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Fibrosis is emerging as a hallmark of metabolically
dysregulated white adipose tissue (WAT) in obesity. Al-
though adipose tissue fibrosis impairs adipocyte plastic-
ity, little is known about how aberrant extracellular matrix
(ECM) remodeling of WAT is initiated during the develop-
ment of obesity. Here we show that treatment with the
antidiabetic drug metformin inhibits excessive ECM de-
position in WAT of ob/ob mice and mice with diet-induced
obesity, as evidenced by decreased collagen deposition
surrounding adipocytes and expression of fibrotic genes
including the collagen cross-linking regulator LOX. Inhi-
bition of interstitial fibrosis by metformin is likely attribut-
able to the activation of AMPK and the suppression of
transforming growth factor-g1 (TGF-B1)/Smad3 signal-
ing, leading to enhanced systemic insulin sensitivity.
The ability of metformin to repress TGF-p1-induced fibro-
genesis is abolished by the dominant negative AMPK in
primary cells from the stromal vascular fraction. TGF-31-
induced insulin resistance is suppressed by AMPK
agonists and the constitutively active AMPK in 3T3L1 ad-
ipocytes. In omental fat depots of obese humans, intersti-
tial fibrosis is also associated with AMPK inactivation,
TGF-p1/Smad3 induction, aberrant ECM production, myo-
fibroblast activation, and adipocyte apoptosis. Collectively,
integrated AMPK activation and TGF-$31/Smad3 inhibition

may provide a potential therapeutic approach to main-
tain ECM flexibility and combat chronically uncontrolled
adipose tissue expansion in obesity.

In obesity, visceral adipose tissue dysfunction contributes to
the development of insulin resistance and type 2 diabetes
mellitus. Physiologically, extracellular matrix (ECM) compo-
nents such as collagens and fibronectin provide mechanical
support for tissue. As obesity-induced adipose tissue expan-
sion progresses, chronic, continuous production and depo-
sition of ECM lead to the destruction of normal adipose
tissue architecture, which is referred to as adipose tissue ECM
remodeling (1). Genetic deletion of collagen VI (Col6a3),
which is highly expressed in adipose tissue, improves adipose
fibrosis and systemic metabolic dysfunction in mice fed a
high-fat diet, highlighting the critical role of adipose tissue
ECM in regulating metabolic homeostasis (2). Adipose tissue
fibrosis is increasingly appreciated as a major contributor
of metabolic dysregulation in obese humans and those with
type 2 diabetes (3). However, how persistent aberrant ECM
remodeling is initiated by obesity remains poorly understood.
The major goal of this study is to identify the signaling mol-
ecules that modulate fat tissue ECM remodeling in obesity.
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Figure 1—Metformin treatment reduces body weight gain, decreases adiposity, and relieves excessive collagen deposition in WAT of
genetically obese ob/ob mice. A and B: Administration of metformin (250 mg/kg/day) for 4 weeks causes a moderate but significant body
weight loss in ob/ob mice. Mice were divided into three groups: lean littermates (n = 15), ob/ob mice (n = 11), and ob/ob mice treated with
metformin (ob/ob + Metformin; n = 10). C and D: Body composition in the three groups of mice. E: Representative H-E staining of eWAT of
the mice. F: Average adipocyte areas of eWAT in H-E-stained sections, calculated using ImageJ software (National Institutes of Health,
Bethesda, MD). G: The bar graphs represent adipocyte size distribution in e WAT of three groups of mice (n = 5-6 mice per group; >500
cells counted per group). H and /: Representative images of Masson trichrome staining (collagen is shown as blue, nuclei as black, and
cytoplasm as red) and Sirius Red staining (collagen is shown as red) show the fibrotic structural characteristics in epididymal fat depots of
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Metformin is the first-line drug that treats obesity-
related type 2 diabetes (4,5). Our initial studies and others
indicate that the lipid-lowering effect of metformin is largely
attributable to the activation of AMPK, the energy sensor,
in hepatocytes (6-9). Furthermore, metformin can repress
de novo lipogenesis in hepatocytes by activating AMPK (10).
Although the adipose tissue acts as a target of AMPK and its
activator metformin (11-14), whether AMPK regulates adi-
pose tissue ECM homeostasis remains undefined.

We report here that the interplay of AMPK and
transforming growth factor (TGF)-B1 signaling is impli-
cated in pericellular fibrosis in the omental fat of obese
humans. Activation of AMPK by metformin suppresses
TGF-B1/Smad3 signaling, resolves the interstitial accu-
mulation of ECM in white adipose tissue (WAT), and
improves local and systemic insulin resistance in animals
with genetic and diet-induced obesity. Pharmacological
and molecular activation of AMPK inhibits collagen in-
duction, lysyl oxidase (LOX)-related collagen cross-linking,
myofibroblast-like cell differentiation, and adipocyte apo-
ptosis and insulin resistance upon TGF-B1 treatment in
vitro. Targeting adipose tissue ECM may benefit adipose
and whole-body insulin resistance in obesity.

RESEARCH DESIGN AND METHODS

Animal Studies

Male 8- to 10-week-old ob/ob C57BL/6 mice, as well as
their lean littermates and wild-type mice, were purchased
from The Jackson Laboratory (Bar Harbor, ME). All animal
experiments were approved by the Institutional Animal
Care and Use Committee at Boston University School of
Medicine.

Primary Cell Culture from the Stromal Vascular
Fraction of Adipose Tissue

Stromal vascular fraction (SVF) cells in epididymal fat
depots from male C57BL/6 mice were isolated and cultured
as described previously (15,16).

Human Studies

Omental adipose tissue samples were collected from obese
patients (BMI 28.7 = 1.4 kg/rnZ) and age-matched normal-
weight individuals (BMI 19.8 = 1.5 kg/mz). The ethics com-
mittee of the First Affiliated Hospital of Chongging Medical

Luo and Associates 2297

University in China approved the study (IRB#15-39). Subjects
gave written informed consent after individual explanation.

Statistical Analysis

Data are presented as mean * SEM. Using GraphPad
Prism 5.0 software, results were analyzed by one-way
ANOVA (between multiple groups), when appropriate,
and by a two-tailed Student t test (between two groups),
as described previously (6,8,10,17-20). P < 0.05 was con-
sidered statistically significant.

