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ABSTRACT Fibrosis is recognized as the major pathological change in adipose tis-
sue during the development of obesity. However, the detailed mechanisms govern-
ing the interactions between the fibrotic components and their modifiers remain
largely unclear. Here, we reported that matrix metalloproteinase 14 (MMP14), a key
pericellular collagenase, is dramatically upregulated in obese adipose tissue. We gen-
erated a doxycycline-inducible adipose tissue-specific MMP14 overexpression model
to study its regulatory function. We found that overexpression of MMP14 in the es-
tablished obese adipose tissue leads to enlarged adipocytes and increased body
weights in transgenic mice. Furthermore, the mice exhibited decreased energy ex-
penditure, impaired lipid metabolism, and insulin resistance. Mechanistically, we
found that MMP14 digests collagen 6�3 to produce endotrophin, a potent costimu-
lator of fibrosis and inflammation. Unexpectedly, when overexpressing MMP14 in the
early-stage obese adipose tissue, the transgenic mice showed a healthier metabolic
profile, including ameliorated fibrosis and inflammation, as well as improved lipid
and glucose metabolism. This unique metabolic phenotype is likely due to diges-
tion/modification of the dense adipose tissue extracellular matrix by MMP14, thereby
releasing the mechanical stress to allow for its healthy expansion. Understanding
these dichotomous impacts of MMP14 provides novel insights into strategies to
treat obesity-related metabolic disorders.
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Obesity has become a worldwide threat to public health. It has been associated with
many other chronic metabolic diseases, such as cardiovascular diseases (CVD),

type 2 diabetes, and certain types of cancer (1). Over the past few decades, the central
role of adipose tissue in the development of obesity-associated metabolic dysfunction
has been recognized (2–4). As such, it is widely accepted that dysfunctional adipose
tissue per se can lead to systemic insulin resistance and other metabolic disorders (2).

However, not all adipose tissue expansion is necessarily associated with pathological
changes (1). The concept of a “metabolically healthy obese” state suggests that
“healthy” adipose tissue bypasses the pathological steps and thus preserves systemic
insulin sensitivity. To illustrate this, we recently reported that vascular endothelial
growth factor A (VEGF-A)-induced stimulation of angiogenesis in adipose tissues im-
proves vascularization and exerts protective effects against high-fat-diet-mediated
metabolic insults (5). Intriguingly, we and others further demonstrated that the con-
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sequences of modulation of angiogenic activity are dichotomous and context depen-
dent: proangiogenic activity during adipose tissue expansion at early stage of obesity
development is beneficial, whereas the same action in the context of “unhealthy”
expansion in the established obese adipose tissue leads to metabolic dysfunction (5–9).
In addition to VEGF-A, we hypothesize there may be other players involved in the
regulation in adipose tissues that exert dichotomous effects on the expanding fat mass.

A key step during the progression of adipose tissue from the lean to the obese state
is the development of hypoxia due to the inability of vascular bed to keep pace with
the rapid tissue expansion (10–13). Hypoxic adipose tissue has unique alterations that
contribute to its dysfunction. Among them, fibrosis is a key feature of metabolic
dysfunction in the tissue (1, 14, 15). Emerging evidence supports the notion that fibrosis
is a major player in adipose tissue dysfunction by decreasing extracellular matrix (ECM)
flexibility (15–21). Of note, abnormal collagen accumulation during ECM remodeling is
tightly associated with local inflammation in adipose tissue, which further leads to
systemic insulin resistance (21–25). Furthermore, proinflammatory factors and elevated
levels of free fatty acids produced by unhealthy adipose tissue further trigger an
elevated degree of lipotoxicity in other organs, such as the liver, the heart, and muscle
(26–29). Importantly, the fibrotic reaction in obese adipose tissue is efficiently pre-
vented by inhibition of hypoxia inducible factor 1� (HIF1�) using pharmacological and
genetic approaches. This also highlights that this pathological process can be reversed
(14).

Excessive collagen deposition is synonymous with fibrosis in adipose tissue (18).
Among all the collagen family members, collagen 6 (COL6) is the most abundant
microfilaments in adipose tissue (19, 30, 31). As a large collagenous glycoprotein, COL6
is composed of three chains: �1, �2, and �3. These three chains are assembled into
heterotetramers and secreted into the extracellular space, where they further associate
to form mature microfibrils (20). During the development of diet-induced obesity, COL6
is excessively deposited into the ECM. This stiff and inflexible matrix constitutes a
physical barrier against further adipose tissue expansion. The ensuing mechanical stress
ultimately leads to local and systemic metabolic dysregulation (10, 18). To illustrate this
further, mice lacking COL6 exhibit destabilized ECM and hence display reduced fibrosis
in adipose tissue (19). Interestingly, despite exhibiting overall larger adipocytes and
larger fat mass, the COL6 knockout mice on a high-fat diet (HFD) or with an ob/ob
background are metabolically healthier with improved insulin sensitivity (19).

The three chains (�1, �2, and �3) of COL6 are synthesized in the cytosol and form
oligomers with each other and are deposited into the extracellular compartment to
form ECM (19). Importantly, we recently discovered that the carboxy-terminal C5
domain of the �3 chain is proteolytically cleaved from the parental COL6 microfibrils
during the secretion process (20, 32, 33). The product of this cleavage step, named
endotrophin, is stable and has been found to be enriched not only in obese adipose
tissue but also in the circulation and urine of the patients with certain heart or kidney
conditions (34–36). Moreover, endotrophin is found at higher levels in human breast
cancer specimens (20, 30). As a newly identified small molecule with potent bioactivity,
the adverse effects of endotrophin in different tissues have been extensively studied.
Previously, we reported that endotrophin stimulates fibrosis and inflammation within
the preexisting obese adipose tissue. As a result, obese mice exhibit systemic insulin
resistance (37). Blocking endotrophin with a neutralizing antibody significantly ame-
liorates the metabolically adverse effects and reverses metabolic dysfunction caused by
HFD (37). Importantly, we discovered that endotrophin serves as a potent mediator to
promote malignant tumor progression (20). In the tumor tissue, endotrophin increases
fibrosis, angiogenesis and is a proinflammatory player via activating transforming
growth factor � (TGF-�) signaling (20). Most recently, a clinical study revealed that
circulating endotrophin is correlated with heart failure (34). Two other observations
indicate that urinary endotrophin is associated with development of end-stage renal
diseases and serum endotrophin levels correlate with increased mortality in chronic
kidney disease (35, 36). Collectively, these studies highlight endotrophin as a potential
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target from a therapeutic perspective in the context of metabolism and cancer (38–40).
However, the detailed mechanisms governing endotrophin’s biogenesis and the col-
lagenase(s) responsible for cleavage remain unclear.

Matrix metalloproteinases (MMPs) are a large family of endopeptidases that digest
ECM proteins in both physiological and pathological conditions (41, 42). There are 23
MMPs in human tissues, and they are divided into soluble-type MMPs and membrane-
bound-type MMPs (MT-MMPs) (43–45). While soluble-type MMPs are secreted and
diffused directly into the ECM, MT-MMPs are tethered to the plasma membrane and
exert their enzymatic function(s) at the cell surface (46). Among the family of MMPs,
MMP14, also known as MT-MMP1, is the predominant pericellular collagenase in
adipose tissue (47). Its mRNA levels are upregulated during obesity, along with many
other MMPs (48). Loss-of-function of MMP14 leads to impaired adipose tissue forma-
tion, eventually leading to severe lipodystrophy in mice (49). A genetic variant in the
human MMP14 gene has been found to be linked to obesity and diabetes (50).
Together, these findings demonstrate a key role of MMP14 in physiological/patholog-
ical remodeling of adipose tissue. The regulation profile of its collagenase activity and
its specific substrates in adipose tissue remain poorly defined (47).

In this study, we reported that MMP14 protein levels increase in both early- and
late-stage obese adipose tissue, and HIF1� is the transcriptional factor that modulates
its upregulation. Importantly, we identified COL6�3 as the substrate for MMP14. We
generated a doxycycline (Dox)-inducible adipose tissue-specific MMP14 overexpression
model to study its role in adipose tissue remodeling during obesity. We found that
when overexpressed, MMP14 in the preexisting (established) obese adipose tissue
digests COL6�3 within its C5 domain. MMP14 thereby produces endotrophin, which in
turn stimulates fibrosis and leads to macrophage accumulation in adipose tissue. As a
result, the transgenic mice exhibit adverse metabolic consequences. This includes
impaired glucose and lipid metabolism, decreased energy expenditure, and systemic
insulin resistance. Interestingly, when MMP14 is overexpressed in early-stage obese
adipose tissue, it prevents abnormal accumulation of fibrotic proteins and hence
promotes healthy expansion of fat pads. Our study thus suggests that MMP14 plays an
important but dichotomous role for adipose tissue expansion.

