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Glucose transporter 4 (GLUT4) expression on white adipocytes is critical for facilitating cellular uptake 
of blood glucose, failure of which promotes hyperglycemia. Matrix metalloproteinases (MMPs) play a 
crucial role in remodeling the white adipose tissue (WAT) during obesity. MMPs have multiple protein 
substrates, and surprisingly, it is unknown if they can directly target GLUT4 on the adipocyte surface 
and impair glucose uptake. We identified MMP2 as the highly active gelatinase, a class of MMP, in the 
gonadal WAT of high-fat diet-induced obese mice. In vitro, metabolic studies in 3T3-L1 adipocytes 
revealed MMP2 attenuated glucose uptake and glycolysis, which were recovered by an MMP2 
inhibitor. In silico structural Analysis using AlphaFold identified a putative MMP2 cleavage site on the 
extracellular domain of GLUT4. Further, in a substrate competition assay, a peptide mimicking the 
MMP2 cleavage site on GLUT4 attenuated the cleavage of an MMP substrate by MMP2. Altogether, our 
results suggest a novel mechanism of impaired glucose utilization by adipocytes, which may contribute 
to hyperglycemia during obesity.

Obesity and its related comorbidity insulin resistance (IR), pose a significant health risk in developed countries. 
While many factors contribute to the development of IR, murine models of high-fat diet (HFD)-induced obesity 
revealed that glucose transporter 4 (GLUT4) expression on white adipocytes promotes insulin-stimulated 
glucose uptake and maintenance of whole-body glucose homeostasis1. During obesity, GLUT4 expression on 
the surface of adipocytes decreases, leading to hyperglycemia and eventually IR2. Matrix metalloproteinases 
(MMPs), a family of over 23 zinc-dependent endoproteinases, play a crucial role in remodeling the extracellular 
matrix of the white adipose tissue (WAT) during obesity3. While MMPs are crucial for matrix remodeling, it 
is unknown whether MMPs directly affect adipocyte function and metabolism by degrading GLUT4 on the 
adipocyte surface.

Here, we identified MMP2 as the highly active gelatinase, a class of MMP, in the gonadal WAT of obese mice 
and determined if MMP2 directly affects adipocyte glucose utilization using 3T3-L1 adipocytes.

Results
MMP2 is the highly active gelatinase in white adipose tissue during obesity
In obese and IR humans and mice, macrophages infiltrate the adipose tissue and produce pro-inflammatory 
cytokines that can exacerbate IR development4. Furthermore, plasma MMP levels, ranging from 100 to 
400 ng/mL in non-obese patients and over 1  µg/mL in obese patients, correlate with several obesity-related 
parameters5,6. To determine the highly active gelatinase in the WAT during HFD-induced obesity, we placed 
male C57BL6/J mice on an HFD for 5, 9, or 11 weeks or NCD for 11 weeks. As expected, the mice on HFD had 
increased body weight, increased fasting insulin levels, and reduced AKT phosphorylation in the gonadal WAT 
(Sup. Figure 1A–C). Apart from this, mice 11 weeks on HFD had an increase in the percent of total macrophages 
and an increase in expression of CD86, a marker for pro-inflammatory M1 macrophages, and an increase in the 
Tnfα gene expression in the stromal vascular fraction of the gonadal WAT (Sup. Figure 1D–F). Furthermore, 
the number of crown-like structures (CLSs) was increased in the gonadal WAT at 5 weeks after HFD feeding 
(Fig.  1A). Interestingly, staining the adipose tissue sections with 520 MMP FRET Substrate, which becomes 
fluorescent upon cleavage, revealed increased MMP activity after HFD feeding, and the activity was primarily 
localized in the CLSs (Fig. 1B).
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CLSs within the adipose tissue are comprised of macrophages that adopt a metabolically activated phenotype 
characterized by increased lysosomal activity and increased expression of pro-inflammatory cytokines, 
comparable to M1 activation7. While pro-inflammatory cytokines have been shown to increase MMP expression, 
it is unclear what type of gelatinases are produced by M1-like pro-inflammatory macrophages, such as those 
found in the CLSs8. We polarized mouse bone marrow-derived macrophages to M1 (pro-inflammatory) or 
M2 (anti-inflammatory) and analyzed the MMPs produced in the supernatant with a gelatin zymogram and 
western blot. Interestingly, M0 (unpolarized), M1, and M2 macrophages all produced MMP9 while only M2 
macrophages produced MMP2 (Fig. 1C and Sup. Figure 2A). To confirm the in vitro results, we examined MMP 
activity in the gonadal WAT lysate from mice on an NCD or HFD for 16 weeks and surprisingly, only MMP2 
activity was detected in the adipose tissue after HFD feeding (Fig. 1D). To determine if other gelatinases such as 
MMP9 were active in the earlier time points of HFD feeding, we performed zymography of gonadal WAT lysate 
of mice on HFD for 5–11 weeks and found only MMP2 activity which appeared as early as 5 weeks after HFD 
(Sup. Figure 1G). Immunohistochemistry staining of gonadal WAT showed increased MMP2 expression around 
the CLSs in the HFD-fed mice compared to the NCD controls (Fig. 1E). These results suggest that MMP2 is the 
highly active gelatinase present in the gonadal WAT that localizes to CLSs after HFD-induced obesity.

