IAT is less susceptible to
ATM accumulation due to lower macrophage infiltration rather
than proliferation or apoptosis of ATM.

Intrinsic Characters of Adipose Tissue Determine Fat Depot-Selective
ATM Infiltration. As it has been suggested that in vivo adipo-
genesis is affected by the adipogenic niche (33, 34), we asked
whether fat depot-selective environmental factors might de-
termine ATM infiltration in obesity. To address this, EAT and
IAT from HFD-fed donor mice were transplanted into HFD-fed
recipient mice. As shown in Fig. 2A, fat tissue transplantation
groups were named as “EAT → IAT,” “EAT → EAT,” “IAT →
IAT,” and “IAT → EAT.” Consistent with a previous report (8),
IAT-transplanted mice showed beneficial effects on meta-
bolic parameters, such as decreased body weight gain and im-
proved glucose tolerance, compared with EAT-transplanted
mice (SI Appendix, Fig. S2 A and B). All donor fat tissues were
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Fig. 1. ATM infiltration is down-regulated in obese
IAT compared with obese EAT. (A) Flow cytometry of
(CD11b+ and F4/80+) ATMs (Upper) and (CD11b+, F4/80+,
and CD11c+) M1-like ATMs (Lower) of IAT and EAT in
the progression of DIO. (B and C) Relative fractions
of (B) Ki67

+ proliferative and (C) annexin V+ apo-
ptotic ATMs were measured in IAT and EAT from
NCD- or HFD-fed mice. (D) An experimental strategy
of the in vivo ATM infiltration assay. Recipient mice
were intravenously injected with either PBS or Ds-Red+

MNCs isolated from Ds-Red transgenic mice. The mice
were rested for 24 h and analyzed for ATM infiltration
in IAT and EAT from HFD-fed mice. (E) Flow cytometry
of Ds-Red+ ATMs (Left) and M1-like ATMs (Right) in
IAT and EAT. Error bars represent means ± SEs of
treatment groups. *P < 0.05, #P < 0.05, **P < 0.01. n =
4 or 5 for each experimental group. For B, C, and E, 8-wk-
old mice were fed HFD for 10 wk before being killed.
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well-vascularized after surgery (SI Appendix, Fig. S2C). In re-
cipient HFD-fed mice, the extent of ATM infiltration was in-
vestigated with Ds-Red+ MNCs. As shown in Fig. 2B, the
numbers of Ds-Red+ ATMs in donor fat tissues from the
EAT → EAT and EAT → IAT groups were greatly higher than
those from the IAT → EAT and IAT → IAT groups. When the
same donor fat tissue was transplanted into different recipient fat
depots, the degree of Ds-Red+ ATM infiltration in each donor
fat tissue was similar between EAT → EAT and EAT → IAT,
and between IAT → EAT and IAT → IAT. These data implied
that environmental factors of EAT or IAT would not be crucial
to decide the degree of exogenous Ds-Red+ macrophage in-
filtration in obesity. When we examined the effects of fat depot
transplantation on ATM infiltration in recipient fat tissue, the
degrees of ATM infiltration into recipient IAT or EAT were
comparable regardless of donor fat tissues (Fig. 2C). Consistently,
H&E staining of donor fat tissues from the EAT → EAT and
EAT → IAT groups revealed severe fibrosis and crown-like
structures compared with the IAT → EAT and IAT → IAT
groups (SI Appendix, Fig. S2 D and E). Taken together, these data
suggest that fat depot-selective ATM infiltration in DIO results
from intrinsic characters of fat tissue rather than environmental or
niche effects of host fat tissue.

GABA Signaling Differs Between EAT and IAT. To elucidate which
cell types might determine fat depot-selective ATM infiltration,
monocyte migration was assessed using conditioned media (CM)
from adipocytes or stromal vascular cells (SVCs) from each fat
depot (SI Appendix, Fig. S3A). As shown in SI Appendix, Fig.
S3B, monocyte migration was prominently down-regulated in
CM from SVCs compared with CM from adipocytes. Next, we
analyzed the transcriptomes of adipocytes and SVCs from obese
IAT and obese EAT (35). As shown in SI Appendix, Fig. S3C,
numerous genes were differentially expressed between IAT and
EAT. Through comparative Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses of adipocytes and SVCs
from each fat depot of HFD-fed mice (SI Appendix, Fig. S3D),
we found that the “GABAergic synapse” was differentially reg-
ulated between SVCs from obese IAT (IAT-SVC) and SVCs
from obese EAT (EAT-SVCs) (Fig. 3 A and B). The degree of
differential expression of GABAergic synapse between IAT-
SVC and EAT-SVC was ranked higher than immune and in-
flammatory signals (SI Appendix, Fig. S3E). Consistently, the
number of differentially expressed genes (DEGs) in GABAergic
synapse was higher in SVCs than in adipocytes (SI Appendix, Fig.