RESULTS
MMP14 is upregulated in adipose tissue of mice during different stages of

obesity. To investigate how the endogenous MMP14 in adipose tissue is regulated
during obesity, we challenged wild-type C57/BL6J mice with HFD for 5 and 18 weeks
and measured the MMP14 levels. The Western blotting result showed that MMP14
protein level is increased in epididymal white adipose tissues (eWAT) during HFD
feeding (Fig. 1A; quantitative measurement of Western blotting in Fig. 1B). Further-
more, Col6� level is also increased (Fig. 1A and B). The quantitative PCR (Q-PCR) results
further revealed that the mRNA level of Mmp14 and Col6� are upregulated in eWAT
upon HFD feeding (Fig. 1C). To rule out the effect of ageing during the study, we
compared the levels of MMP14 at the same time points upon HFD feeding. The Q-PCR
results showed that Mmp14 mRNA is upregulated in eWAT upon HFD feeding (Fig. 1D).
The Western blotting result further revealed that MMP1 protein level is also increased
(Fig. 1E; quantitative measurement in Fig. 1F). We then measured MMP14 levels after
long-term HFD feeding for 18 weeks. We found that both the expression level and the
protein level are increased in the eWAT (Fig. 1G and H; quantitative measurement of
Western blotting in Fig. 1I). Interestingly, the upregulation of Mmp14 is also observed
in eWAT of the genetically obese mice (ob/ob mice) (Fig. 1J), suggesting that obesity
itself, independent of whether it is induced by HFD or genetic factors, is sufficient to
lead to an elevation of MMP14 in adipose tissue.

MMP14 is upregulated by HIF1� in obese adipose tissue. Given that hypoxia is
the initial pathological change during the development of obesity (1), we next deter-
mined whether hypoxia inducible factor 1� (HIF1�) is involved in the regulation of
MMP14. Q-PCR analysis revealed that treatment with PX-478, a selective HIF1� inhibitor
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FIG 1 MMP14 is upregulated in adipose tissue of mice during different stages of obesity. (A) Western blotting of MMP14 and COL6 in the
eWAT of wild-type (WT) lean, 5-week, and 18-week HFD-fed mice (n � 4 per group, representative of three trials). (B) Quantification of the
band density for the Western blotting in panel A (n � 4 per group, one-way ANOVA; *, P � 0.05; **, P � 0.01). (C) Q-PCR analysis of Mmp14
and Col6a genes in the eWAT of WT lean, 5-week, and 18-week HFD-fed mice (n � 4 per group, one-way ANOVA; *, P � 0.05). (D) Q-PCR
analysis of Mmp14 gene in the eWAT of WT mice that were fed on regular chow diet or HFD for 5 weeks (n � 5 per group, Student t test;
*, P � 0.05). (E) Western blotting of MMP14 in the eWAT of WT mice that were fed regular chow diet or HFD for 5 weeks (n � 5 per group,
representative of three trials). (F) Quantification of the band density for the Western blotting in panel E (n � 5 per group, Student t test;
**, P � 0.01). (G) Q-PCR analysis of Mmp14 genes in the eWAT of WT mice that were fed on regular chow diet or HFD for 18 weeks (n � 6
per group, Student t test; *, P � 0.05). (H) Western blotting of MMP14 in the eWAT of WT mice that were fed on regular chow diet or HFD
for 18 weeks (n � 6 per group, representative of three trials). (I) Quantification of the band density for the Western blotting in panel H
(n � 6 per group, Student t test; *, P � 0.05). (J) Q-PCR analysis of the Mmp14 genes in the eWAT of ob/ob and their littermate lean control
mice (n � 6 per group, Student t test; **, P � 0.01).
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(14, 51–53) suppresses the upregulation of Mmp14 induced by HFD (Fig. 2A). Moreover,
MMP14 protein level increases upon CoCl2 treatment, a condition that mimics the
effects of hypoxia. Parallel treatment with PX-478 during CoCl2 exposure significantly
suppresses the MMP14 level (Fig. 2B; quantitative measurement in Fig. 2C). Together,
the results clearly suggest that HIF1� is involved in MMP14 regulation. Notably, when
searching the promoter region of Mmp14, we identified at least three sequences that
match the consensus motif for HIF1� response element (HRE; A/GCGTG) (Fig. 2D, top
diagram). To test whether HIF1� binds to these HREs, we performed a chromatin
immunoprecipitation (ChIP) assay with an anti-HIF1� antibody. The primers that rec-

FIG 2 MMP14 is upregulated by HIF1� in obese adipose tissue. (A) Q-PCR analysis of Mmp14 in the eWAT of WT mice that were fed on
regular chow diet, HFD, or HFD plus PX-478 (HIF1� inhibitor) for 5 weeks (n � 5 per group, one-way ANOVA; *, P � 0.05). (B) Western
blotting of MMP14 in PC3 cells treated with CoCl2 (100 �M) in the presence or absence of PX-478 (30 �M; representative of three trials).
(C) Quantification of the band density for the Western blotting in panel B (n � 3 per group, one-way ANOVA; *, P � 0.05; **, P � 0.01).
(D) Schematic diagram showing the three potential HIF response elements (HREs) in the 2,000 bp upstream sequence of the mouse
Mmp14 gene. Six pairs of ChIP primers were designed to probe the different regions containing the potential HREs. The sizes of predicted
products of ChIP-PCR assay are indicated at the end of each primer. (E) Semiquantitative PCR analysis of ChIP assay in hypoxia PC3 cells
using the primers indicated in panel D and the DNA templates immunoprecipitated by anti-HIF1� antibody or IgG (negative control). (F)
Q- PCR analysis of ChIP assay in the eWAT of lean, 5-week, and 18-week HFD-fed mice. The Q-PCR analysis was performed against the DNA
templates immunoprecipitated by anti-HIF1� antibody or IgG with the control and P6 primers as indicated in panel D. The data are
presented as the percentages of immunoprecipitation input for each sample (representative of three trials, n � 3 per group, one-way
ANOVA; **, P � 0.01). (G) Correlation analysis between MMP14 and HIF1A genes in the public breast tumor data set (n � 1110) using
genomics analysis and the visualization platform R2. The correlation coefficient r value and the significance P value were autocalculated
by the platform.
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ognize the HREs in the Mmp14 promoter region and the sizes of the products were
indicated (Fig. 2D, bottom diagram). The results revealed that HIF1� binds to all the
HREs with high affinity (Fig. 2E). To determine whether the bindings are regulated by
HFD feeding, we performed a quantitative ChIP assay with P6 and the tissue lysates
from the eWAT of HFD-fed mice. The Q-PCR results revealed more HIF1� bind to P6
upon HFD feeding for 5 and 13 weeks, while no bindings were detected by the control
primer (Fig. 2F). Our results demonstrate that HIF1� binds to Mmp14 promoter and
regulates its expression in response to HFD feeding.

Tumor-surrounded WAT has been revealed to be involved in breast cancer progres-
sion. Once the cancer cells become intermingled with adipocytes and other cells of
WAT, a cross talk ensues (54). Hypoxia induced ECM-associated factors have been
demonstrated to play an important role in breast cancer initiation and promotion (20).
We then sought to determine the correlation between HIF1� and MMP14 in tumor
samples of the breast cancer patients performing a Pearson correlation analysis on a
large data set of patients with breast cancer (https://hgserver1.amc.nl/cgi-bin/r2/main
.cgi). Interestingly, we found a correlation between HIF1A and MMP14 (n � 1110;
r � 0.586, P � 0.001) (Fig. 2G).