RESULTS

Metformin Reduces Adiposity, Alleviates Excessive
Collagen Deposition in WAT, and Ameliorates
Whole-Body Insulin Resistance in Genetically

Obese ob/ob Mice

As shown in Fig. 1, body weight gain was moderately but
significantly reduced in metformin-treated ob/ob mice, as
was seen in early studies (21). While lean mass was un-
affected by metformin, the weight loss was mainly attrib-
uted to a 14% decrease in the fat mass of ob/ob mice,
consistent with a moderate weight loss and fat mass re-
duction in patients with type 2 diabetes after metformin
treatment (14,22,23). Histologically, hematoxylin-eosin
(H-E) staining showed that metformin lessened features
of hypertrophic adipocytes in epididymal WAT (eWAT) of
ob/ob mice, with a switch toward smaller adipocytes. Mas-
son trichrome staining showed an approximately sevenfold
increase in collagen deposition and distinct distribution
patterns of interstitial collagen in eWAT of ob/ob mice,
in which fibrous regions appeared denser and thicker and
gave rise to a larger lobe or a lobule-like structure. Sirius
Red staining further confirmed that collagen fibers were
mainly organized in fibrotic bundles surrounding adipo-
cytes in ob/ob mice. Strikingly, abnormal collagen deposi-
tion was reduced approximately 50% in metformin-treated
ob/ob mice. Quantification of hydroxyproline concentra-
tions is considered an accurate indicator of tissue collagen
content (24-26). An increase in hydroxyproline content in
the eWAT of ob/ob mice was also reduced by metformin,
reaching a concentration comparable with that of lean
mice. Thus metformin protects against adiposity and pro-
nounced ECM remodeling caused by obesity.

obese mice. Collagen fibers were organized in bundles of various thicknesses. Thinner collagen fibrils were also seen in the interstitial
space between adipocytes, demonstrating pericellular fibrosis in fat depots. Thicker collagen fibers surrounding hypertrophic adipocytes
were located in macrophage-abundant areas (blue arrows) in the stromal space of ob/ob mice. Notably, interstitial deposition of collagen
fibrils around adipocytes was also evident in non-macrophage-rich regions (green arrows) of ob/ob mice. Original magnification X10 and
X20. J and K: The bar graphs represent relatively positive-stained areas of the total tissue areas, calculated by Imaged software (National
Institutes of Health). L: Hydroxyproline content of epididymal fat, an indicator of total collagen content. M: Metformin lowers fasting blood
glucose concentrations in ob/ob mice. N: Areas of collagen-positive staining in WAT are correlated with fasting glucose concentrations
in ob/ob mice treated or untreated with metformin (R? = 0.6323; P = 0.0007). O: Glucose tolerance tests (GTTs) (glucose 2 g/kg in-
traperitoneally) in mice following a 16-h fast. P: Areas under the curve (AUC) for GTTs were estimated by summing the numerical integration
values of successive linear segments of the glucose disposal curve above baseline glucose (n = 7-8). Q: Insulin tolerance tests (ITTs)
(insulin 0.75 units/kg intraperitoneally) in mice following a 6-h fast. R: Summed ITT results from Q (n = 5-6). The data are presented as
mean * SEM (n = 7). *P < 0.05 vs. control mice; #P < 0.05 vs. ob/ob mice.
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Figure 2—Metformin administration ameliorates abnormal synthesis and degradation of ECM components in WAT of ob/ob mice. A: The
transcription of fibrogenic genes encoding Col1a1, Col3a1, Col6a3, fibronectin, and the collagen cross-linking enzyme LOX in epididymal
fat are induced in ob/ob mice and suppressed by metformin. B and C: The mRNA levels of MMP-2, MMP-9, MMP-13, and MMP-14, as well
as TIMP-1, TIMP-2, and TIMP-3, in eWAT of three groups of mice are measured by quantitative RT-PCR. D-I: Identification of possible
ECM regulators involved in fat fibrosis. Representative immunohistochemical staining and immunoblots for MMP-9 (D-F) and TIMP-1 (G-/)
are shown. Positive immunostaining appeared a brown color, similar to a collagen distribution pattern in fat depots. Notably, positive
staining for MMP-9 and TIMP-1 was visualized mainly in some of adipocytes (red arrows) and other cells (blue arrows) in the stromal space
of ob/ob mice. The induction of MMP-9 and TIMP-1 was decreased in metformin-treated mice (ob/ob + Metformin). The minimal staining
was noted in lean littermates. There was no detectable staining with a nonspecific IgG isotype control in the adjacent adipose tissue
sections (data not shown), indicating the specificity of MMP-9 and TIMP-1 staining. Original magnification X20 and X40. The bar graphs
represent relatively positive-stained areas of the total tissue areas. The data are presented as mean = SEM (n = 7). *P < 0.05 vs. lean mice;
#P < 0.05 vs. ob/ob mice.
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Figure 3—Metformin treatment inhibits abnormal interstitial deposition of collagens in WAT of a mouse model of HFHS diet-induced obesity.
Mice were fed a normal chow diet (ND; n = 7), an HFHS diet (n = 7), or an HFHS diet supplemented with metformin (HFHS + Metformin; n = 7).
Metformin-treated mice were initially fed an HFHS diet for 8 weeks, followed by HFHS feeding plus metformin treatment (250 mg/kg/day) for an
additional 4 weeks. A and B: Representative H-E staining of eWAT and iWAT. C and D: Representative Masson trichrome staining of e WAT (C)
and iWAT (D). Notably, interstitial deposition of collagen fibrils around adipocytes was evident in both macrophage-rich (blue arrows) and non-
macrophage—rich regions (green arrows). E: Representative immunofluorescent staining for LOX (red) and nuclear staining with DAPI (blue).
Notably, immunostaining for LOX displayed a pattemn similar to the collagen distribution of obese mice (green arrows). Original magnification
X10 or X20. F: Administration of metformin reduces adiposity in C57BL/6 mice fed the HFHS diet. The average adipocyte areas of eWAT were
measured. G: The bar graph represents the positive-stained areas relative to total tissue areas (data are mean = SEM; n = 7). H: Analysis of
hydroxyproline content in epididymal fat depots. /: Metformin lowers fasting blood glucose concentrations in HFHS-fed mice. J: Hydroxyproline
concentrations in eWAT are correlated with fasting blood glucose concentrations in ob/ob mice treated with or without metformin (R = 0.5911;
P =0.0035). K: Metformin inhibits the expression of fibrogenic genes including Col1al, Col3a1, Col6a3, fibronectin, and LOX in eWAT and iWAT of
HFHS-fed mice. L and M: Metformin suppresses the induction of fibrogenic regulators in e WAT and iWAT of obese mice (data are mean = SEM,;
n =5-6). *P < 0.05 vs. normal chow diet mice; #P < 0.05 vs. HFHS-fed mice.