S3F). G proteins (Gng11 and Gnb4) and GABAB receptor 1
(Gabbr1) were the most strongly increased in IAT-SVCs,
whereas adenylyl cyclases (Adcy7 and Adcy8) were among
the DEGs showing the lowest decrease in IAT-SVCs (SI Appen-
dix, Fig. S3G). Moreover, a bipartite graph of pathways and
genes generated on the basis of functional enrichment analy-
ses showed that GABAergic synapse might be associated with
cell adhesion and extracellular matrix receptor interaction,
which seems to be related to innate immune cell infiltration (SI
Appendix, Fig. S3H).
GABA is an inhibitory neurotransmitter synthesized by glu-

tamate decarboxylase 1 (GAD1) and 2 (GAD2) (36). GABA is
further converted into succinate by GABA transaminase (GABA-T)
or is secreted to activate GABAA or GABAB receptors (37, 38).
Because GABA signaling has been primarily studied in the
brain, the mRNA levels of GABA receptor genes in fat tissue
needed to be examined. mRNA levels of the GABAB receptor, a
heterodimer composed of GABBR1 and GABAB receptor 2
(GABBR2), was abundantly expressed in fat tissues, whereas the
subunits of GABAA receptor were hardly expressed in most pe-
ripheral tissues (SI Appendix, Fig. S4 A and B). In HFD-fed mice,
GABBR1, GAD1, GAD2, and GABA-T genes were differentially
expressed in IAT and EAT (Fig. 3C). Next, to examine whether
differential mRNA levels of GABAergic genes, such as GAD1 and
GAD, in IAT and EAT might affect the level of GABA in each fat
depot, we measured GABA concentrations in IAT and EAT. In
obesity, the level of GABA was higher in IAT (Fig. 3D), implying
that differential expression ofGAD1 andGAD2might contribute to
different amounts of GABA in the two fat depots. Metabolomic
analyses revealed that the circulating level of GABA was signifi-
cantly decreased in obesity (SI Appendix, Table S1). Accordingly,
differential mRNA expression of GABBR1 and GABA-T was also
observed in human obese subjects (SI Appendix, Fig. S4 C and D).
These results led us to hypothesize that differential GABA re-
sponses might be associated with fat depot-selective ATM in-
filtration in obesity.

GABA Signaling in IAT-SVCs Down-Regulates Monocyte Migration.
Given that GABA reportedly has antiinflammatory roles in the
central nervous system (39), we hypothesized that different
GABAergic actions in IAT and EAT might play certain roles in
fat depot-selective ATM infiltration in obesity. To test this, IAT
or EAT preincubated with GABA and CM collected from each
fat tissue type were subjected to monocyte migration assays (Fig.
4A). As shown in Fig. 4B, CM from GABA pretreated IAT reduced
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the numbers of migrated monocytes. However, such an effect was
not observed in CM from GABA pretreated EAT, indicating that
the GABA response in IAT might selectively down-regulate ATM
infiltration in obesity. When we examined direct effects of GABA
on monocyte recruitment, the numbers of migrated monocytes were
not modulated by GABA (SI Appendix, Fig. S5A). Then, we
examined whether GABA-dependent fat depot-selective mono-
cyte recruitment might be derived from SVCs or adipocytes of
each obese fat depot (SI Appendix, Fig. S5B). The degree of
monocyte migration was selectively lower in CM from GABA
pretreated IAT-SVCs (Fig. 4C), whereas CM from adipocytes
with or without GABA pretreatment did not show any difference
in monocyte migration (Fig. 4D). In agreement with HFD data
(Fig. 4 C and D), IAT-SVC from NCD-fed mice selectively
inhibited monocyte migration (SI Appendix, Fig. S5 C and D).
Because THP-1 is human monocyte cell line, we decided to de-
termine whether the GABA-treated IAT also effectively suppress
migration of mouse primary monocytes. As shown in SI Appendix,
Fig. S5E, the number of migrated monocytes was selectively re-
duced by CM from GABA-treated IAT. Additionally, CM from
GABA-treated female IAT exhibited antichemotactic effects on
monocyte migration (SI Appendix, Fig. S5F), implying that GABA
would suppress monocyte migration in IAT from both male and
female mice. These data propose that the lower ATM infiltration
in obese IAT would be attributable to GABA responses in IAT-
SVCs.