MMP2 impairs glucose uptake and decreases the glycolytic capacity of 3T3-L1 adipocytes
MMP2 has been previously shown to be secreted by the adipose tissue, and elevated MMP2 plasma levels can 
be found in obese patients; however, it remains unclear if MMP2 is having effects within the adipose tissue 
unrelated to its role in extracellular matrix remodeling9. Therefore, we treated 3T3-L1 adipocytes with varying 
physiologically relevant concentrations of recombinant mouse MMP25,6 and performed a glycolysis stress test 
in a Seahorse XFe24 Extracellular Flux Analyzer. The MMP2 protein was supplied as in inactive form and was 
activated by using 1 mM p-Aminophenylmercuric acetate (APMA), which was confirmed by generation of a 
lower molecular weight MMP2 via a Western blot (Sup. Figure 3A). Before treating the adipocyte with activated 
MMP2, we confirmed its activity at 200, 400, and 800 ng/ml (corresponds 2.5, 5, and 10 nM, respectively) to 
using the 520 MMP FRET Substrate (Sup. Figure 3B). Finally, we treated the starved (cultured for 2  h with 
5 mM D-Glucose without serum) adipocytes with or without 400 nM insulin (final concertation) with or 
without MMP2 at 200, 400, or 800 ng/ml (final concentration), and determined extracellular acidification rate 
(ECAR) in real time. During the entire assay, the adipocytes were with at least 5 mM glucose. As expected, 
treatment with insulin alone significantly increased glycolysis, glycolytic capacity, and the glycolytic reserve of 
the adipocytes (Fig. 2A). However, the presence of 400 and 800 ng/ml MMP2 significantly attenuated insulin-
stimulated increased glycolysis, glycolytic capacity, and the glycolytic reserve (Fig. 2A). Furthermore, treatment 
with a specific MMP2 inhibitor which blocks MMP2’s catalytic activity (Fig. 2B), rescued glycolytic parameters 
(Fig. 2C). Microscopy images of the cells before and after treatment for 40 min with varying concentration of 
MMP2, and further incubation in a non-CO2 incubator for 3 h did not show evidence of detachment, suggesting 
this effect of MMP2 is not due to cell loss as a result of extracellular matrix degradation (Sup Fig. 4A).

To determine if decreased glycolysis was because of decreased glucose uptake, we examined glucose uptake 
in 3T3-L1 adipocytes via flow cytometry of live adipocytes (Fig. 3A) after treatment with varying concentrations 
of MMP2 (Fig. 3B). In agreement with the results from the glycolysis stress test, glucose uptake was significantly 
decreased after treatment with 400 or 800 ng/mL of MMP2 (Fig. 3B) and reduced glucose uptake at 400 ng/ml 
of MMP2 was reversed after treatment with the MMP2 inhibitor (Fig. 3C). Analysis of the percent of live cells 
(DAPI negative) showed that up to 800 ng/mL of MMP2 treatment for 30 min did not cause significant cell 
death, suggesting that the levels of MMP2 used were well tolerated by the 3T3-L1 adipocytes for the time they 
were exposed to (Sup. Figure 4B).

As degradation of insulin by MMP2 may result in reduced glycolysis and glucose uptake, we tested MMP2 
cleavage of recombinant insulin up to 20 h. As a positive control, gelatin at the same micromolar concentration 
was incubated with MMP2. Coomassie staining failed to show any cleavage products of inulin after incubation 
with MMP2, while gelatin showed significant degradation (Sup Fig.  4C). Binding of insulin to MMP2 may 
affect insulin activity. However, analysis of a mixture of inulin and MMP2  via size exclusion chromatography 
did not show binding of insulin with MMP2 (Sup Fig. 4D). Altogether, these results suggest that MMP2, via 
protease activity or by binding to the extracellular domain of GLUT4, impairs cellular glucose uptake leading to 
decreased glycolysis.

The extracellular domain of the GLUT4 receptor contains a putative MMP2 cleavage site
Insulin-dependent glucose influx by 3T3-L1 adipocytes largely relies on cell surface GLUT410. Amino acid 
sequence analysis of GLUT-4 identified an extracellular loop between the first and second helices that contains 
a putative MMP2 cleavage motif PXXXHy11. XHy represents a large hydrophobic residue in the P1’ position; in 
GLUT4 it is isoleucine. AlphaFold2 (AF2) in silico folding analysis utilizing murine GLUT4 extracellular loop 
(Uniprot: P14142, residues 64–77) and full-length murine MMP2 (Uniprot: P33434), conformed the peptide 
to the active site of MMP2 in a substrate-like fashion with isoleucine occupying the P1’ pocket adjacent to the 
catalytic glutamine (Fig.  4A). To verify the in silico prediction, we created a GLUT4 loop peptide (residues 
63–77) and performed an enzymatic competition assay with the 520 MMP FRET Substrate. The addition of 
the GLUT4 loop peptide and a positive control peptide, but not the negative control peptide (the GLUT4 loop 
peptide in reverse order), significantly decreased the fluorescent signal (Fig. 4B). This indicates the GLUT4 loop 
peptide, at least,  binds to the substrate binding site of MMP2 and reduces its ability to cleave the substrate.