2300

Antifibrotic Role of AMPK in Adipose Tissue

Diabetes Volume 65, August 2016

A ob/ob ob/ob C 140 #
Lean oblob +Metformin Lean ob/ob +Metformin _ # 12
% E 80 8 :°~ 100
. £ * I E s
[ PAMPK | s & “= = |PACC [z == - == 28w 33 u *
= SR 4 T2 .
2L 2
v amPio [ ACC|AMe spam 2 am o 3
Lean ob/ob ob/ob N Lean ob/ob ob/ob
+Metformin +Metformin
E F 1501 8 SWAT H w® eWAT : iWAT
HFHS G % e :
ND  HFHS +Metforming 5 1. # Gs 38 i
3t 5 %, & |
= [PAMPK | s ——| £ 5 * GE" 4 OF ; *
< £ - a3 e # #
[~ et = i 2: ]
G| AMPK | o s o s s S i 3 |l| : MM I
ND HFHS HFHS Lean oblob oblob ND HFHS HFHS ND HFHS HFHS
+Metformin *MElfquIiﬂ +Metformin +Metformin
5 3.0
Lean ob/ob  obl/ob + Metformin J Eﬁ = * g . *
o i - ; ‘/ r Y o & 10 o 8 "
- O ‘4 Tal P i g2 g 2220 .
g : by £ : 7 g F 25 15
0 e\ L 5 54 I o as
w I N oB% 5% 5 =510
o e E - o s k-] ‘:
(=g | g >~ A &= B2 05
f e -~ = g |
20X o ¥ L N o o
S Lean oblob ob,'ob_ Lean oblob obi/ob
oblob ob/ob + Metformin *Metformin +Matformin
- — M HFHS
/_b\-" = S ND HFHS +Metformin
e AN\
wil’ S = pSmad3 [ — ——
‘“’ - Z|poma — .y
A r &# A/ = -
40%’T ‘ - JP‘V ﬂ o el o — -
1 P e ! Smad3 — - — ——
K Lean ob/ob  oblob + Metformin
o ; - [pSmad3 -, - .-
2 s
E | Smad3| DS e e o -
(7]
o . N 400 eWAT
*
% 5 0
a £ #
|- 3 § 200
- B
i @ ~— 100
l‘ ND HFHS HFHS
N +Metformin
0% P i % R Z  s00 eWAT
@ g *
O Lean ob/ob  obl/ob + Metformin § o525 g_"
RN e @ : ag220 s £ 400
? { ¥~ Seok 4 250
- GIJ ) | g 3 s 1.5 28
gg - o \/46’. B8535 10 Sizno #
32 ' X N 2% 205 = £ o |—'=-I r':l
— \_~ \ ©
o8 A RN} o
o a Lean oblob oblob ND HFHS HFHS
20X - S +Metformin +Metformin
ob/ob ob/ob + Metformin Q HFHS
= 7 ND HFHS +Metformin
s P A \
i ,L Y Ay |  Cleaved r—
j - <« | Caspase-3
) PP 4 =
~" >l N - - O GAPDH|" e s s S s—
40% - |

Figure 4—Metformin stimulates AMPK activity and inhibits TGF-31/Smad3 signaling in WAT of obese mice. A-D: The phosphorylation of
AMPK and its downstream target, ACC, is decreased in epididymal fat depots of ob/ob mice, and this impairment is restored by metformin.
The data are presented as mean = SEM (n = 5-7). *P < 0.05 vs. control mice; #P < 0.05 vs. obese mice. E and F: The phosphorylation
of AMPK is stimulated in the eWAT of metformin-treated obese mice. G and H: The induction of TGF-1 is suppressed in eWAT or iWAT of
metformin-treated mice either on an ob/ob background or fed an HFHS diet. / and J: Representative immunohistochemical staining of
epididymal fat sections for TGF-B1. Strong staining for TGF-B1 was visualized mainly in adipocytes (red arrows) and other cells (blue
arrows) in the WAT of ob/ob mice, and this elevation was inhibited by metformin. K-N: Metformin reduces the increase of phosphorylated
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To determine the effect of metformin on systemic
glucose homeostasis, glucose tolerance tests showed that
glucose clearance was significantly enhanced by metformin
compared with ob/ob mice. Insulin tolerance tests also
showed that systemic insulin sensitivity was increased by
metformin. Integrated glucose concentrations, as calculated
by the area under the curve were consistently significantly
decreased. Likewise, fasting blood glucose concentrations
were reduced ~30% by metformin. A positive correlation
between fat collagen content and fasting blood glucose was
observed in ob/ob mice treated or untreated with metfor-
min ( = 0.6323; P < 0.01) (Fig. 1M-R).

Metformin Inhibits Aberrant Synthesis and

Degradation of ECM in WAT of ob/ob Mice

To elucidate the mechanisms by which metformin attenuates
pericellular fibrosis, we measured mRNA expression of collagen
type I (Collal), type III (Col3al), and type VI (Col6a3), all of
which were shown to be highly expressed in obese adipose
tissue (2). As shown in Fig. 24, these collagens were increased
five- to sevenfold in ob/ob mice, despite the basal level of
Col6a3 being much higher than that of Collal and Col3al
in lean mice, as described previously (2). By contrast, over-
expression of these collagens was attenuated ~50% by
metformin. Among major fibrogenic genes, expression of
fibronectin, a functional integrin ligand, was also stimu-
lated by obesity and was downregulated by metformin.
LOX, a copper-dependent amine oxidase that catalyzes
the covalent cross-linking of fibers through posttransla-
tional modification of collagens, is essential for the cross-
linking of collagen fibrils and fibers and the modification of
biochemical and mechanical properties of the ECM (27).
The antifibrotic effect of metformin was also evidenced by
downregulation of fat LOX in ob/ob mice.

