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 24 

Abstract  25 

Context: Collagen accumulation around adipocytes and vessels (i.e. pericellular fibrosis) is a 26 

hallmark of obese adipose tissue associated with altered metabolism.  27 

Objective: To evaluate components of basement membrane (BM) in adipose tissue, including 28 

collagen IV, a major BM component, and its relationships with metabolic parameters and 29 

TGF isoforms. 30 

Design and setting: We used immuno-techniques and gene expression approaches to detect 31 

BM components in subcutaneous and visceral adipose tissue samples. Adipocytes and 32 

endothelial cells were isolated from lean and obese adipose tissue. We also focused on the 33 

expression of COL4A1 correlated to metabolic variables in moderate obesity and, in severe 34 

obesity before and after bariatric surgery. Using in vitro analysis, we explored the impact of 35 

TGF isoforms on the expression of inflammatory and extracellular matrix genes in 36 

adipocytes and endothelial cells.  37 

Results: BM components were detected around adipocytes and endothelial cells, and were 38 

increased in obese adipocytes. COL4A1 expression was positively correlated with insulin-39 

resistance indices in obese subjects, and showed less reduction in severely obese subjects with 40 

poorer insulin-resistance outcomes six months after gastric bypass. COL4A1 expression also 41 

correlated with TGF1 and TGF3 gene expressions in subcutaneous adipose tissue. 42 

Stimulating isolated adipocytes and endothelial cells in vitro with these TGF isoforms 43 

showed an inflammatory and pro-fibrotic phenotype. However, TGF1 and TGF3 exposure 44 

only provoked COL4A1 over-expression in endothelial cells, and not in adipocytes. 45 

Conclusion: The disorganization of several BM components, including collagen IV, could 46 

contribute to pathological alterations of obese adipose tissue and cells. 47 
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Introduction  48 

Obesity and comorbidities are associated with major alterations of white Adipose Tissue (AT) 49 

(1). These alterations include increased interstitial fibrosis defined as an excessive 50 

accumulation of extracellular matrix (ECM) components (2). Over the last few years, 51 

relationships between fibrotic accumulation in AT and obesity-related metabolic 52 

deterioration, such as insulin-resistance and type 2 diabetes, have been described (3). At the 53 

level of AT, cell types such as adipocytes, progenitors, endothelial, and immune cells, are all 54 

embedded in a three-dimensional fibrillar network of ECM proteins (4,5). In human AT, we 55 

have observed increased expression (6) and deposition of ECM proteins, that surround not 56 

only adipocytes (i.e. called pericellular fibrosis) but also blood vessels (7). Several studies 57 

have also explored specific fibrillar collagens and collagen VI, whose expression in AT is 58 

associated with metabolic alterations in humans and rodents, and is regulated by weight loss 59 

(5,7,8). 60 

A key component of the ECM is the basement membrane (BM), which is found in close 61 

proximity to other cell membranes. The BM of endothelial cells (EC) has been well described 62 

in many tissues (9), however in AT, these structures have only been demonstrated via 63 

morphological studies focusing on adipocytes (10). The BM provides cellular architectural 64 

support and also interacts with integrins for signaling (11). This interaction is crucial for 65 

correct cell behavior through outside-in signaling. BMs composition and supramolecular 66 

organization depend both on tissue type and specific developmental periods or 67 

pathophysiological events within those tissues. These modifications are well described, during 68 

glomerulogenesis for example, or diabetic nephropathy and retinopathy (12,13). Collagen IV 69 

and laminins are two major components, which self-assemble in the extracellular space to 70 

form a network which creates BM ultrastructure. Nidogen and perlecan (HSPG2) bridge the 71 

laminin and collagen IV network to stabilize and maintain BM integrity (9). The matricellular 72 

protein SPARC, expressed in AT (8), also contributes to BM stabilization. 73 
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Collagen IV, a heterotrimeric glycoprotein, accounts for 50% of the BM and is composed of 74 

up to six distinct alpha-chains, α1(IV) to α6(IV) (14). The chains interact and assemble with 75 

remarkable specificity due to specific recognition of non-collagenous domains (7S and NC1) 76 

to form three distinct heterotrimers: α1α1α2, α3α4α5 and α5α5α6 (15). COL4A1 and COL4A2 77 

are the most common isoforms and are present in all tissues. Laminins consist of assembled α, 78 

β and γ chains, and five α, three β and three types of γ chains have been identified in 79 

vertebrates (9). Depending on the chain combination, at least 15 laminin isoforms have been 80 

described (9). Laminin knockout mouse models have highlighted the importance of certain 81 

chains in a functional ECM structure (16). For example, γ1 null mice are embryonically 82 

lethal, producing disorganized extracellular deposits of collagen IV and perlecan (17), 83 

showing that this ubiquitous subunit is key for BM assembly. Thus structural anomalies of 84 

BM can lead to tissue dysfunction and eventual lethality in some models (18). Among these 85 

anomalies, BM thickening is commonly associated with tissue dysfunction, as shown in 86 

diabetic nephropathy or retinopathy (12,13). Collagen IV overexpression and oversecretion in 87 

the extracellular space is a hallmark of BM thickening (19), and the pro-fibrotic factor, 88 

TGFβ1, is an important molecular contributor (20,21). 89 

Today, morphological analysis has highlighted the presence of BM around adipocytes in AT 90 

(10), but no study has specifically explored BM components in lean and obese AT cells, nor 91 

the potential relationships between the major BM component collagen IV and metabolic 92 

alterations in obesity. Moreover, whereas previous studies showed that TGFβ1 is expressed in 93 

AT and is associated with BMI (22), no study has evaluated the potential relationships 94 

between TGFβ isoforms, collagen IV, and ECM components in obesity. 95 

Thus, using a combination of immuno-technique microscopy and gene expression approaches 96 

in human AT samples, we examined BM composition and its variations in adipocytes from 97 

both lean and obese subjects. We also assessed the relationships between collagen IV 98 

expression and metabolic phenotypes in obese subjects. Finally using 3D in vitro models, we 99 