To determine if MMP2 cleaves the GLUT4 loop peptide, we incubated a mixture of MMP2 with GLUT4 loop 
peptide, the reverse GLUT4 loop peptide (negative control) and an MMP substrate peptide at 37 °C for 18 h 
and analyzed the mixtures using size exclusion chromatography (Fig. 4C). Peptides at 20 µM were detected at 
UV absorbance 214 nM, but not at 280 nM. MMP2, even at 800 ng/ml (10 nM), was below the detection limit 
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Fig. 1.  MMP2 is the highly active gelatinase in white adipose tissue during obesity. (A) Representative 
confocal images of gonadal WAT from mice on HFD for 5, 9, or 11 weeks or NCD (Chow) for 11 weeks stained 
for nucleus (DAPI-blue), macrophages (Mac2-white). (B) Representative images of gonadal WAT from HFD 
for 5, 9, or 11 weeks or NCD for 11 weeks stained with MMP FRET Substrate (green). (C) Gelatin zymogram 
of culture supernatant from M0 (unpolarized), M1 (pro-inflammatory), and M2 (anti-inflammatory). (D) 
Gelatin zymogram and relative abundance of MMP2 in gonadal WAT lysate from mice on HFD or NCD for 16 
weeks. (E) Representative images of gonadal WAT from mice on HFD or NCD for 16 weeks stained for nucleus 
(DAPI-blue), adipocytes (FABP4-green), macrophages (Mac2-white), MMP2 (red). Values are expressed as 
means + SEM. ****, p < 0.0001 by parametric unpaired t-test. n = 4 mice, 1 section per mouse, 3–4 images per 
section (A,B), n = 3 (C), n = 6 (D), n = 6 mice, 1 section per mouse, 3–4 images per section (E). Scale bars: 
100 μm (A,B,E).
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of the UPLC. MMP2 cleaved the MMP substrate peptide resulting in two smaller molecular weight fragments. 
No smaller peptide fragments were identified in the MMP2 and GLUT4 loop peptide or the reverse peptide, 
however, a broad peak was noticeable for the MMP2 and GLUT4 loop peptide mixture suggesting, at least, 
MMP2 binds to the GLUT4 loop peptide (Fig. 4C).

Sequence alignment between murine and human GLUT4 shows a high identity between the extracellular 
loops of both proteins (Fig. 4D), suggesting that the MMP2 binding or cleavage of GLUT4 may be conserved 
among mice and humans. Furthermore, the sequence alignment of murine and human GLUT1 and GLUT3 to 
GLUT4 showed low identity (Fig. 4D), especially surrounding the proposed GLUT4 cleavage site, indicating that 
the cleavage event may be specific to GLUT4. Altogether, these results suggest that mouse GLUT4 has a potential 
MMP2 binding site, that is conserved in human GLUT4.

Discussion
Here, we show that MMP expression is increased in the gonadal WAT of IR mice, and the increased MMP 
expression is concentrated around CLSs. Furthermore, MMP2 is the highly active gelatinase in the gonadal WAT 
of HFD-fed obese mice. MMP2 treatment impaired glucose uptake and aerobic glycolysis in 3T3-L1 adipocytes, 
and inhibition of MMP2 activity reversed the impairment in metabolism. In silico structural Analysis identified 
a putative MMP2 cleavage site on an extracellular domain of both murine and human. The GLUT4 extracellular 
domain was confirmed as it binds to the MMP2.

Future studies are needed to determine the if MMP2 cleaves the cell surface loop of GLUT4. We hypothesize 
that cleavage of the GLUT4 at the proposed site would ablate the ability of GLUT4 to transport glucose across the 
cell membrane. The process of GLUT4 facilitating glucose across the membrane requires multiple conformational 
changes of the GLUT4 protein, which would no longer be possible once the protein is cleaved12,13. It is also 
possible that the MMP2 could sterically inhibit glucose from entering GLUT4 while bound, though the effect 
would most likely be transient as MMP2 dissociates after cleaving GLUT4. Once cleaved, we hypothesize that 
the cleaved remnants would be directed to be degraded by the lysosome. GLUT4 is recycled between the plasma 
membrane and GLUT-containing vesicles14, and over time, cleavage of the GLUT4 by MMP2 may potentially 
impact the pool of available GLUT4 as the cell’s ability to utilize the recycled GLUT4 is impaired.