GABAB Receptor Mediates Amelioration of ATM Infiltration and
Proinflammatory Responses in Obese IAT. Because both the
GABAA and the GABAB receptor are activated by GABA, we
decided to test whether GABA-dependent suppression of ATM
recruitment from IAT-SVCs might be mediated by GABAA and
the GABAB receptor. To this end, we used baclofen (Bac), a
GABAB receptor agonist (40), and saclofen (Sac) and CGP35348
(CGP), which are GABAB receptor antagonists (41, 42). In Bac
pretreated IAT, monocyte migration was markedly suppressed
(Fig. 5A). Conversely, inhibition of GABAB receptor by Sac or
CGP promoted monocyte migration in IAT from HFD-fed mice
(Fig. 5A). Such effects were not observed in obese EAT with or
without GABAB agonist or antagonists (Fig. 5B). In addition,
when we tested the effect of the GABAA receptor on fat depot-
selective monocyte migration, bicuculline methiodide (Bicu), a
GABAA receptor selective antagonist, did not affect the intrinsic
activity of IAT or EAT in terms of monocyte migration (SI Ap-
pendix, Fig. S6 A and B). Then, to validate the effect of GABAB
receptor signaling on ATM infiltration in obese IAT in vivo, HFD-
fed mice were intraperitoneally injected with either GABA or Sac
before intravenous injection of Ds-Red+ MNCs (SI Appendix, Fig.
S6C). As shown in Fig. 5 C and D, IAT showed selective sup-
pression of total ATM and M1-like ATM infiltration upon GABA
stimulation, which was not observed in EAT. In contrast, GABAB
receptor inhibition with Sac augmented not only ATM infiltration,
but also proinflammatory M1-like ATM infiltration into obese
IAT, which were not detected in obese EAT (Fig. 5 C and D).
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Because elevated ATM infiltration is closely linked to proin-
flammatory responses in obesity (32), we further hypothesized that
GABAB receptor signaling in IAT might affect inflammatory re-
sponses as well as ATM infiltration. In obese IAT, mRNA levels
of proinflammatory genes, such as CCL2, IL6, and TNFα were
markedly reduced by GABA but increased by Sac (Fig. 5E). On
the other hand, mRNA expression of an antiinflammatory gene,
such as IL10, tended to be elevated in obese IAT upon GABA
(Fig. 5F). Accordingly, the phosphorylation levels of JNK and p38,
markers for proinflammatory signaling cascade, were enhanced by
Sac in obese IAT (SI Appendix, Fig. S6D). Taken together, these
data suggest that activation of GABAB receptor signaling would
mediate the suppression of ATM infiltration and inflammatory
responses in obese IAT.

GABA Improves Insulin Resistance in DIO. As proinflammatory re-
sponses in obese adipose tissue have been implicated in insulin
resistance (12), we raised the question of whether GABA stimulation
might ameliorate insulin resistance in HFD-fed mice. Two weeks
of daily intraperitoneal administration of GABA (50 mg/kg) did
not alter adiposity in male and female HFD-fed mice (Fig. 6 A–D).
Under the same condition, adipose inflammatory responses and

the number of ATMs were selectively reduced in IAT, but not in
EAT (SI Appendix, Fig. S7 A–C). On the other hand, blood glu-
cose level was lowered after 3 d of GABA administration (SI
Appendix, Fig. S7D). In addition, glucose tolerance tests and in-
sulin tolerance tests revealed that GABA administration improved
systemic insulin resistance and glucose clearance in HFD-fed male
and female mice, but not in NCD-fed mice (Fig. 6 E–H and SI
Appendix, Fig. S7E).
Previously, it has been reported that GABA would impact the