The development of tissue fibrosis occurs as a conse-
quence of the dysregulation of matrix metalloproteinases
(MMPs) and tissue inhibitors of MMPs (TIMPs) (28-31).
To test the hypothesis that fat collagen deposition might
be suppressed by metformin through altered matrix deg-
radation, mRNA levels of MMP-2, MMP-9, MMP-13, and
MT1-MMP (MMP-14), which are predominantly upregulated
in obese adipose tissue (32), were assessed by quantitative
RT-PCR. As shown in Fig. 2B-I, expression of different MMPs
was induced 5- to 10-fold in eWAT of ob/ob mice, suggesting
that the perturbation of the normal fat ECM structure and/or
its replacement with newly synthesized ECM may act as a driver
to promote a metabolically unfavorable fat microenvironment.
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Interestingly, the induction of MMP-9 and TIMP-1 by obesity
was reduced ~60% by metformin. The protein expression
and distribution of MMP-9 and TIMP-1, as assessed
by immunohistochemical and immunoblotting analyses,
were also reduced. No significant changes in TIMP-2 and
TIMP-3 were evident among the three groups. Collec-
tively, metformin may inhibit abnormal ECM synthesis
and degradation in fat tissue, reduce LOX-related collagen
cross-linking, and consequently provoke a favorable ECM
flexibility.

Metformin Suppresses Aberrant ECM Remodeling in
WAT of Diet-Induced Obese Mice

To better understand the potential effect of metformin on
fat ECM remodeling process in obesity, we expanded our
studies to a diet-induced obesity animal model. As shown
in Fig. 3, hypertrophic adipocytes in epididymal and in-
guinal fat of mice with high fat/high sucrose (HFHS)-
induced obesity were significantly reduced by metformin.
Masson trichrome staining revealed that the collagen fibers
surrounding adipocytes were increased seven- and three-
fold in the eWAT and inguinal WAT (iWAT) of HFHS-fed
mice, respectively. To our surprise, the abundance of col-
lagen deposition had a distinct feature between fat depots
of obese mice: higher amounts were found in eWAT and
much lower amounts in iWAT. Since the basal expression
levels of Collal, Col6a3, and fibronectin in epididymal
fat, a visceral fat associated with metabolic disease, were
approximately fivefold higher than those in subcutaneous
fat, it may reflect a depot-specific effect of fat fibrosis. The
excessive collagen deposition of eWAT, as assessed histo-
logically and biochemically by hydroxyproline content,
was significantly reduced by metformin. The beneficial
effect of metformin on interstitial fibrosis was also evi-
denced by reduced fibrogenic gene expression and concur-
rently inhibited ECM regulators such as MMP-2, MMP-9,
MMP-14, and TIMP-1. The modulation of ECM components
also occurred in the iWAT of metformin-treated mice. De-
creased hydroxyproline concentrations in eWAT were posi-
tively correlated with lowered fasting glucose concentrations
in metformin-treated HFHS-fed mice (/> = 0.5911; P < 0.01).
Thus, metformin benefits both moderate obesity in HFHS-
fed mice and severe obesity in leptin-deficient ob/ob mice.

Metformin Stimulates AMPK Activity and Inhibits
TGF-p1 Signaling in WAT of Obese Mice

As shown in Fig. 4, phosphorylation of AMPK at Thr172,
required for AMPK activation (33), declined ~50% in

Smad3 in eWAT and iWAT of HFHS-fed mice. Representative immunohistochemical staining of epididymal fat sections and immunoblots
for phosphorylation of Smad3 and its nuclear translocation in ob/ob mice. O and P: Metformin reduces dead adipocytes in ob/ob mice.
Adipocytes of lean mice were not immunoreactive for cleaved caspase-3, an apoptotic marker, whereas more dead adipocytes (red arrows)
surrounded by crown-like structure (blue arrows) in obese mice are immunoreactive for cleaved caspase-3. There was no detectable
staining with a nonspecific IgG isotype control in adipose tissue sections (data not shown), indicating the specific staining for TGF-31
expression, Smad3 phosphorylation, and cleaved caspase-3. Original magnification X20 and xX40. Q and R: Metformin reduces cleaved
casepase-3 levels in eWAT of HFHS-fed mice. The data are presented as the mean = SEM (n = 7). *P < 0.05 vs. control mice; #P < 0.05 vs.

obese mice.
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Figure 5—Pericellular fibrosis in the visceral adipose tissue of obese humans with abnormal ECM accumulation and dead adipocytes is
associated with AMPK suppression and TGF-B1 induction. A: Representative H-E staining of omental fat depots in age-matched normal-
weight subjects (n = 10) and obese subjects (n = 8). B: Masson trichrome staining shows minimal staining of collagen fibers in control
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arrows) in the ECM surrounding hypertrophic adipocytes were observed i
polarized light microscopy, demonstrating type | and type Il collagen

n obese subjects. Sirius Red staining could also be visualized by
fibers present in bundles of fibrosis (light blue arrows). D and
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eWAT of both ob/ob mice and HFHS-fed mice, and the
impairment was restored by metformin, returning to
nearly normal levels. Stimulation of fat AMPK activity
was further confirmed by concomitantly increased Ser79
phosphorylation of acetyl-CoA carboxylase (ACC), a well-
known substrate of AMPK, consistent with metformin-
induced AMPK in insulin-resistant cells (6,7,34) and in
the livers of diabetic mice (8,35).

The fibrogenic regulator TGF-3 binds to TGF-3 recep-
tors I and II and subsequently phosphorylates and acti-
vates downstream effectors (Smad2 and Smad3), which
translocate into the nucleus and transcriptionally activate
fibrogenic target genes (36-38). Because TGF-B1 is impli-
cated in the progression of liver and heart fibrosis (36-
38), we determined whether adipose tissue AMPK could
be functionally linked to the modulation of TGF-B1. In
agreement with elevated plasma TGF-B1 concentrations
in obese humans (39), mRNA amounts of TGF-B1 were
increased 5.0- and 3.4-fold in the eWAT of ob/ob mice
and HFHS-fed mice, respectively. Positive staining for
TGF-B1 was consistently highly elevated and located in
hypertrophic adipocytes and other cells in the stromal
space of ob/ob mice. Strong positive staining for Ser423/425
phosphorylation of Smad3, an indicator of TGF-B1 activ-
ity, was primarily located in nuclei of adipocytes and other
cells surrounding adipocytes, which overlapped on areas
of TGF-B1-positive cells. The induction of TGF-B1 expres-
sion and Smad3 phosphorylation were evident in eWAT
and iWAT of HFHS-fed mice. Conversely, TGF-B1 activity,
as determined by the phosphorylation and nuclear trans-
location of Smad3, was inhibited by metformin. Taken to-
gether, these data show that metformin activates AMPK,
inactivates TGF-B1/Smad3 signaling, and ameliorates fat
ECM accumulation in obesity.