 5 

explored the effect of TGF isoform on the BM, and pro-fibrotic or pro-inflammatory genes 100 

in adipocytes and EC from AT.  101 

 102 

Materials and Methods 103 

The list of antibodies and chemical compounds used in this study are presented in the 104 

Supplemental Data. 105 

 106 

Subjects 107 

First, we obtained subcutaneous periumbilical AT (SAT) samples by needle aspiration from 108 

an initial cohort of 60 obese subjects (F/M: 40/20, mean age:  51.29 ± 1.18 and BMI: 31.37 ± 109 

0.44 kg/m
2
) as described in (23). These subjects were treatment naïve and had impaired 110 

fasting glucose. Subjects were without overt diabetes, and had normal renal, hepatic and 111 

thyroid function. We obtained serum glucose and insulin after 12-hours of fasting and 112 

calculated insulin resistance indexes from HOMA-IR and HOMA-%S measurements, and 113 

beta cell function HOMA-%B using the Homeostatic Model Assessment Insulin Resistance 114 

(24). 115 

Secondly, 25 severely obese women candidates for bypass surgery (mean age: 48.9 ± 1.8 and 116 

BMI: 47 ± 1.4 kg/m
2
) were selected. Among them, 16 subjects were non-diabetic and 9 had 117 

type 2 diabetes. The subjects had not been dieting before the surgery and their weight had 118 

been stable for at least three months prior to surgery. Subcutaneous periumbilical adipose 119 

tissue (SAT) samples were obtained by needle aspiration before the surgical procedure (T0). 120 

This group of patients was followed-up six months after the bariatric surgery and we collected 121 

SAT at the periumbilical location using the same procedure (i.e. that needle biopsy (T6)). 122 

Patients were characterized by a series of bioclinical factors just prior to, and six months 123 

following surgery, as previously described in (25). For microscopy analysis, paired SAT 124 

(periumbilical) and VAT (omental) sample biopsies were obtained from 5 morbidly 125 
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obese subjects (mean age: 38.5 ± 11.6, BMI: 44.7 ± 7.5 kg/m
2
, F/M: 4/1) during surgery 126 

by the same surgeon (JLB). A portion of each sample was fixed in 4% formaldehyde for 127 

immunohistochemistry/immunofluorescence analysis and 0.2% glutaraldehyde-2% 128 

paraformaldehyde for immuno-electron microscopy analysis. 129 

Thirdly, AT biopsies were also obtained from non-obese women (mean age: 46.5 ± 5.1 and 130 

BMI: 23 ± 0.5 kg/m
2
). These subjects had been admitted for scheduled abdominal surgery. 131 

Subjects were exempt from acute or chronic inflammatory or infectious disease, viral 132 

infection, cancer and/or known alcohol consumption and consented to AT sampling from 133 

periumbilical location as obese subjects. 134 

All participants gave written and informed consent. All clinical investigations were performed 135 

according to the Declaration of Helsinki and approved by the Hôtel-Dieu hospital ethics 136 

committees. 137 

 138 

Microscopic Analysis of human AT 139 

Immunofluorescence and immunohistochemistry analyses were performed on serial sections 140 

of AT from five lean and five obese subjects as described in (26) and (27) respectively. 141 

Negative controls were performed by omitting primary antibodies. Immuno-electron 142 

microscopy was performed in human SAT as described in supplementary methods. 143 

 144 

Isolation of adipocytes and endothelial cells from human SAT 145 

SAT biopsies were digested with collagenase then adipocytes and EC were isolated as 146 

described in (28) and (29) respectively. For each cells types, one part was kept for gene 147 

expression analysis and the other for culture experiments. 148 

 149 

 150 

 151 
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3D cultures of isolated adipocytes 152 

Adipocytes were cultured in a 3D-cultured model as described in (26). Culture medium was 153 

changed every other day. 154 

 155 

Gene expression studies 156 

Cultured adipocytes and EC remained untreated or were treated with 5 ng/ml TGF1 or 157 

TGF3 for 48h. mRNA expression was determined by the Quantigene Plex 2.0 Reagent 158 

System (QuantiGene Affymetrix, CA, USA) as described in supplementary methods.  159 

Gene expression was quantified by RT-qPCR in adipocytes or EC isolated from human AT. 160 

RNA extraction, reverse transcription, and real-time PCR were conducted as described 161 

previously (29). Primers are listed in Supplemental Table 1. Values were normalized to 18S 162 

expression. 163 

 164 

Statistical Analysis 165 

Data were analyzed using GraphPad software (San Diego, CA). Values are expressed as 166 

means ± S.E.M. Differences between gene expressions were determined with non-parametric 167 

Mann-Whitney tests (obese vs. lean subjects) or Wilcoxon tests (SAT vs. VAT; prior to vs. six 168 

months after surgery and in vitro studies). Differences between clinical data (prior to vs 169 

six months after surgery) were determined using paired non-parametric Mann-Whitney 170 

tests.  Correlations were examined with non-parametric Spearman correlations. Results were 171 

considered significant when p  0.05. 172 

 173 

 174 

 175 

 176 

 177 
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Results 178 

Basement membrane components in human lean adipocytes and endothelial cells 179 

To investigate the BM in AT, we first performed immunofluorescence microscopy to detect 180 

collagen IV protein in SAT from non-obese subjects. This initial morphological exploration 181 

revealed collagen IV staining surrounding adipocytes and blood vessels (Figure 1A). 182 