Inducible overexpression of MMP14 in established obese adipose tissue leads
to increased body weight, larger adipose tissues, and fatty liver. To study the
physiological/pathological function of MMP14 in adipose tissue, we generated a doxy-
cycline (Dox)-inducible adipocyte-specific MMP14 overexpression mouse model. We
bred the adiponectin-rtTA (Apn-rtTA) mice with tetracycline response element (TRE)-
driven MMP14 transgenic mice to generate the transgenic line (Apn-rtTA-TRE-Mmp14).
Offspring from the crossed mouse strains overexpresses titratable amounts of MMP14
in response to different doses of Dox. Of note, the TRE-Mmp14 mice also constitutively
overexpress tTS, which binds to TRE to prevent any potential for leaky expression. Upon
Dox treatment, rtTA efficiently replaces tTS to activate the overexpression of Mmp14
(Fig. 3A). By taking advantage of this transgenic model, we were able to study MMP14
in a physiological setting during different stages of obesity. To characterize the induc-
ible overexpression, the transgenic mice, along with their littermate controls, were fed
with regular chow diet containing 200 mg/kg Dox for 1 week, and then the overex-
pression levels of MMP14 in different tissues were detected. The level of transgene
Mmp14 was detected with a real-PCR primer that specifically recognizes Mmp14-Flag
transcripted from the TRE plasmid. The results showed that the overexpression of
Mmp14 was significantly induced in adipose tissues, especially in eWAT but not in other
tissues, such as the liver in the transgenic mice. No overexpression was detected in the
wild-type controls (WT) (Fig. 3B). Moreover, no overexpression was detected without
Dox induction (Fig. 3B). We further confirmed the increased protein levels of MMP14
(Fig. 3C; quantification in Fig. 3D) and increased mRNA levels of pan MMP14 in eWAT
(Fig. 3E). Of note, we manipulated the protein levels of MMP14 well within the
physiological range, leading up to a doubling of the levels. One week of induction of
MMP14 in adipose tissue under regular chow did not change the body weights of the
transgenic mice compared to the littermate controls (Fig. 3F). This argues that we had
successfully established a triple transgenic mouse model for the investigation of
MMP14 in obese adipose tissue.

To study the function of MMP14 in preexisting (established) obese adipose tissue,
we fed the 6-week-old transgenic mice and their littermate controls using a HFD for
13 weeks to induce obesity. Then, the mice were fed by HFD plus 200 mg/kg Dox for
5 more weeks (Fig. 3G). The results revealed that the transgenic mice dramatically gain
more body weights (Fig. 3H and I). The change is mostly caused by the increased fat
mass (Fig. 3J), while the lean mass shows no difference (Fig. 3K). Measurements of the
tissue samples further confirmed that the fat pads, including the eWAT, subcutaneous
white adipose tissue (sWAT), brown adipose tissues (BAT), are larger in the transgenic
mice (Fig. 3L). Furthermore, hematoxylin and eosin (H&E) staining revealed that the
eWAT and BAT exhibit larger adipocytes and that the liver accumulates significantly
more lipid (Fig. 3M). Quantitative measurements further revealed that the size of the
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adipocytes in the eWAT is significantly larger in the transgenic mice, while the average
size of adipocytes is similar in sWAT (Fig. 3N to Q). Collectively, overexpression of
MMP14 in established obese adipose tissues leads to larger adipose tissue and fatty
liver in the transgenic mice. Moreover, it leads to an increased lipogenesis, which is in
agreement with the previous study (50).

Overexpression of MMP14 in established obese adipose tissue causes impaired
energy expenditure. Obese mice frequently exhibit lower energy expenditure. Intrigu-
ingly, metabolic cage studies indicated that MMP14-overexpressing mice in the back-
ground of previously established obesity consume even less oxygen and produce less
carbon dioxide during both light and dark cycles compared to their littermate controls

FIG 3 (Continued)
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(Fig. 4A to D). Furthermore, the transgenic mice produced less heat while the respira-
tory exchange rate (RER) did not show a difference from the controls (Fig. 4E to H). Of
note, the transgenic mice did not show differences in food intake and activity (Fig. 4I
and J). Together, when overexpressing MMP14 in established obese adipose tissue, the
transgenic mice exhibit impaired energy expenditure under HFD.

Overexpression of MMP14 in established obese adipose tissue leads to abnor-
mal glucose and lipid metabolism in the transgenic mice. Adipose tissue patholog-
ical changes have been linked directly to adverse metabolic profiles systemically. We
therefore tested glucose metabolism in the MMP14 transgenic mice and their littermate

FIG 3 Inducible overexpression of MMP14 in established obese adipose tissue leads to increased body weight, larger adipose tissue,
and fatty liver. (A) Newly generated mouse model for Dox-inducible adipocyte-specific overexpression of MMP14. Mice carrying triple
transgenes (Adipo-rtTA; TRE-Mmp14-flag; tTS) were used as MMP14 Tg mice, while their littermates carrying Adipo-rtTA only were
used as WT controls. (B) Q-PCR analysis of the Mmp14 transgene in different tissues of MMP14 Tg and WT mice that were fed with
or without doxycycline (Dox; 200 mg/kg regular chow diet) for 1 week. The primer pair for the Q-PCR analysis specifically recognized
the transgenic Mmp14 but not endogenous Mmp14 by probing the Flag tag at the 3= end of transgenic Mmp14 (n � 3 per group). (C)
Western blotting of MMP14 in the eWAT of MMP14 Tg and WT mice fed on Dox (200 mg/kg regular chow diet) for 1 week (n � 6 per
group, representative of three trials). (D) Quantification of the band density for the Western blotting in panel C (n � 6 per group,
Student t test; *, P � 0.05). (E) Q-PCR analysis of the Mmp14 gene in the eWAT of MMP14 Tg and WT mice that were fed with or without
Dox (200 mg/kg regular chow diet) for 1 week. The primer pair for Q-PCR recognized both the transgenic and endogenous Mmp14
by probing the exons of Mmp14 (n � 6 per group, Student t test; ***, P � 0.001). (F) Body weights of MMP14 Tg and WT mice upon
Dox (200 mg/kg regular chow diet) feeding for 1 week (n � 6 per group, Student t test). (G) Schematic diagram showing the long-term
HFD feeding program. The MMP14 Tg and WT mice were fed on HFD for 13 weeks and then fed on HFD plus DOX (200 mg/kg diet)
for 5 more weeks. (H) Body weights of MMP14 Tg and WT mice after a long-term HFD feeding as shown in panel G (n � 5 or 6 per
group, Student t test; **, P � 0.01). (I) Gains in body weight of MMP14 Tg and WT mice after a long-term HFD feeding (n � 5 or 6 per
group, Student t test; **, P � 0.01). (J) MRI analysis for fat mass of MMP14 Tg and WT mice after a long-term HFD feeding (n � 5 or
6 per group, Student t test; **, P � 0.01). (K) MRI analysis for lean masses of MMP14 Tg and WT mice after a long-term HFD feeding
(n � 5 or 6 per group, Student t test). (L) Images of eWAT, sWAT, and BAT collected from MMP14 Tg and WT mice after a long-term
HFD feeding. (M) H&E staining of eWAT, sWAT, BAT, and liver collected from MMP14 Tg and WT mice after long-term HFD feeding.
The arrows indicate lipid droplets accumulated in the liver. (N) Frequency distribution of different-sized adipocytes of eWAT of MMP14
Tg and WT mice after long-term HFD feeding (adipocytes from five to six mice per group were analyzed). (O) Comparison of average
adipocyte sizes of eWAT between MMP14 Tg and WT mice after long-term HFD feeding (adipocytes from five to six mice per group
were analyzed, Student t test; ***, P � 0.001). (P) Frequency distribution of different-sized adipocytes of sWAT in MMP14 Tg and WT
mice after long-term HFD feeding (adipocytes from five to six mice per group were analyzed). (Q) Comparison of average adipocyte
sizes of sWAT between MMP14 Tg and WT mice after long-term HFD feeding (adipocytes from five to six mice per group were
analyzed, Student t test).
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FIG 4 Overexpression of MMP14 in established obese adipose tissue causes impaired energy expenditure. (A) O2 consumption profile of MMP14
Tg and WT mice in a 12-h light-dark cycle after long-term HFD feeding (n � 5 or 6 per group). (B) The area under the curve (AUC) of O2

(Continued on next page)
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controls. An intraperitoneal glucose tolerance test (IPGTT) revealed that the transgenic
mice are less glucose tolerant than the controls (Fig. 5A; quantification of the curve
areas is shown in Fig. 5B). In line with the IPGTT result, the fasting circulating insulin
level showed a trend toward an increase in the transgenic mice (Fig. 5C). Furthermore,
the phospho-AKT level is decreased in the eWAT and sWAT of MMP14 transgenic mice,
while the total level does not show any significant changes (Fig. 5D and F). The
quantitative measurements of the ratio of phospho-ATK to total AKT further confirm
the blunted AKT phosphorylation (Fig. 5E and G). Similar changes were also detected
in liver (Fig. 5H and I). Given that MMP14 has been reported to modulate stromal
vascular fraction differentiation through a mechanism independent of proteolysis
which hence affects adipogenesis and lipogenesis (50), we then analyzed the profile for
lipid metabolism. The profile shows that the circulating levels for triglycerides are
increased in the transgenic mice (Fig. 5J). Moreover, the circulating levels of glycerol
and nonesterified free fatty acids (FFA) also show trends toward an increase in the
transgenic mice (Fig. 5K and L). The triglycerides in liver are also increased in the
transgenic mice (Fig. 5M). Consistent with these observations, the lipogenesis genes,
including AccI, Fasn, and Plin1, are all upregulated in the eWAT of transgenic mice (Fig.
5N). Combined, the results suggest that the overexpression of MMP14 in established
obese adipose tissue leads to both local and systemic dysregulation of glucose and
lipid metabolism.