MMP-mediated degradation of the ECM not only fa-
cilitates tissue remodeling but also generates bioactive
cleaved peptides and releases chemokines that promote
inflammation and apoptosis (31). The crown-like structure
positively stained by MAC-2, a lectin that is expressed by
activated macrophages (40), was dramatically increased in
ob/ob mice (Supplementary Fig. 3A and B). Accordingly, an
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apoptotic phenotype, as determined by cleaved caspase-3, a
key effector that executes the apoptotic program (41), was
predominantly located in adipocytes surrounded by crown-
like structures (Fig. 40 and P). Consistent with a decreased
fat inflammatory response in ob/ob mice lacking Col6a3
(2), the inflammatory response and adipocyte apoptotic
phenotypes in ob/ob mice were attenuated by metformin.
Interestingly, mRNA levels of proinflammatory cytokines,
including tumor necrosis factor-a, interleukin-1f, and
MCP-1, were downregulated ~60% by metformin (Sup-
plementary Fig. 3C). Taken together, these data show that
metformin decreases TGF-3/Smad3 signaling and relieves
continuous and progressive ECM remodeling in visceral ad-
ipose tissue in obesity, activities that are associated with
repressed macrophage recruitment and adipocyte apoptosis.

Aberrant ECM Deposition and Pericellular Fibrosis in
WAT of Obese Humans Are Associated With AMPK
Inhibition and TGF-B1 Induction

To gain direct evidence for the relationship among AMPK,
TGF-B1, and ECM components of fibrotic fat tissue in
obese humans, histological and pathological changes in
omental fat depots were characterized and compared be-
tween obese subjects (n = 8) and age-matched normal-
weight subjects (n = 10). As shown in Fig. 5, H-E staining
revealed that the pathologically expanded adipose tissue
had much larger adipocyte areas in obese subjects than in
control subjects. Masson trichrome and Sirius Red stain-
ings showed increased numbers of collagen fibers around
adipocytes of obese adipose tissue, with a higher percent-
age of fibrotic area, revealing fat fibrosis as a pathological
process that likely reduces tissue plasticity and function in
human obesity. Notably, pericellular fibrotic fat areas of
obese subjects were evident in both macrophage-rich and
non-macrophage-rich areas. As previously described (42),
immunofluorescent analysis showed increased collagen I
positive staining around adipocytes in visceral adipose tissue
from obese patients, but minimal staining was seen in
lean subjects. In agreement with increased fat LOX in
ob/ob mice (Fig. 24), LOX was upregulated in the omental
fat of obese humans. The distribution patterns of positive

E: Representative immunofluorescent staining for collagen | (D, red) and LOX (E, red) and nuclear staining with DAPI (blue). Notably,
immunostaining for collagen | displayed a pattern similar to LOX distribution in obese subjects (yellow arrows). F-I: Representative
immunostaining for fibrogenic regulators and components. Omental fat tissue sections shown were serial but not always consecutive.
Positive immunostaining appeared a brown color. The expression and distribution patterns of positive staining for TGF-p1 (F) and a-SMA
(G) were similar to those for MMP-9 (H) and TIMP-1 (/). Notably, immunostaining for TGF-B1 was located both in adipocytes (red arrows)
and in macrophage infiltration areas (blue arrows) in obese subjects. Immunostaining for «-SMA displayed the intense staining at sites of
adipose tissue damage/repair, indicating the proliferation and migration of activated myofibroblast-like cells into impaired adipocytes
for the secretion of excess ECM components. Immunostaining for MMP-9 and TIMP-1 also showed intense staining in the regions of
macrophage-rich areas and non-macrophage-rich areas, indicating that the different cell types may be involved in collagen deposition in
fibrotic adipose tissue. The minimal staining for fibrogenic regulators was present in fat depots of control subjects. J: Representative
positive immunostaining for cleaved caspase-3 in dead adipocytes (red arrows) and macrophage infiltration areas (blue arrows) in the
visceral WAT of obese subjects. There was no detectable staining with a nonspecific IgG isotype control in human adipose tissue sections
(data not shown). K: Positive staining for phosphorylated AMPK and total AMPK (green) is localized primarily in the adipocytes of control
subjects; the intensity of phosphorylated AMPK is less evident in obese subjects. Original magnification X20 and X40. L and M: The bar
graphs represent adipocyte size and positive-stained areas relative to total tissue areas (data are mean = SEM; n = 7). N: Fasting glucose
concentrations in control and obese subjects (data are mean + SEM; n = 8-10). *P < 0.05 vs. control subjects.
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Figure 6—Pharmacological activation of AMPK suppresses the transcription of TGF-B1-dependent fibrogenic genes in vitro. A and B: A
representative immunoblot (A) and densitometry quantification (B) of Smad3 phosphorylation. The cells of the SVF were isolated from
epididymal fat tissue of lean C57BL/6 mice. The cells were incubated for 24 h with TGF-B1 (2 ng/mL) in the absence or presence of different
AMPK activators, such as metformin (1 mmol/L) and AICAR (200 pmol/L). The phosphorylation levels of Smad3 were normalized to
endogenous Smad3 levels and are expressed as a percentage of those under untreated conditions. C-F: Metformin suppresses the
expression of fibrogenesis-related genes in response to TGF-B1. The mRNAs encoding fibrogenic components, including different types
of collagen (Col1a1, Col3a1, and Col6a3), fibronectin, and a-SMA, as well as the expression of major fibrogenic regulators such as MMP-2,
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staining for LOX were similar to those of collagen I positive
staining, indicating that the activation of LOX-mediated
collagen cross-linking may create an insoluble fibrotic
matrix of collagen fibers in omental fat depots. Further-
more, immunohistochemistry of adjacent fat sections
was conducted to analyze the expression and distribu-
tion of TGF-B1l and a-smooth muscle actin (SMA), a
well-recognized marker of myofibroblasts. TGF-B1-positive
cells were highly increased and primarily located in adi-
pocytes and other cell types in fibrotic adipose tissue of
obese subjects. Some of the inappropriately activated
a-SMA-positive myofibroblast-like cells were observed.
Strikingly, the distribution of TGF-B1l-positive cells was
overlapped by that of myofibroblast-like cells, suggest-
ing a possible role of TGF-B1 in the differentiation of
myofibroblast-like cells that were presumably derived
from resident fibroblasts and other cells. Moreover, the
expression and distribution of MMP-9- and TIMP-1-positive
cells were increased in obese subjects, suggesting that exces-
sive ECM degradation and remodeling may contribute to
the pathological destruction of the normal matrix struc-
ture of fat depots. Similarly, the accumulated ECM depo-
sition was associated with increased apoptotic adipocytes,
as reflected by increased staining for cleaved caspase-3. Sim-
ilar to inactivation of AMPK in obesity-induced insulin-
resistant mice (Fig. 4), phosphorylation of AMPK was
diminished in WAT of obese individuals without affect-
ing AMPKa. Fasting glucose concentrations were elevated
in obese subjects compared with controls. Collectively, sup-
pression of AMPK and overproduction of TGE-1 contrib-
ute to excessive fat ECM remodeling in obese patients,
characterized by collagen overproduction and deposition,
myofibroblast-like cell activation, and adipocyte apoptosis.