Immuno-electron microscopy confirmed that collagen IV staining was located proximate to 183 

adipocytes (Figure 1C and Figure S1A-S1D) and EC membranes (data not shown). In 184 

isolated adipocytes and EC we assessed the expression of genes encoding several BM 185 

components, including COL4A1, a ubiquitously expressed  chain and LAMC1, the most 186 

commonly expressed laminin chain. We also evaluated the gene expression level of other BM 187 

components such as NID-1 and HSPG2, as well as SPARC, a matricellular protein involved in 188 

BM stabilization. 189 

COL4A1 was expressed at similar levels in isolated adipocytes and in EC (Figure 1E). In 190 

contrast, COL4A3 or COL4A5 transcripts were not detected (data not shown). Expression 191 

levels of LAMC1, NID-1, and HSPG2, were similar in lean adipocytes and EC, whereas 192 

SPARC had increased expression in isolated adipocytes compared to EC (p=0.018) (Figure 193 

1E). These observations demonstrate that similar to EC, isolated adipocytes express several 194 

key BM components, including COL4A1. 195 

 196 

Basement membrane components increase in obese AT 197 

Via immunofluorescent studies, collagen IV staining was more intense around adipocytes and 198 

blood vessels in obese compared to lean SAT samples (Figure 1A-B).  199 

Immuno-electron microscopy analysis confirmed not only the increased amount of collagen 200 

IV close to adipocyte membranes, but also different patterns in obese samples. Collagen IV 201 

appeared more disorganized with frequent associated clusters around obese compared to lean 202 

adipocytes (Figure 1D). We also found an AT depot-dependent pattern of collagen IV. 203 
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Collagen IV staining was much more intense in SAT from both lean and obese subjects, 204 

compared to VAT from both lean and obese subjects (Figure 1G-J).  205 

BM gene expression profiles correlated with histological findings. SPARC gene over-206 

expression was observed in obese adipocytes (p=0.021), which also demonstrated increased 207 

COL4A1 (p=0.001), LAMC1 (p=0.003), NID-1 (p=0.041) and HSPG2 (p=0.05) gene 208 

expression compared to that of lean adipocytes (Figure 1F). The expression levels of 209 

COL4A1, NID-1 and SPARC were also significantly higher in adipocytes isolated from obese 210 

SAT compared to VAT (COL4A1: p=0.005; NID-1: p=0.026; SPARC: p=0.002) (Figure 1K). 211 

COL4A1 expression was significantly correlated with LAMC1, NID-1, and SPARC genes in 212 

both SAT and VAT (Table S2). Both morphological and gene expression explorations 213 

demonstrated increased BM components in obese adipocytes, suggesting they could 214 

contribute to BM thickening. 215 

 216 

Collagen IV gene expression in obese SAT is associated with glucose metabolism 217 

In diseases such as diabetic nephropathy, increased collagen IV is induced by hyperglycemia. 218 

We thus explored potential links between COL4A1 expression in SAT (SAT-COL4A1) and 219 

glucose metabolism from i) moderately obese subjects with increased fasting blood glucose 220 

and, ii) severely obese subjects before and after gastric bypass, a condition known to 221 

drastically improve glucose metabolism. 222 

In 60 obese subjects with impaired fasting glucose but no anti-diabetic treatment (Table S3), 223 

we observed significant correlations between SAT-COL4A1 expression and markers of 224 

glucose homeostasis, such as fasting glucose and insulin, markers of insulin resistance 225 

(HOMA-IR and HOMA-%S) and of -cell function, HOMA-%B, as shown in Table 1. These 226 

associations remained after adjusting for weight (data not shown). 227 

We next investigated the relationship between variations in SAT-COL4A1 expression and 228 

glucose metabolism improvement in 16 non-diabetic subjects with severe obesity before and 229 
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after gastric bypass (Table S4). Six months after bariatric surgery, SAT-COL4A1 expression 230 

decreased by 29.5% (p<0.01) (Fig. 2A). Individual responses to bariatric surgery intervention 231 

were highly variable and treatment dependent, consequently we used a clustering approach to 232 

stratify the 16 non-diabetic subjects into two equivalent partitions using the median value for 233 

each clinical and biological parameter. For each clinical variable, we were then able to 234 

identify those that improved the most (top half) and those with little or no improvement 235 

(bottom half). Using these partitions, we found that obese subjects with the greatest 236 

improvement in HOMA-IR, the insulin-resistance surrogate, were those in which SAT-237 

COL4A1 decreased the most following surgery (p=0.014) (Figure 2B). No additional 238 

relationships were detected between variations in SAT-COL4A1 following surgery, and other 239 

biological or clinical improvement parameters. We also observed that the other previously 240 

described BM components were significantly decreased following surgery (Figure S2A-241 

S2C). Using the same clustering approach for COL4A1, we determined that SAT-NID1 was 242 

also related to HOMA-IR improvement (data not shown). 243 

 244 

Collagen IV gene expression in obese SAT is associated with TGF isoforms 245 

TGF1, a major pro-fibrotic growth factor correlated with BM thickness in several tissues 246 

(30). However this specific aspect has never been explored in obese AT. Moreover, using 247 

previous microarray data from our laboratory, we have observed that another TGF isoform, 248 

TGF3, was also highly expressed in human AT while TGF2 was barely detected (data not 249 

shown). We then explored the relationship between both TGF1 and TGF3 and BM 250 

components in obese SAT.  251 

Similar to COL4A1, the expression of both SAT-TGF1 and SAT-TGF3 decreased by 23% 252 

and 20% respectively six months after bariatric surgery (Figure 2C and 2D). We found strong 253 

positive correlations between SAT-COL4A1 and SAT-TGFβ1 expression, as well as between 254 

SAT-COL4A1 and SAT-TGFβ3, in the group sampled prior to surgery (Figure 2E and 2F). 255 
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These associations remained at six months following the weight loss induced by bariatric 256 

surgery (data not shown). We also found positive associations between variations in SAT-257 

