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Abstract  

We previously showed that human and murine 3T3-F442A preadipocytes produced and 

released matrix metalloproteinases (MMPs) 2 and 9 and that a treatment by MMP inhibitors 

resulted in the blockade of murine fat cell adipose conversion. In parallel, investigators 

reported that other protease inhibitors, the HIV protease inhibitors (HIV-PIs) involved in 

lipodystrophy in humans, also reduced the adipocyte differentiation process of several murine 

cell lines. The present work was performed in order to define the effects of MMP inhibitors 

and HIV-PIs on the human adipocyte differentiation process, to clarify the involvement of 

MMPs in the control of human adipogenesis and to determine whether HIV-PIs interact with 

MMPs in the control of this process. The effect of two MMP inhibitor and four HIV-PI 

treatments on the differentiation of primary culture human preadipocytes, as well as the 

putative relationships between HIV-PIs and MMP-2 and MMP-9 expression, release or 

activity were investigated. We showed that MMP inhibitors and HIV-PIs reduced the human 

adipocyte differentiation process as assessed by the decrease of cell protein and/or triglyceride 

contents and expression of fatty acid binding protein and hormone-sensitive lipase, two 

adipocyte markers. Unlike MMP inhibitors, HIV-PIs were devoid of any effect per se on 

recombinant MMP-2 and 9 activities but reduced the expression and release of MMP-9 by 

human preadipocytes. Thus, the present study indicates that the modulation of the 

extracellular matrix components through the production and/or activity of MMPs and more 

precisely MMP-9 might be a key factor in the regulation of human adipose tissue 

development.  
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Introduction  

The mechanisms responsible for the growth of adipose tissue (AT) are still not well 

defined. Adipocyte hypertrophy and hyperplasia, due to the recruitment and differentiation of 

adipocyte precursor cells, or preadipocytes, into adipocytes are major cellular events in the 

development of the fat mass. Together with the hypertrophy and the hyperplasia events, recent 

investigations have clearly demonstrated that angiogenesis and extracellular matrix (ECM) 

remodeling are required for coordinated growth of the fat depot (Rupnick et al., 2002; Lijnen 

et al., 2002). Among the enzymes involved in the degradation of the ECM components, the 

matrix metalloproteinase (MMP) family is considered to play a major role (Sternlicht and 

Werb, 2001). In a previous report, we demonstrated that mature human adipocytes and 

preadipocytes produce and release two members of the MMP family, MMP-2 and MMP-9, 

the expression and activity of which were shown to be dependent on the adipocyte 

differentiation process (Bouloumié et al., 2001). Interestingly, we also reported that treatment 

of the murine 3T3-F442A preadipocytes, that also produced MMP-2 and -9 during adipose 

conversion, with MMP inhibitors decreased the rate of adipocyte differentiation, suggesting 

that MMP activities are required for adipogenesis in rodents. However, no data are available 

concerning the potential role of MMPs in the regulation of AT development in humans. 

A “lipodystrophy syndrome”, characterized by body fat redistribution, hyperlipidemia 

and insulin resistance, has been associated with the recent use of protease inhibitors (PIs) in 

the therapy of autoimmune deficiency syndrome (AIDS) as consequence of human 

immunodeficiency virus (HIV) infection (Carr et al., 1998). The most prominent clinical sign 

of HIV-PI-associated lipodystrophy is a loss of subcutaneous fat (lipoatrophy) in the face and 

the extremities that can be accompanied, in some cases, by fat accumulation in the neck, back 

and visceral depots, suggesting that it most likely involves HIV-PI-mediated dysregulation of 

the balance between the development and the regression of the AT depending on the 
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anatomical location of the fat deposits. Numerous studies have examined the effect of HIV-

PIs on adipocyte differentiation of murine cell lines and evidenced that they are potent 

inhibitors of adipogenesis in vitro (Zhang et al., 1999; Vernochet et al., 2003). Further 

analysis of the putative targets of HIV-PIs has focused on the transcription factors that 

regulate the expression of adipocyte-specific markers (Dowell et al., 2000; Caron et al., 

2001).  

The present work was performed to define the effects of MMP inhibitors and HIV-PIs 

on the differentiation of preadipocytes isolated from the stroma vascular fraction of human 

AT. It was also expected to clarify the involvement of MMPs in the control of the adipocyte 

differentiation process in human AT and to determine whether HIV-PIs interact with MMPs 

in the control of this process. We evidenced that the broad spectrum MMP inhibitor 

batimastat strongly inhibited human adipocyte differentiation. Moreover, HIV-PIs such as 

indinavir (IDV), ritonavir (RTV), saquinavir (SQV) and nelfinavir (NFV) also lead to a strong 

reduction of the human adipocyte differentiation process, by a mechanism that may involve 

their inhibitory effect on MMP-9 expression and release by treated preadipocytes. Finally, we 

showed that MMP-9 inhibitor also reduced the differentiation of human preadipocytes, 

suggesting that MMP-9 is specifically involved in the batimastat-mediated inhibition of 

human adipogenesis. These data suggest that the modulation of the ECM components through 

the production and/or activity of MMPs and more precisely MMP-9 might be a key regulator 

of human AT development.  
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Materials and Methods  

Cell culture and treatment 

Chemicals were from Sigma (Saint-Quentin Fallavier, France) and cell culture 

reagents either from Life Technologies (Cergy Pontoise, France), Roche Diagnostics (Meylan, 

France) or Cambrex Bio Science (Verviers, Belgium). 