Pharmacological Activation of AMPK Inhibits TGF-p1-

Induced ECM Expression in Primary Murine SVF Cells

Adipose tissue, in addition to adipocytes, contains SVF
cells induding preadipocytes, fibroblasts, vascular cells, and
immune cells. Given the hyperactivation of adipose tissue
TGF-B1 in obese mice and humans (Figs. 4 and 5), primary
SVF cells isolated from epididymal fat pads of lean C57BL/6
mice were treated with TGE-B1 in an effort to develop an
in vitro model that mimics in vivo conditions of obesity-
induced fat fibrosis. As shown in Fig. 6A-I, mRNA amounts
of Collal, Col3al, and Col6a3 markedly increased six- to
eightfold over the basal level upon TGF-1 treatment. This
increase was paralleled by the increase of fibronectin and

Luo and Associates 2305

a-SMA. Like MMP-2, expression of MMP-9 was stimulated
over 10-fold by TGF-B1, and the induction closely corre-
lated with an increase of TIMP-1, but not TIMP-2. We
further determined whether AMPK regulates ECM homeosta-
sis in a cell-autonomous manner. Except the complete inhibi-
tion of Col6a3, the stimulation of fibrogenesis by TGF-31 was
reduced in a dose-dependent manner by metformin, to ~50%
the levels of TGF-B1-treated cells. In accord with the re-
pression of collagen synthesis, metformin had an inhibitory
effect on ECM degradation regulators (MMP-2, MMP-9, and
TIMP-1), consistent with the in vivo effect of metformin
(Fig. 2). AICAR, an analog of AMP that activates AMPK,
also reduced fibrogenic response to an extent similar to
that of metformin. A-769662, a specific activator of AMPK,
repressed the induction of collagen and TIMP-1 by TGF-31,
although to a lesser extent. Collectively, AMPK agonists
attenuate TGF-B1-induced fibrogenic response.

Metformin Inhibits TGF-B1 Activation of Myofibroblast-
Like Cells In Vitro

To identify a possible source of fibrogenic cells within
obese adipose tissue, the transformation of myofibroblast-
like cells derived from cell origins of the SVF population was
assessed upon TGF-B1 induction. As shown in Fig. 6J-L,
immunocytochemical analysis showed that in the absence
of TGF-B1, a-SMA-positive cells were negligible; exposure
to TGF-B1 led to an increase in a-SMA-positive cells. After
a 96-h incubation of TGF-B1, uniformly spindle-shaped
o-SMA-positive cells were greatly increased, presuming
that these cells are likely differentiated from resident fi-
broblasts and other cell populations in primary SVF cells.
Strikingly, the amounts of a-SMA-positive myofibroblast-
like cells were reduced by metformin. The reduction of a-SMA-
positive cells and collagen production also coincided with
the suppression of LOX. Therefore, metformin attenuates
the development of myofibroblast-like cells that constitute
a pool of collagen-producing cells in fibrotic adipose tissue.

A Constitutively Active Form of AMPK Is Sufficient

to Reduce TGF-B1-Activated Fibrogenesis in Primary
SVF Cells

To further characterize the role of AMPK in modulating
ECM homeostasis, primary adipose tissue SVF cells were
transduced with adenoviruses expressing control green
fluorescent protein or constitutively active AMPK (CA-
AMPK), a truncated mutation of AMPKal (ol [1-312]
T172D) that retains significant kinase activity without
requiring its interaction with - and +y-subunits (7).

MMP-9, TIMP-1, and TIMP-2, were analyzed by real-time PCR. G and H: AICAR represses the transcription of TGF-B1-dependent
fibrogenic genes in a dose-dependent manner. I: A-769662 inhibits the effect of TGF-B1 on fibrogenic genes. J: TGF-B1 induces the
transformation of myofibroblast-like cells in a time-dependent manner. Representative immunofluorescence images show a-SMA staining
(green) and nuclear staining with DAPI (blue) in cultured SVF cells. K: Treatment with metformin (1 mmol/L) for 24 h inhibits the trans-
formation of myofibroblast-like cells in the SVF cells exposed to TGF-B1. L: Treatment with metformin (1 mmol/L) and AICAR (200 p.mol/L)
for 24 h inhibits the induction of LOX in the SVF cells exposed to TGF-B1. Representative immunofluorescence images show LOX staining
(red) and nuclear staining with DAPI (blue). Data are presented as mean = SEM (n = 3-4). *P < 0.05 vs. untreated cells; #P < 0.05 vs.