COL4A1 expression and variations in both SAT-TGF1 (Figure 2G) and SAT-TGF3 (Figure 258 

2H) between baseline and six months post-surgery. Of note, the other previously explored 259 

BM components were also positively correlated to SAT-TGF1 or SAT-TGF3 expression. 260 

To a lesser extent, we also found significant positive associations between the variations in 261 

LAMC1, HSPG2, and SPARC expression and those of TGF1 and TGF3 (Figure S2D). 262 

These associations suggest potential relationships between pro-fibrotic TGF isoforms and 263 

the modulation of BM components, particularly COL4A1. 264 

 265 

TGF1 and TGF3 effects on human adipocytes and endothelial cells 266 

Since SAT-TGF1 and SAT-TGF3 were associated with upregulated SAT-COL4A1 267 

expression (and other BM components), we hypothesized that these pro-fibrotic factors could 268 

induce the synthesis of BM components in AT cells. TGF1 is indeed known to induce 269 

COL4A1 over-expression in epithelial cells (31). We used a previously described 3D model to 270 

test the effects of these TGF isoforms on the genetic expression of two BM components 271 

(COL4A1, LAMC1) and a series of ECM remodeling markers (COL3A1, COL6A3, SPARC, 272 

and LOX, as well as CTGF, TGF1, PAI-1, and -SMA) and inflammation markers (CCL2, 273 

IL-6), in isolated human lean adipocytes and EC. 274 

Firstly, we observed that TGF1 treatment induced significant over-expression of PAI-1, 275 

TGF1, CTGF and IL6 in both 3D cultured adipocytes (Figure 3A) and EC (Figure 3C). 276 

TGF1 treatment also increased SPARC and LOX expression in both types of isolated cells. 277 

In contrast, the gene expression of BM components (COL4A1, LAMC1) and other collagens 278 

(COL3A1) in isolated adipocytes was not significantly changed by TGF1 stimulation (Figure 279 

3B). COL4A1 and COL6A3 expression were however significantly induced by TGF1 in EC 280 
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(Figure 3D). As observed for TGF1, TGF3 treatment also provoked a significant up-281 

regulation of PAI-1, TGF1, -SMA and IL6 in both 3D cultured adipocytes (Figure 4A) and 282 

EC (Figure 4C). CTGF expression was also strongly induced under these conditions (Figure 283 

4C). 284 

Importantly, TGFβ3 treatment only induced expression of COL4A1, COL6A3, and LOX in EC 285 

(Figure 4D). 286 

 287 

Discussion 288 

Here we have provided novel insights regarding the expression of BM components in 289 

adipocytes and EC, and their modifications in AT during human obesity. We have shown that 290 

adipocytes from obese AT samples exhibit augmentations in several BM components. 291 

Amongst them COL4A1 expression positively associates with markers of insulin resistance, 292 

and with two TGF isoforms in obesity. In vitro data on human cells indicated that while 293 

TGF1 and TGF3 can stimulate remodeling and the up-regulation of pro-fibrotic and 294 

inflammatory genes in both adipocytes and EC, they can only induce COL4A1 expression in 295 

EC, and not in isolated human adipocytes.  296 

The BM of EC has been characterized in many tissues, but rarely in human AT, and has never 297 

been compared to isolated adipocytes. We observed that EC and adipocytes express common 298 

BM components such as a collagen IV protomer (α1α1α2), a laminin heterotrimer (containing 299 

the 1 chain), nidogen and perlecan. While also detected in both of these cell types, transcripts 300 

of the matricellular protein SPARC were more highly expressed in adipocytes. This 301 

glycoprotein exhibits diverse functions, such as modulating the interaction of cells with the 302 

ECM (both the BM and the interstitial matrix) and BM permeability. 303 

By focusing our study on a few major BM components, we can theorize that while adipocytes 304 

and EC share some common structural components, organizational differences could be 305 
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highlighted by variable SPARC gene expression, which as others modulates BM architecture 306 

to adapt to cell functions. 307 

Obesity induces significant BM component modifications in both EC and adipocytes, as 308 

illustrated by increased deposition of collagen IV protein around these cells, and increased 309 

BM gene expression in obese compared to lean adipocytes. The increase in BM components 310 

was also greater in SAT compared to VAT. Our team recently highlighted the importance of 311 

collagen accumulation located not only around adipocytes but also EC (i.e. called pericellular 312 

fibrosis) in obese AT (7). Here it is tempting to consider that increases in BM components 313 

around these cells, such as collagen IV, contribute to peri-adipocyte and peri-vascular 314 

fibrosis. Additional detailed imagery analysis of human AT would be necessary to provide 315 

further insights regarding the structural organization of pericellular fibrosis.  316 

In many tissues such as kidney or retina, BM remodeling is related to insulin resistance and a 317 

hyperglycemic environment. We have previously shown that pericellular fibrosis in AT is 318 

associated with deterioration of metabolic parameters, and also with diabetes in severe obesity 319 

(3,32). BM components were not explored in this pathological context, instead focus was 320 

made on collagen VI, a type of collagen, which forms the interface between BM and thick 321 

bundles of collagen I. The expression of collagen VI in AT has been correlated to glucose 322 

metabolism impairment in human populations (33). Here, we have shown that the expression 323 

of collagen IV, a major component of adipose BM, also associates with several variables 324 

related to glucose homeostasis and insulin-resistance in obese individuals with impaired 325 

fasting glucose and naïve of treatment. While this quantitative association was not observed at 326 

baseline in more severe forms of obesity, COL4A1 expression in AT significantly decreased 327 

six months after bariatric surgery, and was associated with improved metabolic condition. 328 

This observation correlates with a previous study from our team demonstrating that the gene 329 

expression of several types of collagen were down-regulated in AT one year after gastric 330 

bypass (32). In the current study, subjects with the greatest HOMA-IR improvement had the 331 
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lowest COL4A1 expression six months after the surgery. These data are only correlative, but 332 

they do help predict the impact of hyperglycemic/hyperinsulinemic tissue environments on 333 