Overexpression of MMP14 in established obese adipose tissue stimulates local
fibrosis and inflammation. The major function of MMP14 is to digest collagens for
ECM remodeling. We thus investigated ECM-related genes in the adipose tissue of the
transgenic mice. The Q-PCR results reveal that a series of collagen genes, including
Col1a1, Col2a1, Col3a1, and Col6a3, as well as Fibronectin, are upregulated in the eWAT
of the transgenic mice (Fig. 6A). Western blotting analysis further conformed the
increased protein level of COL6 (Fig. 6B; quantitative measurements in Fig. 6C). More-
over, the gene for collagen-modifying enzyme Lox (lysyl oxidase) (55) is also upregu-
lated
(Fig. 6D). Interestingly, other members of MMPs, such as MMP2 and MMP12, are
upregulated, reflecting a positive feedback of MMP14 overexpression (Fig. 6E). Impor-
tantly, the TGF-� receptor 1 gene (Tgf�r1 is also upregulated (Fig. 6F). In agreement
with the upregulation of fibrotic genes, trichrome staining revealed that the level of
fibrosis in eWAT of the transgenic mice is enhanced (Fig. 6G; indicated by dark blue).
Quantitative measurement of the blue signals by ImageJ further confirmed the result
(Fig. 6H). Importantly, the gene correlation analyses on the public genomic data set
(https://hgserver1.amc.nl/cgi-bin/r2/main.cgi) demonstrated that the level of MMP14 has
tight correlation to COLs, fibronectin (FN), and TGF-�1 (Fig. 6I to P).

Fibrosis is highly associated with local inflammation in adipose tissue (18). We thus
examined the local inflammation in the transgenic mice. Q-PCR results revealed that
key proinflammatory genes, including Tnf� and F4/80, are upregulated, while the
anti-inflammatory gene Il10 was downregulated in the eWAT of transgenic mice (Fig.
6Q). Interestingly, the M1-macrophage marker Cd86 is upregulated (Fig. 6R), while the
M2-macrophage marker, Cd163 is downregulated (Fig. 6S), reflecting a proinflammatory
microenvironment in the eWAT of the transgenic mice. Furthermore, Mac2 (marker of
macrophage) staining revealed that the “crown-like” structures (CLS), which reflect

FIG 4 Legend (Continued)
consumption in 12-h light and 12-h dark time after a long-term HFD feeding (n � 5 or 6 per group; *, P � 0.05). (C) CO2 production profile of
MMP14 Tg and WT mice in a 12-h light-dark cycle after long-term HFD feeding (n � 5 or 6 per group). (D) The AUC of CO2 production in 12-h
light and 12-h dark time after long-term HFD feeding (n � 5 or 6 per group; **, P � 0.01). (E) Heat generation profile of MMP14 Tg and WT mice
in a 12-h light-dark cycle after long-term HFD feeding (n � 5 or 6 per group). (F) The AUC of heat generation in 12-h light and 12-h dark time
after long-term HFD feeding (n � 5 or 6 per group; *, P � 0.05). (G) RER profile of MMP14 Tg and WT mice in a 12-h light-dark cycle after long-term
HFD feeding (n � 5 or 6 per group). (H) The AUC (area under the curve) of RER in 12-h light and 12-h dark time after long-term HFD feeding (n � 5
or 6 per group, no difference between the groups). (I) Food intake of MMP14 Tg and WT mice in a 12-h light-dark cycle after long-term HFD
feeding (n � 5 or 6 per group). (J) Activity profile of MMP14 Tg and WT mice in a 12-h light-dark cycle after long-term HFD feeding (n � 5 or 6
per group).
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FIG 5 Overexpression of MMP14 in established obese adipose tissue leads to abnormal glucose and lipid
metabolism in the transgenic mice. (A) IPGTT of MMP14 Tg and WT mice after a long-term HFD feeding

(Continued on next page)
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macrophage accumulation around the adipocytes, are increased (Fig. 6T; quantification
of the CLS numbers in Fig. 6U). In summary, overexpression of MMP14 in preexisting
adipose tissue leads not only to fibrosis but also to local inflammation in the transgenic
mice.

MMP14 digests COL6 to produce endotrophin, which triggers fibrosis and
inflammation in obese adipose tissue. We next investigated the mechanisms gov-
erning MMP14 function on adipose tissue remodeling. Previously, we identified a small
molecule called endotrophin which is derived from the carboxy terminus of COL6�3
(20). Endotrophin potently triggers local fibrosis and inflammation in obese adipose
tissues (37). However, the responsible collagenase(s) remains unknown (37). Here, we
propose that the deleterious effects of MMP14 are exerted via production of
endotrophin. In support our hypothesis, we found that the parental COL6�3 chain
is upregulated in MMP14-overexpressing adipose tissue (Fig. 6A and B). Further-
more, we identified the sequence Pro-Pro-Pro-Leu (PPPL) between the C4 and the
C5 (endotrophin) domains at the carboxy terminus of COL6�3, matching the consensus
cleavage site for MMP14 recognition (P-X-G/P-L) (Fig. 7A). To determine whether
MMP14 directly digests COL6�3 at the indicated site, we generated a construct by
fusing a prolactin signal sequence (plc) with the C4 and C5 domains of COL6�3 (Fig. 7B)
and coexpressed Plc-C4-C5 with MMP14 in 293 cells. Western blotting revealed that
upon cotransfection, endotrophin levels significantly increases in the medium, whereas
the level of parental Plc-C4-C5 decreases (Fig. 7C). We then treated the cells with the
MMP14 neutralizing antibody 3A2, and we found that endotrophin levels decrease
upon the treatment of 3A2 at the dose of 1 �g/ml, while the level of parental Plc-C4-C5
increase (Fig. 7D). Importantly, we identified the endotrophin molecule in eWAT of the
diet-induced obese mice by liquid chromatography-tandem mass spectrometry (LC-
MS/MS) (Fig. 7E). Specifically, the MS data discovered three amino acid sequences with
high fidelity. Combination of the three sequences reconstitutes most region of the
endotrophin (Fig. 7E). Western blotting with anti endotrophin revealed that the en-
dogenous endotrophin levels increase in the eWAT of the transgenic mice (Fig. 7F).
Immunofluorescence staining (IF) further shows an enhanced endotrophin signal in the
eWAT of the transgenic mice (Fig. 7G, left). Collectively, the results strongly suggest that
MMP14 digests COL6�3 to produce endotrophin. Intriguingly, co-IF of anti endotrophin
and anti-Mac2 (marker of macrophage) revealed not only more endotrophin and Mac2
signals but also significant colocalization of the signals in the eWAT (Fig. 7G), findings
suggesting a positive correlation between endotrophin and macrophage accumulation.

Overexpression of MMP14 in early-stage obese adipose tissue brings about a
metabolically healthy profile. Previously, we reported that adipose tissue-derived