TGF-B1-treated cells.
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TIMP-1 induction is abrogated by DN-AMPK. *P < 0.05 vs. TGF-B1-treated cells with GFP expression. M and N: The effect of metformin
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expression; #P < 0.05 vs. TGF-B1-treated cells with GFP expression.
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Figure 8—AMPK produces antifibrotic effects and protects against TGF-B1-induced insulin resistance in differentiated 3T3L1 adipocytes.
A-C: Metformin represses TGF-B1-induced signaling and cell apoptosis. 3T3-L1 adipocytes on day 10 of differentiation were incubated for
24 h with 2 ng/mL TGF-B1 in the absence or presence of metformin (1 mmol/L). Representative immunoblots (A) and quantification of
Smad3 phosphorylation (B) and cleaved caspase-3 (C) are shown. D: Overexpression of CA-AMPK is sufficient to suppress TGF-g1-
induced expression of fibrogenic genes and the collagen cross-linking enzyme LOX. Differentiated 3T3-L1 adipocytes were infected with
Ad-CA-AMPK or a control adenovirus (Ad—green fluorescent protein [Ad-GFP]) for 24 h and subsequently incubated with or without 2 ng/mL
TGF-B1 for additional 24 h. The mRNA levels of Col1al, Col6a3, TIMP-1, and LOX were determined by quantitative RT-PCR. The data are
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Overexpression of CA-AMPK enhanced AMPK activity, as de-
scribed previously (6,7,10). Like the metformin action (Fig.
6), overexpression of CA-AMPK effectively suppresses
phosphorylation of Smad3 and subsequently mitigates the
transcription of fibrogenic genes in response to TGF-1
(Fig. 7A-H).

Metformin and AICAR Suppress TGF-p1-Induced
Fibrogenic Response in an AMPK-Dependent Manner
in Primary SVF Cells

The results described above suggest that activation of
AMPXK, either through pharmacological or genetic means,
exerts an antifibrotic effect. To rigorously illustrate the
requirement of AMPK for metformin actions, an adeno-
virus expressing dominant-negative AMPK (DN-AMPK)
(6,7,10,34) was transduced into primary SVF cells. As
shown in Fig. 7I-N, metformin and AICAR prevented
TGF-B1-induced overproduction of collagens; their effects
were largely abolished by DN-AMPK. The inhibitory effect
of metformin and AICAR on MMP-9 and TIMP-1 was
almost completely diminished by DN-AMPK, highlighting
AMPK as a negative regulator of fibrogenesis. The data
demonstrate that metformin limits excess ECM accumu-
lation in response to TGF-B1 at least partially through
AMPK.

AMPK Reduces TGF-pB1/Smad3 Signaling and
Improves Insulin Sensitivity in Adipocytes

Because adipose tissue TGF-f1 is implicated in the path-
ogenesis of obesity-induced metabolic dysfunction in hu-
mans (39), we hypothesized that adipocytes might be
involved in this pathological process. To this end, differ-
entiated 3T3L1 adipocytes were treated with TGF-B1 in
the absence and presence of AMPK activators. As shown
in Fig. 8, metformin largely decreased TGF-B1-stimulated
phosphorylation of Smad3. Metformin-treated adipo-
cytes were also resistant to TGF-Bl-induced apoptosis,
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as evidenced by reduced cleaved caspase-3. Like SVF cells
(Fig. 7), CA-AMPK also blocked induction of fibrogenic
genes caused by TGF-B1 in 3T3-L1 adipocytes, suggesting
the effect of AMPK on fibrogenesis occurs in different
cells of adipose tissue. Furthermore, TGF-B1 suppressed
insulin-induced phosphorylation of Akt in adipocytes,
suggesting a causal relationship between the reduction
of WAT fibrosis and insulin resistance in response to
metformin. Conversely, metformin or AICAR had similar
effects to attenuate TGF-B1-induced insulin resistance. As
an independent assessment of insulin sensitivity, insulin-
mediated suppression of basal- or isoproterenol-stimulated
lipolysis was measured by assessing glycerol release from
3T3-L1 adipocytes. TGF-B1 largely abolished insulin re-
sponsiveness, representing a state of insulin resistance in
3T3-L1 adipocytes. Cotreatment with AMPK activators re-
stored the ability of insulin to inhibit lipolysis in adipocytes
exposed to TGF-B1. Additionally, the ability of metformin
to enhance insulin action was recapitulated by CA-AMPK.
Impaired phosphorylation of Akt in eWAT of ob/ob mice
was consistently substantially counteracted by metformin
(Fig. 4). Thus AMPK seems to inhibit TGF-B1 activity and
enhance insulin sensitivity in adipocytes.

DISCUSSION

This study provides the first biochemical evidence that
metformin suppresses the TGF-B1-induced fibrogenic re-
sponse at least partially through AMPK in vitro, which
may explain the beneficial effects of metformin on fat fi-
brosis and systemic insulin resistance in obesity in vivo
(Fig. 8K). In visceral WAT of obese humans, suppression
of AMPK and activation of TGF-B1/Smad3 contribute to
persistent and aberrant ECM remodeling, characterized
by excess collagen synthesis and deposition, LOX-related
collagen cross-linking, SMA-positive myofibroblast-like