BM component synthesis in AT cells. 334 

Deeper insights into molecular interactions are also needed. As such, TGFβ isoforms are 335 

relevant candidates as in addition to their pro-fibrotic role, TGFβ1 can induce collagen IV 336 

expression and BM thickening in other tissues, such as kidney and retina. This link may also 337 

exist in AT. Our association studies indeed showed strong positive correlations between 338 

COL4A1 and TGFβ1 expression in the SAT of severely obese subjects, both prior to, and six 339 

months post-bariatric surgery. Similar associations were found for the TGFβ3 isoform, also 340 

highly expressed in AT. These observations prompted us to examine whether both TGFβ 341 

isoforms could induce the expression of COL4A1 and other remodeling genes in human 342 

isolated adipocytes and EC, using a previously described in vitro 3D model (26). Both TGFβ1 343 

and TGFβ3 induced the expression of several pro-fibrotic and inflammatory genes in 344 

adipocytes and EC, but COL4A1 expression was only significantly induced in EC.  345 

This raises important questions about whether other pro-fibrotic stimuli can induce adipocyte 346 

BM remodeling and change ECM composition in obese AT. In our 3D model, we tested other 347 

known collagen IV-inducers, such as activin A, but neither induced BM component 348 

expression in isolated adipocytes (data not shown).  349 

Recently, one study demonstrated that another TGFβ superfamily member, BMP4, induces 350 

COL4A1 and COL4A2 expression in isolated glomeruli from mouse kidneys (34). While a 351 

recent study highlighted that BMP4 has an anti-inflammatory effect in adipocytes, its action 352 

on collagen IV expression in adipocytes should also be explored (35). 353 

While obesity is characterized by deregulated production of adipokines, it remains also 354 

to understand whether the two main adipokines, leptin and adiponectin, could also 355 

contribute to fibrosis development in AT. Indeed in liver, leptin exerts pro-fibrotic 356 

impact while adiponectin is anti-fibrotic (36). In a recent in vitro study performed on 357 
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HUVEC, leptin treatment induced collagen IV over-secretion while when adding 358 

adiponectin, collagen IV secretion returns to control secretion (37). Based on these 359 

findings, it would be interesting to assess further the effects of these adipokines on the 360 

secretion of collagen IV in endothelial cells and adipocytes. Overall further studies are 361 

needed to understand how the production of basement membrane components by 362 

adipocytes is regulated.  363 

Treating isolated adipocytes and EC with TGFβ isoforms induced LOX expression, an 364 

enzyme that plays a key role in catalyzing covalent collagen crosslinks in the extracellular 365 

environment, and regulates ECM mechanical properties. Both adipocytes and EC may thus 366 

contribute to AT fibrosis via the thickening of their own BM due to pro-fibrotic stimuli. We 367 

have also shown that LOX expression is induced in obese AT (28) and is decreased after 368 

weight loss (32) suggesting modulation of collagen cross-linking with subsequent effects 369 

impacts on cell constraints. Furthermore, AT tensile strength has been shown to be a 370 

feature that promotes co-morbidities development (38) suggesting a potential role of BM 371 

component in this phenomenon. 372 

Our laboratory indeed demonstrated that adipocytes could also be considered as mechano-373 

sensitive cells subject to bilateral mechanical forces during obesity (28). On one hand, lipid 374 

droplet growth exerts physical stress from inside the cell, and on the other, AT fibrosis 375 

characterized by fibrillar cross-linked collagen can create constraints from the outside in. 376 

Interestingly, collagen IV knockout studies in C. elegans and mice have demonstrated that 377 

this BM component is crucial in enabling cells to respond to mechanical constraints by 378 

transmitting signals between cells and interstitial matrix (39,40).  It is thus tempting to 379 

suggest that collagen IV accumulation around obese adipocytes could be governed by 380 

mechanical stresses, either induced by lipid droplet enlargement and/or fibrosis accumulation. 381 

Further studies are needed to investigate this aspect in more depth. 382 
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In conclusion we have described major BM component modification in adipocytes and EC 383 

during obesity. Collagen IV is a major BM component associated with in vivo metabolic 384 

alterations in human obesity, thus future molecular studies are needed to determine both its 385 

regulation and contribution to altered adipocyte biology. 386 

 387 

Acknowledgments 388 

The clinical work was supported by clinical research contracts (PHRC 0702 to KC and CRC 389 

NCT00476658 to CP). Funding was obtained from the Fondation pour la Recherche 390 

Médicale (FRM DEQ20120323701), the National Agency of Research (ANR, Adipofib) and 391 

Fondation de France. Electron microscopy experiments were performed using the electron 392 

microscopy service at IBPS/FR3631-P and M. Curie University, Paris, France. We thank 393 

patients and nurses, as well as Clinical Research Assistant Valentine Lemoine and Dr 394 

Marcheli for patient recruitment and data management aspects. We thank Rachel Peat for 395 

editing and English correction.  396 

 397 

 398 

 399 

 400 

401 



 17 

References  402 

1.  Sam S, Mazzone T. Adipose tissue changes in obesity and the impact on metabolic function. 403 

Transl. Res. J. Lab. Clin. Med. 2014;164(4):284–292. 404 

2.  Sun K, Tordjman J, Clément K, Scherer PE. Fibrosis and adipose tissue dysfunction. Cell 405 

Metab. 2013;18(4):470–477. 406 

3.  Abdennour M, Reggio S, Le Naour G, Liu Y, Poitou C, Aron-Wisnewsky J, Charlotte F, 407 

Bouillot J-L, Torcivia A, Sasso M, Miette V, Zucker J-D, Bedossa P, Tordjman J, Clément K. 408 