MMP2 has been reported to degrade other cell surface receptors found on adipocytes, most notably the leptin 
receptor15. Mazor et al. determined that the leptin receptor is a substrate for MMP2 within hypothalamic tissue; 
further studies are needed to determine how MMP2 degradation of the leptin receptor may affect adipocyte 

Fig. 2.  MMP2 decreases glycolysis in 3T3-L1 adipocytes. (A) Aerobic glycolysis of adipocytes after treatment 
with 400 nM insulin without or with 200 ng/mL, 400 ng/mL, or 800 ng/mL of active MMP2 (ECAR, 
extracellular acidification rate). (B) MMP substrate cleavage assay: MMP FRET Substrate which becomes 
fluorescent after cleavage, was incubated with 400 ng/ml (5 nM) MMP2, MMP2 inhibitor I only (1 µM), 
MMP2 with MMP2 inhibitor I, or MMP2 with 50 mM EDTA. (C) Aerobic glycolysis of adipocytes after 
treatment with insulin with 400 ng/mL (5 nM) of active MMP2, MMP2 inhibitor I (1 µM), or MMP2 with 
MMP2 inhibitor I. Values are expressed as means + SEM. *, p < 0.05; **, p < 0.01; ***, p > 0.001, ****, p < 0.0001 
two-way ANOVA with Tukey’s multiple comparison test. n = 4 from single experiment (A,C) and n = 6 (B).
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Fig. 3.  MMP2 decreases insulin-stimulated glucose uptake in 3T3-L1 adipocytes. (A) Flow cytometry gating 
for adipocytes in glucose uptake assay. Live adipocytes were used to determine glucose uptake as shown in 
(B,C). (B) Left panel shows the histograms of 2-NBDG fluorescence of live adipocytes after treatment with 200 
ng/mL, 400 ng/mL, or 800 ng/mL of MMP2 and right panel shows the quantification of mean fluorescence 
intensity (MFI). As a negative control of glucose update, some cells were pretreated with Cytochalasin D (10 
µM, CytoD) for 1 h. (C) Left panel shows the histograms of 2-NBDG of live adipocytes after treatment with 
400 ng/mL (5 nM) of MMP2, MMP2 inhibitor I (1 µM), or MMP2 with MMP2 inhibitor I and right panel 
shows the quantification of MFI. Values are expressed as means + SEM. ***, p > 0.001, ****, p < 0.0001 by one-
way ANOVA with Tukey’s multiple comparison test. n = 6 (A–C)
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function in vivo. While 3T3-L1 adipocytes differentiated with Isobutylmethylxanthine/Dexamethasone/Insulin, 
as we did in our study, do express the leptin receptor, leptin mRNA and leptin secretion by the cells is very low16; 
therefore, cleavage of the leptin receptor would not significantly impact the glucose uptake and glycolysis of the 
cells. Future studies utilizing an alternative adipocyte differentiation protocol16 or the addition of exogenous 
leptin to understand the interplay between GLUT4 and leptin receptor cleavage in the context of adipocyte 
metabolism would be warranted.

Apart from its role in matrix remodeling, MMP2 can precisely process the chemokine stromal cell-derived 
factor-α to a neurotoxin protein that promotes neuronal apoptosis and neurodegeneration17. MMP2 can be 
activated by the disruption of the cysteine-Zn2+ bond, either by proteolysis to an enzymatically active form18 
or by conformational changes caused by reactive oxygen-nitrogen species (RONS)19. Proteolysis of MMP2 is 
facilitated by the formation of a trimeric complex of MMP2, tissue inhibitors of metalloproteinase 2 (TIMP2), 
and membrane-type 1 MMP (MT1-MMP or MMP-14) on the cell surface20. Both TIMP2 and MT1-MMP are 
upregulated in obese adipose tissue, and adipocyte-specific overexpression of MT1-MMP in obese mice impairs 
lipid metabolism and insulin resistance21,22. Furthermore, RONS are increased in obese adipose tissue and 
produced by pro-inflammatory macrophages in CLSs23,24. Here we demonstrate increased MMP activity and 
MMP2 expression in CLSs, suggesting that RONS produced by the pro-inflammatory macrophages may be one 
of the primary activators of MMP2 during obesity.

MMP2 has also been identified as a regulator of adipocyte differentiation. Treatment of 3T3-L1 fibroblasts with 
a specific MMP2 inhibitor impairs adipogenic differentiation, primarily in the early stages of differentiation25. 
Genetically Mmp2 deficient mice are leaner and exhibit lower weight and growth rates at birth26. Furthermore, 
Mmp2 deficiency causes less fat accumulation in mice when challenged with an HFD27. It remains unclear 

Fig. 4.  A putative MMP2 cleavage site is localized in an extracellular domain of the GLUT4 receptor. (A) 
AlphaFold model of interaction between murine MMP2 and murine GLUT4 extracellular loop (residues 
64–77). Pink represents contacts between MMP2 and the extracellular loop. (B) MMP FRET Substrate 
cleavage competition assay: MMP FRET Substrate was incubated at 37 °C with 5 nM MMP2 alone or MMP2 
with 50 mM EDTA,  500 µM GLUT4 loop peptide, 500 µM negative control peptide (GLUT4 LoopRev),  or 
500 µM positive control peptide. After 30 min, fluorescent intensity of the reactions was determined using a 
plate reader. (C) Size exclusion chromatography of peptide and MMP2 mixtures: an MMP substrate peptide 
(MMPsub), GLUT4 loop peptide (GLUT4 Loop), or the reverse peptide (GLUT4 LoopRev) at 20 µM was 
incubated with 10 nM MMP2 for 18 h at 37 °C and analyzed using a size exclusion chromatography column. 
The amide bonds in the peptides were detected using UV absorbance 214 nM. ‘#’ indicates the broad peak for 
MMP2-peptide complex. (D) Sequence alignment of the extracellular loop between the first and second helix 
of human GLUT4 and murine GLUT4; murine GLUT1, murine GLUT3, and murine GLUT4; and human 
GLUT1, human GLUT3, and human GLUT4. Red box indicates MMP2 cleavage site. Values are expressed as 
means + SEM. ****, p > 0.0001 by one-way ANOVA with Tukey’s multiple comparison test. n = 6 (B).
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through what mechanism MMP2 promotes adipocyte differentiation. Due to MMP2’s effect on adipocyte 
differentiation, our studies utilized fully differentiated 3T3-L1 adipocytes before treatment with MMP2.