insulin secretion of β-cells (43, 44). Therefore, we examined
pancreatic islet size and measured glucose-stimulated insulin
secretion with or without GABA using NCD-fed mice to exclude
the effects of obesity-induced inflammation. As shown in SI
Appendix, Fig. S7F, GABA treatment did not alter in vivo glucose-
stimulated insulin secretion nor overall pancreatic islet sizes in
NCD-fed mice. These data indicate that alleviation of insulin re-
sistance mediated by GABA in HFD-fed mice may not be at-
tributable to changes in insulin secretion from β-cells. In addition,
we examined whether GABA could ameliorate insulin resistance
in insulin-sensitive organs, such as IAT, EAT, liver, and muscle.
As shown in Fig. 6I, levels of insulin-dependent phosphorylation
of Akt and GSK3β were obviously enhanced in GABA-treated
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IAT from HFD-fed mice. However, the levels of phosphorylation
of Akt and GSK3β in liver and muscle, as well as in EAT, were not
altered by GABA stimulation (Fig. 6J and SI Appendix, Fig. S7 G
and H), indicating that GABA selectively potentiates the insulin
signaling cascade in obese IAT, but not in other metabolic organs.
To confirm whether improved insulin signaling in IAT enhances
glucose uptake, insulin-dependent glucose uptake ability was
accessed with either fluorescent glucose bioprobe (GB-Cy3), or [14C]
radioisotope labeled 2-deoxyglucose in IAT or EAT. In accor-
dance with the above data, the degree of insulin-dependent glucose
uptake was slightly, but significantly up-regulated in GABA-treated
obese IAT (Fig. 6K and SI Appendix, Fig. S7I), whereas such an
effect was not observed in obese EAT (Fig. 6L and SI Appendix,
Fig. S7J). Therefore, these data strongly suggest that GABA-
dependent mitigation of ATM recruitment in obese IAT might,
at least in part, ameliorate systemic insulin resistance via enhanced
glucose uptake in IAT.

GABA-Stimulated Adipose-Derived Stem Cells Decrease ATM Infiltration
in Obese IAT.Given that GABA-stimulated IAT-SVCs could reduce
monocyte migration in DIO, we decided to investigate which cell
types among SVCs were responsible for the suppression of mono-
cyte migration upon GABA. Adipose SVCs comprise various
cell types, including ATMs, T cells, B cells, endothelial cells,
and adipose-derived stem cells (ADSCs). It has been recently
shown that these cells play important roles in the regulation of
adipose tissue immune responses and homeostasis (2). Because
GABA-responsive cells in SVCs should express GABAB re-
ceptors to repress proinflammatory responses, we isolated each
SVC cell type and examined mRNA levels of GABAB receptors

and GABAergic genes. In HFD-fed mice, GABAergic genes
tended to be abundantly expressed in ADSCs compared with
other SVC cell types (SI Appendix, Fig. S8A). The mRNA level
of GABBR1, a GABA-binding subunit, was even higher in IAT-
ADSCs than in EAT-ADSCs. When the numbers of ADSCs in
the two fat depots were counted, IAT-ADSCs appeared to be
more abundant than EAT-ADSCs (SI Appendix, Fig. S8B).
Then, we investigated whether IAT-ADSCs might respond to
GABA and affect monocyte migration in HFD-fed mice. As
shown in Fig. 7A, IAT-ADSCs down-regulated monocyte migration
via GABAB receptor activation with GABA or Bac, which was
reversed by Sac. However, EAT-ADSCs did not show any differ-
ence in monocyte migration upon GABA activation or inactivation
(Fig. 7B). In addition, GABA stimulation in CD4+ T cells did not
affect monocyte migration (SI Appendix, Fig. S8C). To assess
GABA-dependent suppressive effects of obese IAT-ADSCs
on ATM recruitment in vivo, the same numbers of IAT-ADSCs
or EAT-ADSCs were transplanted into EAT on the right (EAT-R),
while vehicle was injected into EAT on the left (EAT-L) of obese
recipient mice in the absence or presence of GABA administration
(Fig. 7C). As presented in Fig. 7D, the numbers of Ds-Red+