Association of Adipose Tissue and Liver Fibrosis with Tissue Stiffness in Morbid Obesity: Links with 409 

Diabetes and BMI Loss after Gastric Bypass. J. Clin. Endocrinol. Metab. 2014:jc20133253. 410 

4.  Divoux A. Architecture and the extracellular matrix: the stil... [Obes Rev. 2011] - PubMed - 411 

NCBI. Available at: http://www.ncbi.nlm.nih.gov.gate2.inist.fr/pubmed/21366833. Accessed 412 

September 6, 2011. 413 

5.  Khan T, Muise ES, Iyengar P, Wang ZV, Chandalia M, Abate N, Zhang BB, Bonaldo P, Chua S, 414 

Scherer PE. Metabolic dysregulation and adipose tissue fibrosis: role of collagen VI. Mol. Cell. Biol. 415 

2009;29(6):1575–1591. 416 

6.  Henegar C, Tordjman J, Achard V, Lacasa D, Cremer I, Guerre-Millo M, Poitou C, Basdevant 417 

A, Stich V, Viguerie N, Langin D, Bedossa P, Zucker J-D, Clement K. Adipose tissue transcriptomic 418 

signature highlights the pathological relevance of extracellular matrix in human obesity. Genome 419 

Biol. 2008;9(1):R14. 420 

7.  Divoux A. Fibrosis in Human Adipose Tissue: Composition, Distribution, and Link With Lipid 421 

Metabolism and Fat Mass Loss. Available at: 422 

http://diabetes.diabetesjournals.org.gate2.inist.fr/content/59/11/2817.full.pdf+html. Accessed 423 

September 6, 2011. 424 

8.  Kos K, Wong S, Tan B, Gummesson A, Jernas M, Franck N, Kerrigan D, Nystrom FH, Carlsson 425 

LMS, Randeva HS, Pinkney JH, Wilding JPH. Regulation of the fibrosis and angiogenesis promoter 426 

SPARC/osteonectin in human adipose tissue by weight change, leptin, insulin, and glucose. Diabetes 427 

2009;58(8):1780–1788. 428 

9.  LeBleu VS, Macdonald B, Kalluri R. Structure and function of basement membranes. Exp. 429 

Biol. Med. Maywood NJ 2007;232(9):1121–1129. 430 

10.  Pierleoni C, Verdenelli F, Castellucci M, Cinti S. Fibronectins and basal lamina molecules 431 

expression in human subcutaneous white adipose tissue. Eur. J. Histochem. EJH 1998;42(3):183–188. 432 

11.  Yurchenco PD. Basement membranes: cell scaffoldings and signaling platforms. Cold Spring 433 

Harb. Perspect. Biol. 2011;3(2). doi:10.1101/cshperspect.a004911. 434 

12.  Mora-Fernández C, Domínguez-Pimentel V, de Fuentes MM, Górriz JL, Martínez-Castelao A, 435 

Navarro-González JF. Diabetic kidney disease: from physiology to therapeutics. J. Physiol. 436 

2014;592(Pt 18):3997–4012. 437 

13.  Roy S, Ha J, Trudeau K, Beglova E. Vascular basement membrane thickening in diabetic 438 

retinopathy. Curr. Eye Res. 2010;35(12):1045–1056. 439 

14.  Zhou J, Ding M, Zhao Z, Reeders ST. Complete primary structure of the sixth chain of human 440 

basement membrane collagen, alpha 6(IV). Isolation of the cDNAs for alpha 6(IV) and comparison 441 

with five other type IV collagen chains. J. Biol. Chem. 1994;269(18):13193–13199. 442 

15.  Borza DB, Bondar O, Ninomiya Y, Sado Y, Naito I, Todd P, Hudson BG. The NC1 domain of 443 

collagen IV encodes a novel network composed of the alpha 1, alpha 2, alpha 5, and alpha 6 chains in 444 

smooth muscle basement membranes. J. Biol. Chem. 2001;276(30):28532–28540. 445 



 18 

16.  Ryan MC, Christiano AM, Engvall E, Wewer UM, Miner JH, Sanes JR, Burgeson RE. The 446 

functions of laminins: lessons from in vivo studies. Matrix Biol. J. Int. Soc. Matrix Biol. 447 

1996;15(6):369–381. 448 

17.  Smyth N, Vatansever HS, Murray P, Meyer M, Frie C, Paulsson M, Edgar D. Absence of 449 

basement membranes after targeting the LAMC1 gene results in embryonic lethality due to failure of 450 

endoderm differentiation. J. Cell Biol. 1999;144(1):151–160. 451 

18.  Tsilibary EC. Microvascular basement membranes in diabetes mellitus. J. Pathol. 452 

2003;200(4):537–546. 453 

19.  Nishikawa T, Giardino I, Edelstein D, Brownlee M. Changes in diabetic retinal matrix protein 454 

mRNA levels in a common transgenic mouse strain. Curr. Eye Res. 2000;21(1):581–587. 455 

20.  Garud MS, Kulkarni YA. Hyperglycemia to nephropathy via transforming growth factor beta. 456 

Curr. Diabetes Rev. 2014;10(3):182–189. 457 

21.  Gerhardinger C, Dagher Z, Sebastiani P, Park YS, Lorenzi M. The transforming growth factor-458 

beta pathway is a common target of drugs that prevent experimental diabetic retinopathy. Diabetes 459 

2009;58(7):1659–1667. 460 

22.  Alessi MC, Bastelica D, Morange P, Berthet B, Leduc I, Verdier M, Geel O, Juhan-Vague I. 461 

Plasminogen activator inhibitor 1, transforming growth factor-beta1, and BMI are closely associated 462 

in human adipose tissue during morbid obesity. Diabetes 2000;49(8):1374–1380. 463 