Our studies focus on the effect of MMP2 on glucose utilization and adipocyte metabolism using 3T3-L1 
adipocytes as an in vitro model of white adipocytes. As in vitro models cannot fully recapitulate the complexities 
of in vivo physiology, future studies on mouse models are required to fully delineate the effect of MMP2 on 
adipocyte glucose metabolism during obesity. As genetic deletion of Mmp2 results in mice with low body weight 
and defects in growth rate, utilization of a global inducible Mmp2-floxed mouse model is necessary to determine 
the physiological role of MMP2 on the development of insulin resistance and hyperglycemia.

Altogether, our study shows a novel function of MMP2, which may contribute to hyperglycemia during 
obesity. Furthermore, GLUT4 is expressed in aortic smooth muscle cells and reduction of GLUT4 levels in 
the aorta has been linked to hypertension and aortic dissection during metabolic disease28,29. This suggests 
that MMP2 may be a therapeutic target of interest to enhance glucose utilization in patients with a variety of 
metabolic and cardiovascular diseases.

Methods
Mice
Eight-week-old male C57BL/6J mice (#380050, Jackson Laboratory, Bar Harbor, ME) were given water and fed 
a high-fat diet (HFD, #F3282, Bio-Serv; 60% of calories from fat) for 5 to 16 weeks or with a normal chow diet 
(NCD, Prolab IsoPro RMH 3000 5P76, LabDiet) for 11 or 16 weeks. The mice were euthanized with 100% carbon 
dioxide and sacrificed by cervical dislocation in accordance with the 2013 edition of American Veterinary 
Medical Association guidelines for the euthanasia of animals. All protocols involving animals were approved by 
the East Carolina University Animal Care and Use Committee and performed in an AAALAC-accredited facility 
in accordance with current NIH guidelines. This study is reported in accordance with ARRIVE guidelines.

Isolation of SVF from adipose tissue
The left and the right gonadal white adipose tissue (WAT) was excised from the mouse and one of the fat pads 
was used for the isolation of the stromal vascular fraction (SVF). The tissue was minced with scissors and 
digested for 1 h in Hanks Balanced Salt Solution (HBSS, Gibco) with 2% bovine serum albumin (BSA) and 
2 mg/ml of collagenase type I shaking at 37 °C. After digestion, tissue was filtered through a 500 µm nylon mesh 
strainer and washed with HBSS with 2% BSA. The cells were centrifuged (450xg for 5 min) to allow the stromal 
vascular fraction (SVF) to separate the adipocytes floating on the top of the buffer. The SVF pellet was collected, 
and red blood cells were lysed. Cells were washed, centrifuged, and resuspended in various buffers depending 
on downstream use.

Flow cytometry
The SVF from WAT was isolated as described above. The cells were blocked with purified anti-mouse CD16/32 
(BioLegend, San Diego, CA; #101302) and stained with the following fluorescent conjugated antibodies from 
BioLegends and FisherScientific for 30 min on ice: PE Cyanine7 anti-F4/80 (#25-4801-82), Brilliant Blue 515 
anti-CD45 (#564590), and APC anti-CD11b (#17-0112-83), Brilliant Violet 711 anti-CD206 (#141727), and 
Brilliant Violet 605 anti-CD86 (#105037). Invitrogen DAPI (4’,6-diamidino-2-phenylindole, dihydrochloride) 
(#D1306) was used for staining the dead cell. The samples were run on the flow cytometer machine Cytek 
Biosciences Cytek Aurora, USA. Data analysis and quantification were performed using FlowJo v10.6.2.

Plasma insulin quantification
Fasting plasma insulin levels were measured with an Ultra-Sensitive Mouse Insulin ELISA Kit (Crystal Chem, 
Elk Grove Village, IL; # 90080) per manufacturer instructions.