expressed as the fold change over the basal level (mean = SEM; n = 3-4). *P < 0.05 vs. untreated cells; #P < 0.05 vs. TGF-B1-treated cells.
E and F: Pharmacological activation of AMPK rescues TGF-B1-induced insulin resistance. Differentiated 3T3-L1 adipocytes were pre-
treated for 24 h with 2 ng/mL TGF-B1 in the absence or presence of metformin (1 mmol/L) or AICAR (200 pmol/L). Cells were quiesced in
serum-free DMEM for 5 h and subsequently stimulated with 25 nmol/L insulin for 10 min. The levels of Akt phosphorylation were normalized
to those of endogenous Akt and expressed as the fold change over the basal level (mean = SEM; n = 3). *P < 0.05 vs. untreated group;
#P < 0.05 vs. insulin stimulation group; $P < 0.05, TGF-B1 treatment and insulin stimulation group. G: AMPK prevents TGF-B1-induced
impairment of insulin action in adipocytes. Differentiated 3T3-L1 adipocytes were pretreated for 24 h with 2 ng/mL TGF-B1 in the absence
or presence of metformin (1 mmol/L) or AICAR (200 pmol/L). Cells were serum-starved for 2 h in DMEM containing 0.2% BSA and
subsequently incubated in nutrient-free Krebs-Ringer phosphate buffer containing 4% fatty-acid-free BSA for an additional 2 h in the
presence or absence of 1 umol/L isoproterenol and/or 25 nmol/L insulin, as indicated. Glycerol concentrations in medium aliquots were
measured and normalized to protein concentrations in whole-cell lysates (data are mean = SEM; n = 4). *P < 0.05 vs. untreated group;
#P < 0.05 vs. isoproterenol stimulation group; ##P < 0.05 vs. isoproterenol plus insulin—treated group; $P < 0.05 vs. TGF-B1-pretreated
and isoproterenol plus insulin—treated group. H: Overexpression of CA-AMPK is sufficient to restore insulin sensitivity in TGF-B1-treated
adipocytes. Differentiated 3T3-L1 adipocytes were infected with Ad-CA-AMPK or Ad-GFP for 24 h. Cells were pretreated with 2 ng/mL
TGF-B1 for 24 h and subjected to a glycerol release assay with 1 wmol/L isoproterenol in the absence or presence of 25 nmol/L insulin, as
indicated. *P < 0.05 vs. isoproterenol stimulation group; #P < 0.05 vs. isoproterenol plus insulin—treated group; $P < 0.05 vs. TGF-B1-
pretreated and isoproterenol plus insulin—treated group. / and J: Metformin enhances insulin signaling in eWAT of ob/ob mice, as reflected
by the increased phosphorylation of Akt. *P < 0.05 vs. lean mice; #P < 0.05 vs. ob/ob mice. K: The proposed mechanism for the beneficial
effect of AMPK and its activator metformin on adipose tissue fibrosis, a hallmark of metabolically challenged adipose tissue in obesity.
Adipose tissue fibrosis is characterized by pathologically uncontrolled accumulation of ECM, induction of collagen cross-linking, activation
of myofibroblasts, and adipocyte insulin resistance and death in human obesity. AMPK inhibition in adipose tissue is likely linked to TGF-
B1-dependent fibrogenesis and ECM remodeling in obesity. Therapeutically, AMPK activation by metformin suppresses TGF-1-activated
fibrogenesis in adipocytes and other related cells, which in turn resolves adipose tissue fibrosis and dysfunction and improves local and
systemic insulin resistance caused by obesity.
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cell activation, adipocyte death, and macrophage recruit-
ment. In mice with genetic and diet-induced obesity, met-
formin stimulates AMPK, reduces TGF-B1 induction and
periadipocyte fibrosis, and improves local and systemic in-
sulin resistance. Pharmacological and molecular activation
of AMPK effectively inhibit TGF-31-dependent fibrogene-
sis and enhance insulin sensitivity in vitro.

Concomitant Dysregulation of AMPK and TGF-1/
Smad3 Signaling Contributes to Excessive ECM
Remodeling in WAT of Obese Humans and Animals
The most important implication of this study is the char-
acterization of a previously unrecognized role of AMPK on
omental adipose fibrogenesis in obese humans. Pathological
changes include insoluble fibrotic matrix of collagen fibers
with activation of LOX-mediated collagen cross-linking and
an increase in SMA-positive cells and apoptotic adipocytes
close to the fibrotic bundle. Studies by Xu et al. (13) also
indicate that defective AMPK in visceral adipose tissue cor-
relates with insulin resistance in morbidly obese patients.
Increased fat mass and collagen deposition, as assessed by
trichrome staining, hydroxyproline content, and fibrogenic
gene expression, are likely attributable to AMPK inhibition
in ob/ob mice, as AMPKal- and AMPKa2-deficient mice
exhibit adiposity and metabolic dysfunction in their adipose
tissues (43). Expounding on previous observations that el-
evated plasma TGF-B1 correlates with adiposity in obese
patients (39), this study reveals that TGF-B1 hyperactiva-
tion may contribute to the initiation of ECM remodeling in
WAT of obese mice and humans. It is worth noting that
ob/ob mice develop less fibrosis in response to chronic toxic
liver injury than wild-type mice (44). Further research is
required to understand the tissue-specific role of leptin
in regulating ECM homeostasis. Since TGF-B1-positive
staining was evident in both macrophage-infiltrated
areas and non-macrophage-rich areas in WAT of ob/ob
mice, we cannot exclude a secondary effect of fat inflam-
mation on fat fibrosis, However, our in vitro studies de-
lineate that TGF-B1l acts to induce adipocyte insulin
resistance and stimulate myofibroblast-like cells, a major
source of excessive ECM production, which is widely
shared by the pathogenesis of liver fibrosis (29,30). These
studies support the proposed modeling: the dysregulation
of AMPK and TGF-B1 plays a causal role in promoting
pathologically uncontrolled adipose tissue expansion and
insulin resistance. Future studies are required to eludi-
date the precise role of each SVF cell type in fibrotic fat
tissue.

Metformin Treatment: A Potential Applicant to Improve
Adipose Fibrosis and Dysfunction in Obesity

While metformin has been the mainstay of antidiabetic
therapy for over 50 years (4,5), its underlying mechanisms
are not well defined. One major finding of this study is the
identification of a novel function of metformin—a switch of
visceral fat to subcutaneous fat properties—that is, de-
creased fibrogenic and inflammatory responses—which
mirrors antifibrotic phenotypes in ob/ob mice lacking Col6a3
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(2). Fibrogenic cell phenotypes (e.g., TGF-f1/Smad3 stim-
ulation, LOX induction, a-SMA expression, and collagen
induction in obese fat) are reduced by metformin. Since
DN-AMPK abolishes the antifibrotic effect of metformin
in SVF cells, metformin represses TGF-B1-induced fibro-
genesis in vitro via an AMPK-dependent mechanism. De-
creased fat fibrosis and lowered fasting blood glucose
concentrations are highly correlated in metformin-treated
mice. Metabolic improvements in metformin-treated mice
may be a secondary consequence of reduced fat mass and
inflammation. Fibrosis also negatively affects human adi-
pocyte function via mechanosensitive molecules involving
connective tissue growth factor and the mechanosensitive
transcriptional complex YAP/TEAD (42). Further studies
will investigate whether connective tissue growth factor
and YAP are involved in the role of metformin in limiting
fat fibrogenesis in human obesity. Therapeutically, activat-
ing AMPK by metformin may ameliorate pericellular fibro-
sis of WAT, systemic metabolic dysregulation, and insulin
resistance. Future studies will explore whether AMPK-
targeting agents such as metformin can be used to de-
sign new clinical trials to improve the health of patients
with obesity or other fibrotic diseases.

In conclusion, the convergence of AMPK inhibition and
TGF-B1/Smad3 activation may contribute to the develop-
ment of WAT fibrosis and insulin resistance, leading to
the unfavorable metabolic microenvironment in obese hu-
mans. Targeting AMPK represents a potential therapeutic
approach to combat adipose tissue fibrosis and metabolic
dysfunction associated with obesity.
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