proinflammatory ATMs were lower in IAT-ADSC–transplanted
EAT-R than in vehicle-treated EAT-L. Notably, GABA stimulation
further facilitated the suppressive effects of obese IAT-ADSCs on
ATM infiltration. However, ATM recruitment was not affected in
obese EAT-ADSCs transplanted EAT-R with or without GABA
(Fig. 7E). Taken together, these results suggest that obese IAT-
ADSCs could be a key cell type in mediating fat depot-selective
inflammatory responses in response to GABA in obesity.
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Discussion
Adipose tissue plays a key role in the modulation of systemic
energy homeostasis in response to physiological stimuli (2). In
obese visceral adipose tissue, the increase in proinflammatory
response is positively associated with insulin resistance (12).
Conversely, metabolic profiles of obese individuals with larger
portion of subcutaneous adipose tissue than visceral adipose
tissue exhibit normal insulin sensitivity as well as lower inflam-
matory responses (7, 26). Furthermore, mice transplanted with
subcutaneous adipose tissue exhibit improved glucose tolerance
and attenuated inflammatory parameters upon HFD (8, 10, 45).
However, how subcutaneous adipose tissue plays beneficial roles
in energy metabolism compared with visceral adipose tissue has

hardly been studied. In this study, we have elucidated a mechanism
underlying the selective suppression of ATM infiltration in obese
IAT. Fat transplantation and transcriptome analyses revealed
that GABA signaling was intrinsically and differentially regulated
between obese IAT and obese EAT. Ex vivo and in vivo analyses
indicated that the GABA response would be a key factor in
mitigating ATM infiltration in IAT, especially in IAT-ADSC.
Moreover, we found that GABA ameliorated systemic insulin
resistance in HFD-fed mice, concurrently with enhanced insulin-
dependent glucose uptake in IAT. Taken together, our data suggest
that subcutaneous adipose tissue can suppress adipose inflamma-
tory responses via GABA, eventually leading to augmented insulin
sensitivity.
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Although it is well established that visceral adipose tissue is rich
in ATMs compared with subcutaneous adipose tissue in obesity
(20, 29), the process of ATM infiltration in each fat depot is largely
unknown. Among the possibilities, such as proliferation, apopto-
sis, and infiltration that would explain fat depot-selective ATM
accumulation in obesity, we found that infiltration of exogenous
ATM was greatly higher in obese EAT than that in obese IAT.
Proliferative and apoptotic portions of ATM were similar between
EAT and IAT in DIO. In response to changes in nutritional status,
adipose tissue undergoes dynamic remodeling, and an adipogenic
microenvironment appears to be crucial herein (34, 46). As vis-
ceral and subcutaneous adipose tissues are present in anatomically
different regions, we investigated whether the different environ-
ments of these two fat depots might determine differential ATM
infiltration in obesity. Surprisingly, fat transplantation experiments
revealed that the degree of ATM infiltration in donor EAT was
higher than that in donor IAT, regardless of the fat depot in which
it was transplanted. These findings suggest that differential sus-
ceptibility of ATM infiltration in each fat depot would be mainly

determined by the intrinsic characteristics, rather than by the niche
or environmental factors.
Adipose tissue largely consists of two cell populations, adi-