Western blot
Adipose tissue was homogenized in a bead mill with TPER buffer (ThermoFisher Scientific #78510) containing 
a protease inhibitor cocktail (Sigma-Aldrich). For Analysis of macrophage supernatant, bone-marrow-derived 
macrophages were induced to either M1 or M2 or left uninduced (M0) as described below. Macrophages were 
cultured overnight in RPMI 1640 media (without serum) and cell culture supernatant was collected. 50 µl of 
the culture supernatants were resolved in a 4–12% Tris-Glycine SDS-PAGE (under reducing conditions), and 
MMP2 and MMP9 proteins were detected after Western blotting. To verify activation of MMP2, 50 µg/mL of 
MMP2 was incubated with 1 mM N-(3-Aminopropyl)methacrylamide hydrochloride (APMA) (Sigma Aldrich, 
#731099) in in reaction buffer (50 mM Tris-HCl pH 7.5, 10 mM CaCL2, 150 mM NaCl, 5 µM ZnCl2) at 37 °C 
for varying timepoints. The protein was analyzed using 4–12% Tris-Glycine SDS-PAGE, followed by a Western 
blot against an MMP2 antibody. The primary antibodies used are anti-AKT (Cell Signaling Technologies, 
#9271), anti-pAKT Ser473(Cell Signaling Technologies, #4060s), anti-MMP2 (Proteintech, #10373-2-AP), and 
anti-MMP9 (Cell Signaling Technology, #24317) and the IRDye-conjugated secondary antibodies were from 
LI-COR. The blots were detected, and band intensities were quantified using LI-COR’s Image Studio software 
version 5.2.5.

SDS-PAGE to determine MMP2 activity on insulin and gelatin
5 nM of activated MMP2 (BioLegend, #554402) was incubated with 20 µM of insulin (Humulin R) or 125 µg/
mL of gelatin (Sigma Aldrich, #G1890) at 37 °C for 0 min, 30 min, 1 h, 2 h, or 20 h. The samples were analyzed 
using 4–12% Tris-Glycine SDS-PAGE.
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Real-time qPCR
Stromal vascular fraction from the gonadal white adipose tissue was isolated as described above and 
resuspended in TRIzol reagent (ThermoFisher, # 15596026) and RNA fraction was isolated per manufacturer’s 
instructions. RNA was purified with RNeasy Mini Kit (Qiagen, # 74104) per manufacturer’s instructions. cDNA 
was synthesized and real-time PCR was performed on a CFX Connect™ Real-Time PCR Detection System as 
described previously30,31. The abundance of B2m mRNA was used for relative quantification of Tnfα mRNAs in 
the SVF.

Immunohistochemistry
Five-micrometer gonadal WAT cross-sections were hydrated with HistoClear Clearing Agent (MilliporeSigma), 
100% ethanol, 90% ethanol, 70% ethanol, 20% ethanol, and then water. Antigen retrieval was performed by 
boiling the slides in the Antigen Unmasking Solution (Vector Laboratories, Burlingame, CA; #H-3300). After 
antigen retrieval, the sections were treated with 10% donkey serum and incubated with primary Ab for 14–16 h 
at 4 °C. Primary antibodies were detected by fluorescent secondary antibodies. The slides were mounted with 
ProLong Gold Antifade Mountant with DAPI (Invitrogen, #P36931) before image acquisition on a Laxco LMI 
6000 Series Inverted microscope (Fisher Scientific) or EVOS M5000 (ThermoFisher). The primary antibodies 
used were anti-FABP4/A-FABP (Novus Biologics; #AF1443), anti-Mac-2 (Cederlane; #CL8942AP), anti-MMP2 
(ThermoFisher, #10373-AP) antibody. The secondary antibodies used are Donkey anti-Goat Alexa Fluor Plus 
488 (ThermoFisher; #A32814), Donkey anti-Rabbit Alexa Fluor Plus 555 (ThermoFisher; #A32794), and Donkey 
anti-Rat Alexa Fluor Plus 647 (ThermoFisher; A48272).

In situ zymography was performed on fixed five-micrometer gonadal WAT cross-sections hydrated with 
HistoClear Clearing Agent (MilliporeSigma), 100% ethanol, 90% ethanol, 70% ethanol, 20% ethanol, and then 
water32. Sections were then incubated with 520 MMP FRET Substrate (Anaspec, #AS-60568-01) in reaction 
buffer (50 mM Tris-HCl pH 7.5, 10 mM CaCL2, 150 mM NaCl, 5 µM ZnCl2) at 37 °C in dark overnight. The 
slides were mounted with ProLong Gold Antifade Mountant with DAPI (Invitrogen, #P36931) before image 
acquisition on a EVOS M5000 (ThermoFisher).

Gelatin zymogram
Adipose tissue was homogenized in a bead mill with TPER buffer (ThermoFisher Scientific #78510) containing a 
protease inhibitor cocktail (Sigma-Aldrich). Protein concentration was determined by Pierce BCA protein assay 
(ThermoFisher Scientific, #23227). Alternatively, bone marrow-derived macrophages were induced to either M1 
or M2 or left uninduced (M0) as described below. Macrophages were cultured overnight in RPMI 1640 media 
(without serum) and 15 µl of the cell culture supernatant was used for zymography. Non-reduced total lysate of 
adipose tissue was loaded at a concentration of 15 µg/mL onto a 12% SDS-polyacrylamide gel containing 1 mg/
mL of porcine gelatin (Sigma Aldrich, #G1890). Following electrophoresis, the gels were washed and renatured 
with washing buffer (2.5% Triton X-100, 50 mM Tris-HCl pH7.5, 5 mM CaCl2, 1 µM ZnCl2) with two 30 min 
washes at room temperature. Gels were then incubated with substrate buffer (1% Triton X-100, 50 mM Tris-HCl 
pH 7.5, 5 mM CaCl2, 1 µM ZnCl2) at 37 °C for 24 h. Gels were stained with Coomassie Blue staining solution 
(40% Methanol, 10% Acetic Acid, 0.5% Coomassie Blue) for 30 min at room temperature and then destained 
with destaining solution (40% Methanol, 10% Acetic Acid) for 1 h. Band intensities were quantified using LI-
COR’s Image Studio software version 5.2.5.