FIG 5 Legend (Continued)
(n � 5 per group, Student t test; **, P � 0.01; ***, P � 0.001). (B) AUC for the IPGTT performed in panel A
(n � 5 per group, Student t test; *, P � 0.05). (C) Fasting circulating insulin levels in MMP14 Tg and WT mice
after long-term HFD feeding (n � 5 per group, Student t test, no significant difference between the groups).
(D) Western blotting of phospho-AKT (Ser473), total AKT, and tubulin in the eWAT of MMP14 Tg and WT mice
after long-term HFD feeding (n � 5 per group, representative of three trials). (E) Quantification of the band
density for the Western blotting in panel D indicating the ratio of phospho-AKT (Ser473) to total AKT (n � 5
per group, Student t test; **, P � 0.01). (F) Western blotting of phospho-AKT (Ser473), total AKT, and tubulin
in the sWAT of MMP14 Tg and WT mice after long-term HFD feeding (n � 5 per group, representative of
three trials). (G) Quantification of the band density of the Western blotting in panel F indicating the ratio
of phospho-AKT (Ser473) to total AKT (n � 5 per group, Student t test; **, P � 0.01). (H) Western blotting of
phospho-AKT (Ser473), total AKT, and �–Actin in the liver of MMP14 Tg and WT mice after long-term HFD
feeding (n � 5 per group, representative of three trials). (I) Quantification of the band density of the Western
blotting in panel H indicating the ratio of phospho-AKT (Ser473) to total AKT (n � 5 per group, Student t test;
***, P � 0.001). (J) Fasting circulating triacylglycerol (TAG) levels in MMP14 Tg and WT mice after long-term
HFD feeding (n � 5 per group, Student t test; *, P � 0.05). (K) Fasting circulating free fatty acid (FFA) levels
in MMP14 Tg and WT mice after a long-term HFD feeding (n � 5 per group, Student t test). (L) Fasting
circulating glycerol levels in MMP14 Tg and WT mice after long-term HFD feeding (n � 5 per group, Student
t test). (M) Triacylglycerol (TAG) levels in the liver of MMP14 Tg and WT mice after long-term HFD feeding
(n � 5 per group, Student t test; *, P � 0.05). (N) Q-PCR analysis of lipogenesis-related genes, including AccI,
Fasn, and Plin1, in the eWAT of MMP14 Tg and WT mice after long-term HFD feeding (n � 5 per group,
Student t test; *, P � 0.05).
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factors, such as VEGF-A, may have opposite effects at different stages during obesity (5).
To determine whether MMP14 also displays such a dichotomous behavior, we took
advantage of our inducible mouse model by inducing the overexpression of MMP14 at
an early stage of obesity. Specifically, we treated transgenic mice and their littermate
controls with a HFD combined with 200 mg/kg Dox for 8 weeks (Fig. 8A). In contrast to
the results of the long-term HFD feeding, the MMP14 transgenic mice do not show
differences in body weights, fat mass, and fat cell sizes (Fig. 8B to E). Unexpectedly,
despite similar body weights between the groups, the transgenic mice exhibit en-

FIG 6 (Continued)
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hanced glucose tolerance on IPGTT and enhanced insulin sensitivity during an insulin
tolerance test (ITT) (Fig. 8F to I). The ITT results showing the percent basal glucose level
also reveals a trend toward improved insulin sensitivity in transgenic mice (Fig. 8J and
K). Furthermore, the levels of circulating triglycerides are decreased (Fig. 8L), indicating

FIG 6 Overexpression of MMP14 in established obese adipose tissue stimulates local fibrosis and inflammation. (A) Q-PCR
analysis of ECM-component genes, including Col1a1, Col2a1, Col3a1, Col6a3, and Fibronectin, in the eWAT of MMP14 Tg and
WT mice after long-term HFD feeding (n � 5 per group, Student t test; *, P � 0.05; **, P � 0.01; ***, P � 0.001). (B) Western
blotting of COL6 in the eWAT of MMP14 Tg and WT mice after long-term HFD feeding (n � 5 per group, representative of three
trials). (C) Quantification of the band density of the Western blotting in panel B (n � 5 per group, Student t test; *, P � 0.05).
(D) Q-PCR analysis of Lox (lysyl oxidase, a collagen linking enzyme) in the eWAT of MMP14 Tg and WT mice after long-term
HFD feeding (n � 5 per group, Student t test; **, P � 0.01). (E) Q-PCR analysis of Mmp2 and Mmp12 in the eWAT of MMP14
Tg and WT mice after long-term HFD feeding (n � 5 per group, Student t test; **, P � 0.01). (F) Q-PCR analysis of Tgf�r1 in the
eWAT of MMP14 Tg and WT mice after long-term HFD feeding (n � 5 per group, Student t test; *, P � 0.05). (G) Trichrome
staining of eWAT in the MMP14 Tg and WT mice after a long-term HFD feeding (n � 5 per group, representative of three trials).
(H) Quantification of the density of dark blue in panel G (n � 5 per group, representative of three trials, Student t test; **, P �
0.01). (I to P) Correlation analysis between MMP14 and ECM genes, including COL6A3 (I), COL6A2 (J), COL6A1 (K), COL1A1 (L),
COL5A2 (M), COL12A1 (N), FN1 (O), and TGFB1 (P), in the public breast tumor data set (n � 1,110) using genomics analysis and
the visualization platform R2 (https://hgserver1.amc.nl/cgi-bin/r2/main.cgi). The correlation coefficient r value and the signif-
icance P value were autocalculated by the platform. (Q) Q-PCR analysis of proinflammatory and anti-inflammatory genes,
including Tnf�, F4/80, Tlr4, Il1�, Il13, Il4, and Il10, in the eWAT of MMP14 Tg and WT mice after long-term HFD feeding (n � 5
per group, Student t test; *, P � 0.05; **, P � 0.01; ***, P � 0.001). (R) Q-PCR analysis of M1-phase macrophage markers,
including Cd40 and Cd86, in the eWAT of MMP14 Tg and WT mice after long-term HFD feeding (n � 5 per group, Student t
test; *, P � 0.05). (S) Q-PCR analysis of M2-phase macrophage markers, including Cd163 and Cd206, in the eWAT of MMP14 Tg
and WT mice after long-term HFD feeding (n � 5 per group, Student t test; *, P � 0.05). (T) IF staining with anti-Mac2 antibody
(marker of macrophage) in the eWAT of MMP14 Tg and WT mice after long-term HFD feeding. Nuclei were stained by DAPI
(4=,6=-diamidino-2-phenylindole; n � 5 per group, representative of three trials). (U) Quantification of crown-like structures
(CLS) formed by macrophage accumulation in panel T (n � 5 per group, Student t test; **, P � 0.01).
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FIG 7 MMP14 digests COL6 to produce endotrophin, which triggers fibrosis and inflammation in obese
adipose tissue. (A) Schematic diagram showing the protein domains of mouse COL6�3. The MMP14

(Continued on next page)
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improved lipid metabolism in the transgenic mice. Q-PCR results show that fibrosis-
related genes, such as Tgf�1, Col6�3, and Col1�1, are downregulated in the eWAT of
the transgenic mice (Fig. 8M). Western blotting further conformed the decreased
protein level of COL6 (Fig. 8N; quantitative measurements in Fig. 8.O). Adiponectin
gene expression is upregulated, while leptin gene expression does not significantly
change (Fig. 8P). On the other hand, inflammation-related genes, such as Il1� and F4/80,
are downregulated (Fig. 8Q). Interestingly, the M1-macrophage marker Cd86 is down-
regulated (Fig. 8R), while the M2-macrophage markers, Cd163 and Cd206, are upregu-
lated (Fig. 8S), reflecting an anti-inflammatory microenvironment in the eWAT of the
transgenic mice. Of note, Western blotting revealed that very low levels of endotrophin
are detected in eWAT, and there is no difference between the transgenic mice and their
littermate controls (Fig. 8T). In summary, overexpression of MMP14 in early-stage obese
adipose tissue decreased the level of local fibrosis and inflammation. As the result, the
mice exhibit improved glucose and lipid metabolism.

Based on these results, we proposed the following working model. During diet-
induced obesity, local hypoxia induces HIF1� in adipose tissue. As a direct target of
HIF1�, MMP14 is upregulated. At the early stage of obesity development, MMP14
digests collagens and prevents fibrosis, which promotes a healthy expansion of the
adipose tissue. At the late stage of obesity, elevated levels of COL6 accumulate in
adipose tissue. MMP14 digests the COL6�3 chain and produces endotrophin. The
accumulation of endotrophin further shapes unhealthy microenvironment locally in the
adipose tissue via triggering massive fibrosis and inflammation. The local pathological
changes ultimately lead to systemic insulin resistance and other metabolic disorders
(Fig. 8U).