pocytes and SVCs. In this study, we showed that SVCs in adipose
tissue could be a primary intrinsic source of fat depot-selective
ATM infiltration. To identify the intrinsic factors regulating
ATM infiltration, RNA-sequencing and metabolomic analyses
were conducted. KEGG pathway analysis revealed that GABA
signaling was different between SVCs from EAT and IAT. In
addition, CM from GABA-treated IAT-SVCs, but not EAT-
SVCs, lowered monocyte migration, whereas CM from GABA-
treated adipocytes did not affect monocyte migration. Given that
SVCs are composed of various cell types, we attempted to identify
major GABA-responsive cell types in the regulation of ATM in-
filtration in obesity. Several lines of evidence suggest that IAT-
ADSCs play a major role in reduction of ATM infiltration in
obesity. First, adipocytes or SVCs from EAT or IAT were treated
with GABA, migrated monocyte was selectively reduced in the
presence of CM from GABA-treated IAT-SVCs. Second, mRNA
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Fig. 7. GABA-stimulated IAT-ADSCs are involved in the repression of ATM infiltration in obese IAT. (A and B) Measurement of THP-1 monocyte migration in
CM of ADSCs in the regulation of GABA signaling. THP-1 monocytes were incubated in Transwell for 12 h. In HFD-fed mice, ADSCs isolated from (A) IAT and
(B) EAT were pretreated with or without GABA, Bac, or Sac, and each CM was subjected to THP-1 monocyte migration assays. Representative images of
migrated monocytes (Left) and quantification (Right). (Scale bars, 100 μm.) n = 6 for each experimental group. (C) An experimental strategy to examine fat
depot-selective effects of IAT- or EAT-ADSCs on ATM infiltration in vivo. In two EATs from each recipient mouse, one EAT (EAT-R) was locally injected with
either IAT-ADSCs or EAT-ADSCs, whereas the other EAT (EAT-L) was injected with vehicle (PBS). After recovery from surgery, recipient mice were in-
traperitoneally injected with or without GABA, and then, Ds-Red+ monocytes were intravenously injected. Ds-Red+ ATM were counted in EAT-L and EAT-R by
flow cytometry. (D and E) Effects of (D) IAT-ADSCs and (E) EAT-ADSCs on ATM infiltration in obesity. n = 3 for each experimental group. Error bars represent
means ± SEs of treatment groups. *P < 0.05, **P < 0.01, n.s., not significant.
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levels of GABBR1 and GABAergic genes were high in IAT-
ADSCs. Third, IAT-ADSCs could suppress ATM infiltration
upon GABA exposure both ex vivo and in vivo. CM from GABA-
and Bac-pretreated IAT-ADSCs lowered monocyte migration.
Finally, when ADSCs from each fat depot were transplanted into
recipient EAT of HFD-fed mice, ATM infiltration was reduced
only in the group with IAT-ADSC–transplanted EAT. Notably, ATM
infiltration in IAT-ADSC–transplanted EAT was even further re-
pressed by GABA administration, whereas recipient EAT trans-
planted with EAT-ADSC was not affected by GABA treatment.
Thus, it is plausible to speculate that certain metabolites and cyto-
kines secreted from GABA-stimulated IAT-ADSCs would repress
ATM infiltration in obese IAT (SI Appendix, Fig. S9). Our findings
are supported by recent findings that stem cells are able to
regulate immune responses (47, 48). For example, neuronal
precursors repress inflammatory responses via TGF-β2 in a
multiple sclerosis mouse model (48). Mesenchymal stem cells
reduce proinflammatory responses in corneal wound healing
(49). Therefore, our data imply that IAT-ADSCs would be a key
fat depot-selective immunomodulatory cell type involved in the
regulation of obesity-induced adipose tissue inflammation.
In the brain, GABA is essential for information processing,

and neuronal plasticity and activity (50, 51). Thus, GABAergic
medications have been utilized to treat psychological disorders,
such as epilepsy, anxiety, and depression (52). However, roles of
GABA in peripheral tissues have been barely reported. Here, the
present study revealed a peripheral role of GABA as a sup-
pressive metabolite of ATM infiltration in obese IAT. Pharma-
cological modulations of GABA receptor activity revealed that
GABAB receptor selectively affected ATM recruitment in obese
IAT. Activation of GABAB receptor down-regulated monocyte
migration in IAT, whereas inactivation of GABAB receptor up-
regulated monocyte migration and in vivo ATM infiltration in
IAT, but not in EAT. Together, these data suggest that GABAB
receptor signaling in IAT would be one of the crucial factors in
fat depot-selective proinflammatory responses in obesity.
It has been recently reported that GABA might be involved in

the regulation of obesity and energy metabolism (43, 53–55). In
pro-opiomelanocortin neurons, GABAB receptor ablation re-
sults in increased obesity and insulin resistance via dysregulation
of the appetite (53). Orally administered GABA induces less
adiposity and improves insulin resistance in DIO (54). However,
it is still unclear whether or not the effect of GABA on energy
metabolism depends on adiposity. In this study, we observed that
2-wk intraperitoneal injection of low-dose GABA ameliorated
insulin resistance, without affecting adiposity. It is well estab-
lished that elevation of inflammatory responses in adipose tissue
is one of the crucial risk factors for insulin resistance (23). Here,
GABA treatment enhanced insulin-dependent glucose uptake in
IAT, but not in EAT. Furthermore, GABA selectively reduced
inflammatory responses in obese IAT where insulin signaling was
potentiated, implying that GABA-mediated suppression of in-
flammatory responses would ameliorate insulin resistance in obese
IAT. Although we cannot rule out the possibilities that GABA
would enhance glucose uptake in other peripheral tissues, GABA-
mediated mitigation of proinflammatory responses in IAT, at least
in part, might contribute to attenuation of obesity-induced insulin
resistance. Emerging evidence suggests that obesity is not a sole
determinant of insulin resistance and metabolic complications (7,
26, 56). In particular, obese but metabolically healthy individuals
exhibit lower proinflammatory features (57). In this aspect, our
findings are somewhat supported by a recent report that the
GABA was elevated in obese but metabolically healthy subjects
(58). Thus, it is feasible to postulate that GABA-mediated sup-
pression of ATM infiltration in IAT might be one of the processes
to explain obese but metabolically healthy individuals.
In this work, we isolated IAT-ADSCs and EAT-ADSCs using