Preparation of bone marrow-derived macrophages and differentiation of 3T3-L1 adipocytes
The bone marrow-derived macrophages and 3T3-L1 adipocytes were prepared as described before30. Briefly, 
bone marrow cells from the femur and tibia of C57BL6/J mice were collected, red blood cells were lysed with 
lysis buffer and the cells were cultured at a density of 1 to 2 × 106 cells/mL in RPMI 1640 medium containing 
10% FBS (Gibco Fetal bovine serum, ThermoFisher, #1600-044, heat-inactivated) and 1% antimycotic-antibiotic 
(Thermo-Fisher, #15240-062), supplemented with 20% L929 (NCTC clone 929; ATCC, Manassas, VA) culture 
supernatant. The culture medium was changed on the fourth day and then on every second day. On day 8 of 
differentiation, M1 or M2 macrophages were induced by incubation with 1 µg/mL of LPS and 50 ng/mL of IFNγ 
or 20 ng/mL of IL-4, respectively,  for 24 hours at 37 °C.

3T3-L1 fibroblasts were cultured in DMEM supplemented with 10% heat-inactivated (HI) FBS at 37 °C, 95% 
relative humidity, and 5% CO2. For differentiation into adipocytes, cells were grown to confluence and treated 
for 4 days with differentiation media containing DMEM, 10% HI FBS, 1x antibiotic-antimycotic, 0.25 U/mL 
insulin (Humulin R, Lilly), 0.5 mM 3-isobutyl-1-methylxanthine, 0.025 mM dexamethasone,  and, on day 5, 
cells were treated with post-differentiation media containing DMEM, 10% HI FBS, 0.25 U/mL insulin and then 
adipocytes were maintained in DMEM with 10% heat-inactivated FBS. 3T3-L1 adipocytes were used in glucose 
uptake and seahorse experiments on day 6 of differentiation.

Glucose uptake
3T3-L1 adipocytes, 5 days after differentiation, were seeded 1 day prior to glucose uptake assay on 24-well 
plates coated with Poly-L-lysine solution (P4832, Sigma-Aldrich, USA) and incubated overnight at 37  °C to 
adhere. Cells were washed with phosphate buffered saline (PBS) and incubated for 2 h in low glucose DMEM 
(Sigma, #D5030; 5 mM D-glucose, Sigma, #G7021; 4 mM Gibco L-Glutamine, ThermoFisher, #A2916801, 
pH 7.4). For the MMP2 concentration titration assay, cells were left untreated or treated with 200 nM insulin 
(Humulin R, Lilly) plus 200, 400, or 800 ng/mL of activated MMP2 (2.5 nM, 5 nM, and 10 nM of MMP2 
respectively) (Biolegend, #55402) in low Glucose DMEM for 20 min at 37 °C. For the MMP2 inhibitor assay, 
cells were left untreated or treated with 200 nM insulin with 400 ng/mL active MMP2, 1 µM MMP2 inhibitor 
I (Cayman chemicals, #19644), or active MMP2 with MMP2 inhibitor in low glucose DMEM for 20 min at 
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37 °C. Cells were then treated with 200 µg/mL 2-NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-
Deoxyglucose) (Thermofisher, #N13195) for 10 min at 37 °C. After incubation, cells were washed, removed with 
accutase (StemCell Technologies), and glucose uptake was analyzed by flow cytometer. Cells were pretreated 
with Cytochalasin D (10 µM; Cayman Chemicals) after 1 h as a negative control for glucose uptake.

Seahorse extracellular flux assays
3T3-L1 fibroblasts (ATCC, #CL-173) at a density of  2 × 105/well in DMEM high glucose (DMEM 1X, Corning, 
#10-013-CM) with 10% FBS (Gibco Fetal bovine serum, ThermoFisher, #1600-044, heat-inactivated) and 1% 
anti-anti (Thermo-Fisher, #15240-062) seeded on XFe24 well microplates coated with Poly-L-lysine solution 
(P4832, Sigma-Aldrich, USA). This cell density confluent the wells to 100%. After 4 days of culture to arrest any 
cell division, the cells were differentiated into adipocytes as described earlier33 and used for the assay on day 6–8 
of differentiation. Before the assay, the cells were washed with 1x PBS and starved for 2 h with low glucose DMEM 
(Sigma, #D5030; 5 mM D-glucose, Sigma, #G7021; 4 mM Gibco L-Glutamine, ThermoFisher, #A2916801, pH 
7.4), and maintained with the same medium throughout the assay. Following starvation, the cells were incubated 
in a non-CO2 chamber for 30 min, and then loaded in the Seahorse XFe24 Extracellular Flux Analyzer and a 
glycolysis stress test was performed as described before34. Briefly, each well in the in the microplate contained 
450 ul of the low glucose medium, and the port A of the sensor cartridge contained 50 µl of 10x D-glucose with/
without insulin, various concentrations of MMP2, or the MMP2 inhibitor I, port B with 56 µl Oligomycin A 
(Sigma, #A8674), and port C with 62 µl of 2-Deoxy-D-glucose (Sigma-Aldrich, #D6134). The glycolysis stress 
test was performed with initial 4 readings of extracellular acidification rate or ECAR to detect basal glycolysis, 
then contents of port A were injected, and 6 readings were recorded, followed by injection of port B (Oligomycin 
A) with 4 readings, and port C (2-Deoxy-D-glucose) with 4 readings. During the assay, the final concentrations 
were: D-glucose, 40 mM; insulin (Humulin R, Lilly), 400 nM; MMP2 at 200, 400, or 800 ng/ml; inhibitor I at 
1 µM; Oligomycin at 10 µM; and 2-Deoxy-D-glucose at 80 mM. The assay was performed with n = 4 per group 
and was repeated at least  2 times. Since the basal glycolysis, that is, initial ECR readings before the injection of 
D-glucose were different for each well, the last reading before injection of D-glucose was normalized to 100%. 
The data were analyzed using Wave 2.6.3 and the rate of glycolysis after injection of D-glucose, the glycolytic 
capacity of the cells, and the glycolytic reserve were calculated as described before34 using Excel and GraphPad 
Prism.