23.  Rizkalla SW, Prifti E, Cotillard A, Pelloux V, Rouault C, Allouche R, Laromiguière M, Kong L, 464 

Darakhshan F, Massiera F, Clement K. Differential effects of macronutrient content in 2 energy-465 

restricted diets on cardiovascular risk factors and adipose tissue cell size in moderately obese 466 

individuals: a randomized controlled trial. Am. J. Clin. Nutr. 2012;95(1):49–63. 467 

24.  Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. Homeostasis 468 

model assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin 469 

concentrations in man. Diabetologia 1985;28(7):412–419. 470 

25.  Cancello R, Tordjman J, Poitou C, Guilhem G, Bouillot JL, Hugol D, Coussieu C, Basdevant A, 471 

Bar Hen A, Bedossa P, Guerre-Millo M, Clément K. Increased infiltration of macrophages in omental 472 

adipose tissue is associated with marked hepatic lesions in morbid human obesity. Diabetes 473 

2006;55(6):1554–1561. 474 

26.  Pellegrinelli V, Rouault C, Veyrie N, Clément K, Lacasa D. Endothelial cells from visceral 475 

adipose tissue disrupt adipocyte functions in a three-dimensional setting: partial rescue by 476 

angiopoietin-1. Diabetes 2014;63(2):535–549. 477 

27.  Cancello R, Henegar C, Viguerie N, Taleb S, Poitou C, Rouault C, Coupaye M, Pelloux V, 478 

Hugol D, Bouillot J-L, Bouloumié A, Barbatelli G, Cinti S, Svensson P-A, Barsh GS, Zucker J-D, 479 

Basdevant A, Langin D, Clément K. Reduction of macrophage infiltration and chemoattractant gene 480 

expression changes in white adipose tissue of morbidly obese subjects after surgery-induced weight 481 

loss. Diabetes 2005;54(8):2277–2286. 482 

28.  Pellegrinelli V, Heuvingh J, du Roure O, Rouault C, Devulder A, Klein C, Lacasa M, Clément 483 

E, Lacasa D, Clément K. Human adipocyte function is impacted by mechanical cues. J. Pathol. 484 

2014;233(2):183–195. 485 

29.  Rouault C, Pellegrinelli V, Schilch R, Cotillard A, Poitou C, Tordjman J, Sell H, Clément K, 486 

Lacasa D. Roles of Chemokine Ligand-2 (CXCL2) and Neutrophils in Influencing Endothelial Cell 487 

Function and Inflammation of Human Adipose Tissue. Endocrinology 2013;154(3):1069–1079. 488 

30.  Hoňková L, Uhlík J, Beránková K, Svobodová T, Pohunek P. Epithelial basement membrane 489 

thickening is related to TGF-Beta 1 expression in children with chronic respiratory diseases. Pediatr. 490 

Allergy Immunol. Off. Publ. Eur. Soc. Pediatr. Allergy Immunol. 2014;25(6):593–599. 491 



 19 

31.  Chai Q, Krag S, Miner JH, Nyengaard JR, Chai S, Wogensen L. TGF-beta1 induces aberrant 492 

laminin chain and collagen type IV isotype expression in the glomerular basement membrane. 493 

Nephron Exp. Nephrol. 2003;94(4):e123–136. 494 

32.  Liu Y, Aron-Wisnewsky J, Marcelin G, Genser L, Le Naour G, Torcivia A, Bauvois B, Bouchet 495 

S, Pelloux V, Sasso M, Miette V, Tordjman J, Clément K. Accumulation and Changes in Composition 496 

of Collagens in Subcutaneous Adipose Tissue Following Bariatric Surgery. J. Clin. Endocrinol. Metab. 497 

2015:jc20153348. 498 

33.  Pasarica M, Gowronska-Kozak B, Burk D, Remedios I, Hymel D, Gimble J, Ravussin E, Bray 499 

GA, Smith SR. Adipose tissue collagen VI in obesity. J. Clin. Endocrinol. Metab. 2009;94(12):5155–500 

5162. 501 

34.  Matsubara T, Araki M, Abe H, Ueda O, Jishage K, Mima A, Goto C, Tominaga T, Kinosaki M, 502 

Kishi S, Nagai K, Iehara N, Fukushima N, Kita T, Arai H, Doi T. Bone Morphogenetic Protein 4 and 503 

Smad1 Mediate Extracellular Matrix Production in the Development of Diabetic Nephropathy. 504 

Diabetes 2015;64(8):2978–2990. 505 

35.  Baraban E, Chavakis T, Hamilton BS, Sales S, Wabitsch M, Bornstein SR, Ehrhart-Bornstein 506 

M. Anti-inflammatory properties of bone morphogenetic protein 4 in human adipocytes. Int. J. Obes. 507 

2005 2015. doi:10.1038/ijo.2015.141. 508 

36.  Bertolani C, Marra F. The role of adipokines in liver fibrosis. Pathophysiol. Off. J. Int. Soc. 509 

Pathophysiol. ISP 2008;15(2):91–101. 510 

37.  Zhang Z, Wang F, Wang B-J, Chu G, Cao Q, Sun B-G, Dai Q-Y. Inhibition of leptin-induced 511 

vascular extracellular matrix remodelling by adiponectin. J. Mol. Endocrinol. 2014;53(2):145–154. 512 

38.  Lackey DE, Burk DH, Ali MR, Mostaedi R, Smith WH, Park J, Scherer PE, Seay SA, McCoin CS, 513 

Bonaldo P, Adams SH. Contributions of adipose tissue architectural and tensile properties toward 514 

defining healthy and unhealthy obesity. Am. J. Physiol. Endocrinol. Metab. 2014;306(3):E233–246. 515 