DISCUSSION

Adipose tissue mass can expand rapidly during diet-induced obesity. Local hypoxia
thus develops. HIF1� induced by hypoxia stimulates massive fibrosis locally in adipose
tissue which may further leads to inflammation and systemic insulin resistance (1, 18).
While it has been well accepted that fibrosis eventually leads to metabolic deficiencies,
less attention has been given to understand the modifiers that regulate this patholog-
ical process in obese adipose tissue (47). Here, we reported that MMP14, the most
enriched MMP in adipose tissue, plays a critical role in shaping unhealthy microenvi-
ronment in the preexisting obese fat pads. We discovered that MMP14 exerts its
functions via digesting COL6�3, which is massively accumulated in the hypoxic adipose
tissue, to produce endotrophin. Endotrophin, as a newly identified adipokine, functions
as a costimulator, triggering fibrosis, macrophage accumulation, and inflammation,
which eventually lead to systemic insulin resistance and other metabolic disorders (20,
37, 56). On the other hand, we reported here that MMP14 has the opposite function
during early stage of obesity: it digests collagens to prevent overaccumulation of the
ECM in fat pads, thereby facilitating a healthy expansion of fat pads. Of note, at this

FIG 7 Legend (Continued)
recognition site (P-X-G/P-L) between C4 and C5 domains is indicated within the blue box. (B) Schematic
diagram showing the structure of pcDNA3.1-Plc-C4-C5 plasmid. The prolactin secretion signal peptide
(Plc) was fused at the N terminus of the plasmid. (C) Western blotting of MMP14 and endotrophin in the
293T cells transfected with pcDNA3.1, Plc-C4-C5, or Plc-C4-C5, together with MMP14. �-Actin was used
as loading control (representative of three experiments is shown). (D) Western blotting of endotrophin
in 293T cells. The cells were cotransfected with Plc-C4-C5 and MMP14 and then treated with MMP14
monoclonal antibody 3A2 at the indicated doses. �-Actin was used as a loading control (representative
of three trials). (E) Amino acid sequence of the C4-C5 terminal of COL6�3. Three peptides (indicated in
green [a], orange [b], and blue [c]) which match parts of the sequence of C5 (endotrophin) were detected
with high fidelity in the eWAT of HFD fed mice by mass spectrometry (LC-MS/MS). The MS spectra of
three peptides were shown at the bottom. (F) Western blotting of endotrophin in the eWAT of MMP14
Tg and WT mice after long-term HFD feeding. The endotrophin was enriched from samples by
immunoprecipitation with antiendotrophin antibody (n � 5 per group, representative of three trials). (G)
Co-IF staining of endotrophin and Mac2 (marker of macrophage) in the eWAT of MMP14 Tg and WT mice
after long-term HFD feeding. The right panel shows the colocalization of endotrophin and macrophages
(indicated in yellow) (n � 5 per group, representative of three trials).

Li et al. Molecular and Cellular Biology

April 2020 Volume 40 Issue 8 e00564-19 mcb.asm.org 16

https://mcb.asm.org


stage, COL6 and endotrophin have not accumulated to a significant degree to cause
fibrosis and inflammation. Our study thus highlights the differential functions of
MMP14 at different stages of obesity development and suggests that MMP14 inhibitors
in the context of established obese adipose tissue might be an attractive therapeutic
target to treat obesity-related metabolic diseases.

Previously we and others identified hypoxia as the initial step to trigger the
sequential pathological changes in adipose tissue in response to diet-induced obesity
(10–12, 14). We further found that HIF1�, induced by hypoxia, upregulates COL6, LOX,
and IL-6 directly, which eventually lead to local fibrosis and inflammation (10, 14). In the

FIG 8 (Continued)
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FIG 8 Overexpression of MMP14 in early-stage obese adipose tissue brings about metabolically healthy profile. (A) Schematic diagram
showing the short-term HFD feeding program. The MMP14 Tg and WT mice were fed on HFD plus Dox (200 mg/kg diet) for 8 weeks. (B)
Body weights of MMP14 Tg and WT mice during short-term HFD feeding (n � 6 per group, Student t test, no significant difference
between the groups). (C) MRI analysis for fat mass of MMP14 Tg and WT mice after short-term HFD feeding (n � 6 per group, Student t
test, no significant difference between the groups). (D) MRI analysis for lean masses of MMP14 Tg and WT mice after short-term HFD
feeding (n � 6 per group, Student t test, no significant difference between the groups). (E) H&E staining of eWAT, sWAT, BAT, and liver
in the MMP14 Tg and WT mice after short-term HFD feeding (n � 6 per group, representative of three trials). (F) IPGTT of MMP14 Tg and
WT mice after short-term HFD feeding (n � 6 per group, Student t test; *, P � 0.05). (G) Area under the curve (AUC) for the IPGTT performed
in panel F (n � 6 per group, Student t test; *, P � 0.05). (H) ITT of MMP14 Tg and WT mice after short-term HFD feeding (n � 6 per group,
Student t test; *, P � 0.05). (I) AUC for the ITT performed in panel H (n � 6 per group, Student t test; *, P � 0.05). (J) The ITT result in panel
H is shown as a percentage of the basal level (n � 6 per group, Student t test). (K) AUC for the graph presented in panel J (n � 6 per group,
Student t test). (L) Fasting circulating triacylglycerol (TAG) levels in MMP14 Tg and WT mice after short-term HFD feeding (n � 6 per group,
Student t test; *, P � 0.05). (M) Q-PCR analysis of ECM-component genes, including Tgf�1, Col6�3, and Col1�1, in the eWAT of MMP14
Tg and WT mice after short-term HFD feeding (n � 6 per group, Student t test; *, P � 0.05). (N) Western blotting of COL6 in the eWAT
of MMP14 Tg and WT mice after short-term HFD feeding (n � 6 per group, representative of three trials). (O) Quantification of the band
density of the Western blotting in panel N (n � 6 per group, Student t test). (P) Q-PCR analysis of Adiponectin and Leptin in the eWAT of
MMP14 Tg and WT mice after short-term HFD feeding (n � 6 per group, Student t test; *, P � 0.05). (Q) Q-PCR analysis of proinflammatory
genes, including Il1� and F4/80, in the eWAT of MMP14 Tg and WT mice after short-term HFD feeding (n � 6 per group, Student t test;
*, P � 0.05). (R) Q-PCR analysis of M1-phase macrophage markers, including Cd40 and Cd86, in the eWAT of MMP14 Tg and WT mice after
short-term HFD feeding (n � 6 per group, Student t test; *, P � 0.05). (S) Q-PCR analysis of M2-phase macrophage markers, including Cd163
and Cd206, in the eWAT of MMP14 Tg and WT mice after short-term HFD feeding (n � 6 per group, Student t test; *, P � 0.05). (T) Western
blotting of endotrophin in the eWAT of MMP14 Tg and WT mice after short-term HFD feeding. The endotrophin molecules were enriched
from samples by immunoprecipitation with antiendotrophin antibody (n � 6 per group, representative of three trials). (U) Proposed
working model of the study. During diet-induced obesity, local hypoxia induces HIF1� in adipose tissue. As a direct target of HIF1�,

(Continued on next page)
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present study, we discovered for the first time that another important fibrotic factor,
MMP14, is a novel HIF1 target. MMP14 has been reported to be the major MMP in
adipose tissue (49, 50). Many other MMPs, such as MMP2, MMP12, and MMP19, all of
which play important roles in ECM remodeling in adipose tissue, are the downstream
substrates for MMP14 (48). Previous studies revealed that MMP14 stimulates adipocyte
differentiation in the neonate and hence promotes adipose tissue expansion (48).
However, little is known about its exact role in the ECM remodeling during obesity. In
that sense, our study is timely and novel. Particularly, we reported that MMP14
increases in response to obesity development. We took advantage of the public
genomic information and found that the increased levels of MMP14 show a tight
correlation with multiple fibrotic proteins, especially COL6. Furthermore, mechanisti-
cally, we unraveled that in the established obese adipose tissue, MMP14 digests
COL6�3 chain to produce endotrophin, which leads to a very unhealthy environment
by triggering fibrosis and inflammation.

Endotrophin is produced during obesity development (37). It has been reported not
only to have deleterious effects on adipose tissue remodeling but also to promote
tumor growth and other pathological changes in the heart and kidney (20, 37–40).
Here, we identified MMP14 as the key collagenase to produce endotrophin. Further-
more, we identified the cleavage site in COL6�3 for MMP14, and we verified this site in
cells. More importantly, we confirmed the production of endotrophin in obese adipose
tissue by MS. Of note, even though MMP14 is the major collagenase in adipose tissue,
we cannot rule out the potential involvement of other proteolytic enzymes to produce
endotrophin. For example, another group recently used isotopic MS-based analysis and
found that the extracellular metalloproteinase named bone morphogenetic protein 1
(BMP-1) is also involved in endotrophin release (57). Moreover, the cleavage site of
human endotrophin has also been reported recently (39).

Adipose tissue remodeling is a dynamic process orchestrated by multiple patholog-
ical changes. Many molecules play critical roles in the expansion (1). These molecules
may exert opposite functions during different stages of obesity development. Previ-
ously, we reported that VEGF-A, the only bona fide angiogenetic factor in adipose
tissue, plays dichotomous roles in adipose tissue physiology/pathology during obesity.
At an early stage of adipose tissue expansion, VEGF-A exerts beneficial effects by
stimulating angiogenesis to provide oxygen, nutrition, stem cells, and other important
factors, thereby preventing hypoxia and facilitating “healthy” expansion (5, 58, 59). At
the late stage, VEGF-A overexpression leads to an inflammatory microenvironment,
which triggers systemic insulin resistance (5). In the present study, we identified MMP14
as another factor that displays such a dichotomous function. At early stage of obesity,
MMP14 is upregulated by HIF1�. It exerts an antifibrotic function by digesting fibrotic
molecules, particularly collagen proteins. Since collagen do not reach very high levels
at this stage, endotrophin is almost undetectable; at the late stage of obesity, MMP14
expression is maintained at a relatively high level or even increased more. Meanwhile,
COL6, along with other fibrotic components, accumulate to a much higher level as part
of the ECM expansion. Digestion of COL6 by MMP14 generates endotrophin, which
triggers massive fibrosis and inflammation to shape an unhealthy microenvironment.
Our studies demonstrate that adipose tissue remodeling is a process with multiple
molecules exerting divergent effects during different stages of tissue expansion.