MMP substrate cleavage assay
In black 96-well plate 2.5 nM (200 ng/mL), 5 nM (400 ng/mL), or 10 nM (800 ng/mL) of MMP2 (BioLegend, 
#554402) were incubated with 5 µM of 520 MMP FRET Substrate (Anaspec, #AS-60568-01) in MMP substrate 
buffer (50 mM Tris-HCl pH 7.5, 10 mM CaCL2, 150 mM NaCl, 5 µM ZnCl2). Fluorescence was measured at 
37 °C for 120 min on Varioskan LUX (ThermoFisher) at 494/521 excitation/emission.

For verification of MMP2 inhibitor, 5 nM (400 ng/mL) of MMP2, 1 µM of MMP2 inhibitor (Cayman 
Chemicals, #19644), 5 nM of MMP2 with 1 µM of MMP2 inhibitor, or 5 nM of MMP2 with 50 mM EDTA as 
negative control were incubated with 5 µM of 520 MMP FRET Substrate (AnaSpec) for 30 min at 37 °C in MMP 
substrate buffer.

For the substrate competition assay, 5 nM of MMP2 with 500 µM of GLUT4 loop peptide 
(RQGPGGPDSIPQGTL, GenScript), 500 µM of negative control peptide (LTGQPISDPGGPGQR, GenScript, 
reverse of GLUT4 loop), 500 µM positive control peptide (VPLSLYSG, Bachm, #4109381), or 50 mM EDTA 
were incubated with 5 µM of 520 MMP FRET Substrate for 30 min in MMP substrate buffer.

Ultra-performance liquid chromatography (UPLC)
The peptide (20 µM)-MMP2 (10 nM) reactions and controls in 25 µl MMP substrate buffer were incubated for 
18 h at 37 °C and analyzed using Waters ACQUITY H-Class UPLC with the size exclusion chromatography 
column ACQUITY Protein BEH SEC Column, 125Å, 1.7 μm, 4.6 mm x 150 mm. Sample manager and column 
temperatures were maintained at 20  °C with a flow rate of 0.3 mL/min. In this assay, 10 nM (800 ng/ml) of 
MMP2 was used so that any interaction with the peptide can be detected via UV absorbance. 10 µL volumes 
were injected in duplicate and absorbance was monitored at 214 nm and 280 nm by Waters ACQUITY Tunable 
UV (TUV) Detector. Similarly, 20 µM of insulin (Humulin R, Lilly) alone or was mixed with 10 nM MMP2, 
incubated at 37 °C for 2 h, and analyzed via UPLC. All samples were analyzed against Waters BEH SEC protein 
standard mix (Thyroglobulin, IgG, BSA, Myoglobin, Uracil).

Statistical analysis
The data were analyzed by using GraphPad Prism 8 (GraphPad Software, La Jolla, CA) and Excel (Microsoft 
Corporation, Redmond, WA), and they are presented as means ± SEM. Differences between the mean values 
of the two groups were determined by using t-tests. The means of multiple groups were compared by using 
a one- or two-way analysis of variance (depending on one independent variable or 2 independent variables) 
and the comparisons were corrected by Tukey’s test. The D’Agostino-Pearson normality test was performed on 
each group. If the P value was not significant (> 0.05), a two-tailed parametric test was used; if the P value was 
significant (< 0.05) or if the number of samples was four, a two-tailed nonparametric t-test (U-test) was used to 
determine significant differences between the groups. In the multiple comparisons, if a significant difference was 
found among the groups, pairs of groups were compared by using a parametric or nonparametric t-test. Statistical 
analyses are provided in each figure legend. Differences between the groups were considered significant when 
P < 0.05. P values > 0.05 are indicated as ‘not significant’ or ‘ns’ in the graphs.
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Data availability
All data generated or analyzed during this study are available upon request to Akshaya K. Meher, mehera19@
ecu.edu.
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