the same adipogenic precursor surface markers including CD31–,

CD34+, and Sca-1+. Nonetheless, the levels of GABA-related
gene expression and the degree of GABAB receptor response
were enhanced in IAT-ADSCs compared with EAT-ADSCs in
the regulation of ATM infiltration. These data imply that IAT-
ADSCs and EAT-ADSCs appear to have intrinsically different
characteristics, which would be consistent with the data from the
fat tissue transplantation experiment. Recently, it has been
reported that ADSCs from EAT and IAT seem to be different
not only in marker gene expression, but also in their characters
(46, 59). In obesity, fibrotic ADSCs are more abundant in EAT
than in IAT (60, 61). Moreover, these fibrotic ADSCs strongly
express the surface marker CD9 (60). These reports are some-
what consistent with our finding that ADSCs from EAT and IAT
might be different not only in their characteristics, but also in
their developmental origins. This idea is also supported by previous
findings that IAT and EAT are derived from different cell lineages
(62, 63). Therefore, it will be important to identify the factors that
determine the differences between IAT-ADSCs and EAT-ADSCs
in the regulation of fat depot-selective inflammatory responses.
In conclusion, this study provides an important clue to un-

derstanding peripheral roles of GABA in the regulation of fat
depot-selective inflammatory responses and energy metabolism
in obesity. Our data suggest that two white fat depots, sub-
cutaneous and visceral fat tissues, have intrinsic factors that lead
to fat depot-selective regulation of ATM infiltration, eventually
resulting in differential insulin sensitivity in obesity. We identi-
fied IAT-ADSCs as a potentially major cell type in mediating fat
depot-selective GABA response to lower ATM infiltration in
obesity (SI Appendix, Fig. S9). Taken together, our data propose
that modulation of GABA activity in adipose tissue would be an
attractive approach to treating obesity-induced metabolic disorders.

Materials and Methods
For fully detailed procedures, please refer to SI Appendix,Materials and Methods.

Animals. Six-week-old C57BL6/J male and female mice, and C57BLKS/J-
Leprdb/Leprdb (db/db) male mice were purchased from Central Lab Animal Inc.
Ds-Red+ transgenic mice were generously provided by Gou Young Koh
(KAIST, Daejeon, South Korea). The mice were housed in colony cages under
12-h light/12-h dark cycles with free access to food and water. At 8 wk of age,
male mice were fed HFD containing 60% kcals of fat (Research Diets) with free
access to drinking water. All experiments were approved by the Seoul National
University Institutional Animal Care and Use Committees.

Human Samples. Human adipose tissue samples were obtained from the
Obesity Research Center at the College of Medicine, King Saud University,
Riyadh, Saudi Arabia. The protocol was approved by the College of Medicine
Ethics Committee, King Saud University (approval code 07–602), in accordance
with the Declaration of Helsinki. Written informed consent was obtained from
all participants before enrollment in the study.

Monocyte Migration Assay. Monocyte migration was assayed as previously
described (64). Briefly, THP-1 monocytes or mouse monocyte from blood was
prestained with 2 μM of Cell Tracker-CMPTX (C34552; Thermo Fisher Scientific)
at 37 °C for 1 h and then washed with PBS. CM from each sample were loaded
to the lower layer of 8-μm pore-size Transwell insert (CLS3428; Sigma-Aldrich).
In each sample group, 3 × 105 THP-1 cells were loaded on the upper surface of
upper layer of Transwell insert. After 12 or 48 h of incubation, upper layer was
removed. Then the chemotactic cells were stained with Hoechst dye (H3570;
Thermo Fisher Scientific) for 30 min. After removal of the dye by washing, 10%
FBS high-glucose DMEM was added, and the plates were observed under the
LSM700 confocal microscope. In randomized microscope images, cells positive
for Cell-Tracker (red) and Hoechst (blue) were counted and quantified.
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