In conclusion, findings from our study enhance the general understanding of the
complexity of adipose tissue physiology and highlight the critical role of MMP14 in
adipose tissue remodeling. The findings demonstrate that MMP14 and the resulting

FIG 8 Legend (Continued)
MMP14 is upregulated. At the early stage of obesity development, MMP14 digests collagens and prevents fibrosis, which then promotes
healthy expansion of the tissue. At the late stage of obesity, tremendous amounts of COL6 accumulate in adipose tissue. MMP14 digests
COL6�3 chain and produces endotrophin. Accumulation of endotrophin further shapes unhealthy microenvironment locally in the
adipose tissue by triggering massive fibrosis and inflammation. The local pathological changes ultimately lead to systemic insulin
resistance and other metabolic disorders.
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enhanced levels of endotrophin bear great promise from a therapeutic perspective for
obesity and obesity-related metabolic diseases.

MATERIALS AND METHODS
Chemicals and reagents. Chemicals and reagents were purchased from following sources. Anti-

MMP14 (ab51074) and antitubulin (catalog no. ab210797) antibodies were from Abcam. Anti-pAKT
(catalog no. 9271) and anti-AKT (catalog no. 272) antibodies were from Cell Signaling Technology.
Anti-HIF1� (AF1935), anti-�-actin (MAB8929) antibodies, and goat IgG (AB-108-C) were from R&D
Systems. Anti-MAC2 antibody (eBioM3/38) and the agarose ChIP kit (catalog no. 26156) were from
Thermo Fisher Scientific. Doxycycline (D9891), CoCl2 (catalog no. 60818), the Masson’s trichrome staining
kit (HT15-1KT), and the glucose oxidase/peroxidase kit (GAGO-20) were from Sigma-Aldrich. PX-478
(catalog no. 10005189) and the triglyceride colorimetric assay kit (catalog no. 10010303) were from
Cayman Chemical. The free fatty acid assay kit (EFFA-100) and the glycerol assay kit (EGLY-200) were from
Bioassay Systems. Anti-MMP14 monoclonal antibody (3A2) was the gift from X. Ge’s group at the
University of California, Riverside (60). Antiendotrophin antibody has been described previously (37).

Animals. All the animal experiments were reviewed and approved by the Animal Welfare Committee
of University of Texas Health Science Center at Houston (animal protocol AWC-18-0057). Mice were
housed in animal facility under 12-h light-dark cycle at 22 � 1°C. The mice had ad libitum access to water
and regular chow diet, unless indicated otherwise. C57BL/6J (stock 000664) was purchased from The
Jackson Laboratory. The TRE-Mmp14-tTS transgenic line was generated on a pure C57BL/6J background
by the Transgenic and Stem Cells Service Center at University of Texas Health Science Center at Houston.
Plasmids pUHG10.3-TetO-Mmp14-flag and pTet-tTS were comicroinjected into the fertilized single-cell
mouse embryos. After injection, the eggs were surgically transferred to pseudopregnant foster mothers.
Seven founder mice carrying two transgenes (TRE-Mmp14-Flag; tTS strain) were identified from the
offspring. Apn-rtTA; TRE-Mmp14-Flag; tTS transgenic (Tg) mice (MMP14 Tg) were obtained by crossing
TRE-Mmp14; tTS strain with the Apn-rtTA transgenic strain. The mice carrying only the Apn-rtTA
transgene were used as controls (WT). For characterization, the MMP14 Tg and WT mice were fed on
regular chow diet with doxycycline (Dox; 200 mg/kg diet) for 1 week. Among the seven strains, the line
with highest MMP14 overexpression level in adipose tissue was selected and used in the study. For the
long-term high-fat-diet (HFD) feeding, the MMP14 Tg and their littermate control mice were fed on HFD
(60 kcal% fat, research diet, catalog no. D12492) for 13 weeks, followed by continuously feeding on HFD
plus Dox (200 mg/kg diet) for 5 more weeks. For the short-term HFD feeding, the MMP14 Tg and their
littermate control mice were fed on HFD plus Dox (200 mg/kg diet) for 8 weeks. For HIF1� inhibitor
treatment, WT C57BL/6J mice were fed on regular chow diet or HFD together with or without PX-478
(specific HIF1� inhibitor; 5 mg/kg [body weight]) treatment every other day for 5 weeks.

Indirect calorimetric measurements. Indirect calorimetry analysis was performed in TSE metabolic
chambers (TSE Systems, Chesterfield, MO). The MMP14 Tg mice and their littermate controls were
individually housed in the metabolic chambers and maintained under a 12-h light/dark cycle with light
on from 7:00 a.m. to 7:00 p.m. All of the mice had ad libitum access to water and HFD plus Dox during
the measurements. The metabolic profiles, including O2 consumption (milliliters per kilogram per hour),
CO2 generation (milliliters per kilogram per hour), heat generation (kilocalories per kilogram per hour),
respiratory exchange rate (RER; VCO2/VO2), food intake (grams), and movements (counts), were contin-
uously recorded. The data of O2 consumption, CO2 generation, and heat generation were normalized to
subject body weight. The data for day 2 to day 4 were recorded and analyzed.

Body composition. The total body mass as well as fat mass and lean mass of mice were measured
by an Echo 3-in-1 nuclear magnetic resonance Minispec magnetic resonance imaging (MRI) instrument
(EchoMRI, Houston, TX).

IPGTTs and ITTs. An intraperitoneal (i.p.) glucose tolerance test (IPGTT) and an insulin tolerance test
(ITT) were performed as previously described (37). For the IPGTT, the mice were fasted for 4 h before i.p.
injection of glucose (2.5 g/kg [body weight]). At the indicated time points, tail blood samples were
collected with heparin-coated capillary tubes and centrifuged at 6,000 rpm for 6 min. The glucose levels
in plasma were measured by the glucose oxidase/peroxidase method. For the ITT, the mice were fasted
for 4 h before i.p. injection of insulin (0.75 U/kg [body weight]). At the indicated time points, tail blood
samples were collected with heparin-coated capillary tubes and centrifuged at 6,000 rpm for 6 min,
followed by glucose measurement.

Measurements of insulin, TAG, FFA, and glycerol. After the mice were fasted for 4 h, tail blood
samples were collected with heparin-coated capillary tubes and centrifuged at 6,000 rpm for 6 min to
obtain plasma. The levels of insulin, triglyceride (TAG), free fatty acid (FFA), and glycerol in plasma were
measured by kits according to the manufacturer’s instructions.

DNA construction. The construction of pcDNA3.1-Mmp14 was generated by cloning the full length
of cDNA of mouse Mmp14 into vector of pcDNA3.1. The construction of pcDNA3.1-Plc-C4-C5 was
generated by cloning the cDNA of prolactin signal sequence and C4-C5 terminal of Col6a3 (beginning in
the middle of C4 domain) into vector of pcDNA3.1.

3A2 IgG production. A 3A2 heavy-chain (HC) expression cassette including a chimeric intron, secrete
signal, HC gene, and WPRE (woodchuck hepatitis virus posttranscriptional regulatory element) was
cloned into pcDNA carrying a zeocin marker between the cytomegalovirus enhancer/promoter and bGH
poly(A). Similarly, a 3A2 light-chain (LC) expression vector with hygromycin resistance was constructed.
Human HEK293F cells were maintained in Gibco Expi293 expression medium (Life Technology) at 37°C
and 8% CO2 in a humidified atmosphere with orbital shaking at 135 rpm. For transfection, 2 � 106 293F
cells were incubated with 1 �g of HC and 1 �g of LC expression vectors and 6 �g of PEI MAX 40K
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(Polysciences) for 24 h. Stable cell lines were selected in fresh medium supplemented with 500 �g/ml
zeocin and 350 �g/ml hygromycin for 8 days and then with 100 �g/ml zeocin and 50 �g/ml hygromycin
for 15 days. For 3A2 IgG expression, 1 � 106/ml cells were cultured in Expi293 medium with 100 �g/ml
zeocin and 50 �g/ml hygromycin for 7 days. 3A2 IgG was purified from collected culture medium by
protein A affinity chromatography. Produced 3A2 IgG was characterized by SDS-PAGE and MMP-14
inhibition assay.