39.  Guo XD, Johnson JJ, Kramer JM. Embryonic lethality caused by mutations in basement 516 

membrane collagen of C. elegans. Nature 1991;349(6311):707–709. 517 

40.  Pöschl E, Schlötzer-Schrehardt U, Brachvogel B, Saito K, Ninomiya Y, Mayer U. Collagen IV is 518 

essential for basement membrane stability but dispensable for initiation of its assembly during early 519 

development. Dev. Camb. Engl. 2004;131(7):1619–1628. 520 

 521 

 522 

 523 

 524 

 525 

 526 

 527 

 528 

 529 

 530 



 20 

Figure legends 531 

Figure 1: BM components in lean and obese human adipose tissue and isolated adipocyte 532 

and endothelial cells. 533 

(A-D) Collagen IV immunofluorescence in lean (n=5) (A) and obese (n=5) human 534 

subcutaneous adipose tissue collected by surgical biopsy (B) Collagen IV immuno-electron 535 

microscopy in lean (C) and obese (D) human subcutaneous adipose tissue. Representative 536 

samples are shown from a set of five explored samples. (E) COL4A1, LAMC1, NID-1, HSPG2 537 

(perlecan), and SPARC expression was quantified by real-time PCR and normalized to 18S in 538 

adipocytes (n=12; white bar) and compared to endothelial cells (n=5; grey bar) from lean 539 

subcutaneous adipose tissue.  (F)- COL4A1, LAMC1, NID-1, HSPG2 (perlecan), and SPARC 540 

expression was quantified using real-time PCR and normalized to 18S in lean (n=12; white 541 

bar) or obese (n=12; black bar) adipocytes. (G-J) Collagen IV immunohistochemistry in either 542 

lean (n=5) human subcutaneous, (G) or visceral adipose tissue (I); and in obese (n=5) human 543 

subcutaneous (H) or visceral adipose tissue (J). Representative samples are shown after the 544 

histological analysis of 5 subjects for each condition. (K) COL4A1, LAMC1, NID-1, HSPG2 545 

(perlecan), and SPARC expression was quantified by real-time PCR and normalized to 18S in 546 

adipocytes isolated from either obese subcutaneous (n=16; black bars) or visceral adipose 547 

tissue (n=16; hatched bars). For RT-qPCR, values are obtained from the average of the 548 

reference sample Ct. Ad: adipocytes; EC: endothelial cells; SAT: subcutaneous adipose 549 

tissue; VAT: visceral adipose tissue; arrow: collagen IV. Data are expressed as mean  SEM. 550 

Significant differences between groups are indicated *** p<0.001; **p<0.01; *p <0.05 Mann-551 

Whitney’s test or Wilcoxon’s test for subcutaneous versus visceral adipose tissue comparison. 552 

 553 

 554 

 555 
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Figure 2: Decreased expression of collagen IV, TGFβ1, and TGFβ3 genes in 556 

subcutaneous adipose tissue following weight-loss is associated with improved glucose 557 

metabolism parameters. 558 

(A). COL4A1, (C) TGF1, and (D) TGF3 gene expression was quantified by real-time PCR 559 

and normalized to 18S in human obese subcutaneous adipose tissue before (black bars) and 560 

after weight loss (hatched bars). T0: Before weight loss; T6: six months after weight loss; 561 

SAT: subcutaneous adipose tissue. (B). Average COL4A1 expression in subcutaneous adipose 562 

tissue after patient samples were clustered depending on HOMA-IR improvement six months 563 

after surgery. Data are expressed as mean  SEM. Statistically significant differences between 564 

groups are indicated ** p<0.01; *p <0.05. n=25.  Correlation analysis between subcutaneous 565 

adipose tissue COL4A1 gene expression and TGF1 before (E) and six months after surgery 566 

(G); and TGF3 before (F) and six months after surgery (H). Wilcoxon’s tests were used in 567 

(A), (B), (C), and (D), and Pearson’s correlations were used in (E), (F), (G), and (H). n=25 568 

 569 

Figure 3: TGFβ1 effects on ECM and inflammatory genes in 3D adipocytes and 570 

endothelial cells isolated from lean human subcutaneous adipose tissue.  571 

3D adipocytes and endothelial cells were treated for 48h with 5 ng/mL recombinant TGFβ1. 572 

(A-B) Inflammatory genes were quantified by Quantiplex Assays in either non-treated (white 573 

bars) or treated (black bars) 3D adipocytes (A); and non-treated (light grey bars) or treated 574 

(dark grey bars) endothelial cells (B). (C-D) ECM remodeling genes were quantified by 575 

Quantiplex Assays in either non-treated (white bars) or treated (black bars) 3D adipocytes 576 

(C); and non-treated (light grey bars) or treated (dark grey bars) endothelial cells (D). Ad: 577 

adipocyte (n=12); EC: endothelial cells (n=8). Statistically significant differences between 578 

groups are indicated *** p<0.001; ** p<0.01; *p <0.05 Wilcoxon’s test. 579 

 580 
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Figure 4: TGFβ3 effects on ECM and inflammatory genes in 3D adipocytes and 581 

endothelial cells isolated from lean human subcutaneous adipose tissue. 582 

3D adipocytes and endothelial cells were treated for 48h with 5 ng/mL recombinant TGFβ3. 583 

A-B Inflammatory genes were quantified by Quantiplex Assays in either non-treated (white 584 

bars) or treated (black bars) 3D adipocytes (A); and non-treated (light grey bars) or treated 585 

(dark grey bars) endothelial cells (B). C-D ECM remodeling genes were quantified by 586 

Quantiplex Assays in either non-treated (white bars) or treated (black bars) 3D adipocytes 587 

(C); and non-treated (light grey bars) or treated (dark grey bars) endothelial cells (D). Ad: 588 

adipocyte (n=9); EC: endothelial cells (n=6). Statistically significant differences between 589 

groups are indicated *** p<0.001; ** p<0.01; *p <0.05 Wilcoxon’s test. 590 
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