Cell culture and drug treatments. 293T cells (CRL-3216) and PC3 cells (CRL-1435) were purchased
from the American Type Culture Collection and maintained in Dulbecco modified Eagle medium
supplemented with 10% fetal bovine serum in a humidified atmosphere of 5% CO2 at 37°C. For
cotransfection, when grown to 80% confluence, 293T cells were transfected with pcDNA3.1-Mmp14
along with or without pcDNA3.1-Plc-C4-C5. At 48 h after transfection, the cells were harvested to analyze
the endotrophin levels. For MMP14 monoclonal antibody treatment, different doses of 3A2 (0, 0.1, and
1 �g/ml) were added to cell culture media 6 h after transfection until collection for analysis. For hypoxia
assay, 100% confluent PC3 cells were pretreated with 100 �M CoCl2 for 2 h, followed by cotreatment of
100 �M CoCl2 and 30 �M PX-478 for 4 h. The cells were then harvested for analysis of MMP14 levels.

Gene correlation analyses of public human genome database. Gene correlation analyses were
performed in public genomics analysis and visualization platform R2 (https://hgserver1.amc.nl/cgi-bin/
r2/main.cgi), and the data were prepared using GraphPad Prism 8. The correlation analyses were based
on the public database Tumor Breast (Nurses Health Study I and II, set a)-Heng-1110-rma-hta2t
(n � 1,110). The Pearson correlation coefficient (r value) and statistical significance (P value) were
calculated within the platform.

ChIP assay. The ChIP assay was performed following the instruction of Pierce Agarose ChIP kit
(Thermo Fisher Scientific, catalog no. 26516). Briefly, after 95% confluence, PC3 cells were incubated in
a hypoxia chamber for 8 h. The cells were then cross-linked using 1% formaldehyde at room temperature
for 10 min, followed by quenching with glycine (final concentration, 0.125 M) for 10 min. For adipose
tissues, 100 mg of frozen eWAT was cut into slices thinner than 1 mm and fixed in 1% formaldehyde in
phosphate-buffered saline (PBS) for 10 min at room temperature. The tissue was then quenched with
glycine (final concentration, 0.125 M) for 10 min and washed twice with chilly PBS containing EDTA-free
proteinase inhibitor. Afterward, the samples were collected and homogenized in cell lysis buffer I with
a Dounce homogenizer on ice to generate a homogenous cell slurry. The cell slurry was centrifuged at
9,000 � g for 10 min at 4°C to precipitate the cell nuclei. The supernatant was then removed, and cell
nuclei were resuspended in 100 �l of MNase digestion buffer working solution. To shear the DNA, the
nuclear suspension was added with 0.25 �l of micrococcal nuclease and incubated at 37°C for 15 min
followed by adding 10 �l stopping solution. To recover the nuclei, the sample was centrifuged at
9,000 � g, and the nuclear pellet was responded in 100 �l of lysis buffer 2. After incubation 15 min on
ice, the sample was centrifuged at 9,000 � g for 5 min, and the supernatant containing digested
chromatin was collected. For each immunoprecipitation, 50 �l of the digested chromatin, together with
10 �g of anti-HIF1� antibody or IgG and A/G plus agarose, was added to the immunoprecipitation
dilution buffer, followed by incubation at 4°C overnight. After the agarose resin was washed with wash
buffer three times, the DNAs were eluted from the agarose beads, and then 20 ng of DNAs was used as
the template for the PCR or quantitative PCR (Q-PCR) reaction. The primers used for ChIP-PCR were as
follows: P1-F, 3=-CTGGTTCCATTCCAGTTCAGC-5=; P1-R, 3=-ATAGTTGGGCTAGTCCTATGGC-5=; P2-F, 3=-CCT
TCACGTTCCCCATCTGT-5=, P2-R, 3=-GCTAGTCCTATGGCCTGCAA-5=; P3-F, 3=-ACCTCCTTTGCAGGCCATA-5=;
P3-R, 3=-CTTCCCAGTGGGGGTAACCT-5=; P4-F, 3=-AGGACTAGCCCAACTATGAGAA-5=; P4-R, 3=-GACACCAG
ATGCTTGCCAAAA-5=; P5-F, 3=-GGCAAGCATCTGGTGTCAGT-5=; P5-R, 3=-TTTTCAGGTCCTGTGGAGCC-5=;
P6-F, 3=-GAGGTTACCCCCACTGGGAA-5=; and P6-R, 3=-AGCTACCTACCCCACAGTGA-5=. The negative-
control primer for ChIP was used as previously described (61).

Quantitative PCR analysis. Q-PCR analysis was performed as described previously (62). Briefly, total
RNAs were extracted using TRIzol reagent (Thermo Fisher Scientific) and an Illustra RNAspin minikit (GE
Healthcare Life Sciences). Next, 1 �g of RNA was used to reverse-transcribe into cDNAs with RevertAid
reverse transcription kit (Thermo Fisher Scientific). Q-PCR was carried out on Bio-Rad CFX96 system
(Bio-Rad Laboratories). The results were calculated using the 2–ΔΔCT method and normalized using 18S
RNAs. The primer sequences were described previously (37).

Western blotting. Protein samples were prepared from adipose tissues as described previously (62).
Proteins were separated by SDS-PAGE and then transferred to a polyvinylidene difluoride membrane. The
membranes were blocked with 5% fat-free milk and incubated with primary antibodies at 4°C overnight.
After three washes with 0.5% Tween 20 in Tris-buffered saline, the blots were probed with fluorescent-
dye-conjugated secondary antibodies at room temperature for 1 h protected from light. After three more
washes, the blots were visualized by using Odyssey imaging system (LI-COR). Equal loading was ensured
by using anti-�-tubulin or anti-�-actin antibodies.

To analyze the endotrophin level in the adipose tissues of WT and Tg mice, clear supernatants of
adipose tissue were incubated with antiendotrophin antibody and A/G agarose at 4°C overnight. After
the agarose resin was washed three times, the enriched endotrophin was eluted off from the agarose
beads and analyzed by Western blotting.

Mass spectrometry. Endotrophin was enriched from obese adipose tissues by immunoprecipitation
with antiendotrophin antibody as described above. The samples were separated by SDS-PAGE and
analyzed by LC-MS/MS at the Clinical and Translational Proteomics Service Center at UTHealth, as
described previously (63). Briefly, after in-gel digestion, the samples were extracted and analyzed on an
Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific). The sequences of the peptides were
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analyzed by using a data-dependent acquisition method (63). The peptides with an ion score of �20
were considered to be high fidelity.

Histology. The adipose tissues and liver were collected and fixed in PBS-buffered 10% formalin for
48 h at room temperature. After paraffin embedding, the tissues were divided into 5-�m sections and
deparaffinized for use. For hematoxylin and eosin (H&E) staining, the deparaffinized tissue sections were
stained according to standard protocols and imaged under a light microscope. The numbers and sizes
for adipocytes were quantified basing on the H&E staining images using ImageJ software. For Masson’s
trichrome staining, the deparaffinized adipose tissue sections were stained according to the manufac-
turer’s instructions (Sigma, HT15-1KT). The quantification of the dark blue density was performed using
ImageJ software. For immunofluorescent staining, the tissue sections were further processed with
permeabilization and antigen retrieval after deparaffinization. The samples were then blocked with 1%
bovine serum albumin at room temperature for 1 h, followed by incubation with primary antibodies at
4°C overnight (ca. 1:100 to 1:200 diluted in blocking buffer). After three washes, the sections were
incubated with fluorescence-conjugated secondary antibodies (1:100 diluted in blocking buffer) at room
temperature for 1 h protected from the light. After another three washes, the sections were mounted
with antifade media and visualized under a fluorescence microscope.

Statistical analysis. All data are presented as means � the standard errors of the mean (SEM).
Statistical analyses were performed by using GraphPad Prism 8 software. An unpaired Student t test was
used for statistical significance analysis when two groups were compared. One- or two-way analysis of
variance (ANOVA) was use for the comparisons among multiple groups. A P value of �0.05 was
considered to be statistically significant. For Pearson correlation analysis of the data set from the patients,
the Pearson correlation coefficient (r value) and statistical significance (P value) were calculated using the
tools provided within the platform (https://hgserver1.amc.nl/cgi-bin/r2/main.cgi).
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