Human subcutaneous abdominal white AT was obtained from moderately overweight 

women undergoing plastic surgery (mean age 39 ± 2 years, mean body mass index (BMI) 

26.5 ± 0.8 kg/m2). The isolation of human AT-derived stromal cells and the culture of stromal 

preadipocytes (i.e. fat cell precursors) differentiated into adipocytes were performed as 

previously described [10]. Briefly, sterile AT was cut into small pieces and digested under 

agitation with collagenase (300 U/ml) for 1 h 30 min at 37°C. After centrifugation, washing 

and filtration steps, the stromal cells were suspended in Dulbecco's Modified Eagle's medium 

(DMEM) F-12 supplemented with 10 % fetal calf serum (FCS) and plated at 60000 cells/cm2. 

After 24 h, the medium was changed for medium consisting of DMEM F-12 supplemented 

with 33 µM biotin, 17 µM panthotenate, 50 µg/ml gentamycin (basal medium) in the presence 

of 66 nM insulin, 1 nM triiodothyronine, 100 nM cortisol, 10 µg/ml human transferrin 

(adipogenic medium) and, for the first 3 days, 1 µg/ml ciglitazone. After the three day-

priming period, the cells were cultured in the adipogenic medium supplemented with (i) MMP 

inhibitors: batimastat (BB94 or [4-(N-hydroxyamino)-2R-isobutyl-3S-(thienylthiomethyl)-

succinyl]-L-phenylalanine-N-methylamide kindly provided by British Biotech, Oxford, 

England) or MMP-9 inhibitor (MMP-9/MMP-13 inhibitor II or [N-hydroxy-1-(4-

methoxyphenyl)sulfonyl-4-benzyloxycarbonylpiperazine-2-carboxamide] from Calbiochem, 

VWR International, Strasbourg, France); or (ii) HIV-PIs: IDV (kindly provided by Merck 

Laboratories, Rahway, NJ, USA) or SQV (kindly provided by Roche, Welwyn Garden City, 

UK), RTV (kindly provided by Abott laboratories, Chicago, USA) or NFV (kindly provided 
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by Roche diagnostic, Mannheim, France), for 10 days. Batimastat was dissolved in ethanol 

while HIV-PIs and MMP-9 inhibitor were dissolved in pure dimethylsulfoxide (DMSO). 

Control cells were treated using an appropriate concentration of each vehicle. Medium was 

replaced every two days. Before the experiments, the cells were placed in basal medium with 

or without 0.1% bovine serum albumin (BSA) (MMP inhibitors versus HIV-PIs, respectively) 

overnight, supplemented with the various treatments. 

The medium was then collected and used in zymography analysis. Cell triglyceride 

and total protein contents were determined using kits from Sigma (Saint-Quentin Fallavier, 

France) and Bio-Rad (Marnes-la-Coquette, France), respectively.  

 

Gelatin zymography 

Proteins with gelatinolytic activity were identified by electrophoresis in the presence 

of sodium dodecyl sulfate (SDS) in 8% polyacrylamide gels containing 1 mg/ml gelatin. 

Briefly, culture medium batches (20 µl) were directly loaded onto gels and after 

electrophoresis, proteins were renatured by exchanging SDS with 2.5 % Triton X-100 (20-

min incubation repeated twice). The gels were then incubated for 16 h at 37°C in 50 mM Tris-

HCl pH 8.8, 5 mM CaCl2 and 0.02% NaN3 and stained with Coomassie Blue. The presence of 

gelatinolytic activity in the culture medium batches was visualized as uncoloured areas on an 

otherwise blue gel. Migration of proteins was compared with that of prestained molecular 

weight markers. The gels were scanned by an imaging densitometer and quantified using the 

NIH image program (developed at the U.S. National Institute of Health). 

 

Fluorimetric activity assay on recombinant MMP-2 and MMP-9  

In vitro assays were performed on 96 well-plates. Human recombinant activated 

MMP-2 (2 nM) or MMP-9 (4 nM) (Calbiochem, Fontenay sous Bois, France) were pre-

incubated in the presence or absence of increasing concentrations of batimastat (from 0.01 nM 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 10, 2004 as DOI: 10.1124/jpet.104.077263

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


“JPET #77263” 

 8

to 0.01 µM) or HIV-PIs (from 1 nM to 100 µM), for 30 min at 37°C. Twenty µM of the 

fluorogenic substrate Mca-Pro-Leu-Gly-Leu-Dnp-Ala-Arg (Bachem Distribution, Weil am 

Rhein, Germany) were then added to each well and fluorescence (λex.325 nm/λem.390 nm) 

was recorded every 2 minutes for 60 min. MMP activity was evaluated by the maximum 

rate/min on 5 separate measurements in each well. 

 

Real-time reverse transcriptase polymerase chain reaction (RT-PCR) 

Changes in mRNA levels from specific genes were quantified by real time RT-PCR. 

Total RNAs were extracted using Qiagen Rneasy Mini Kit according to the manufacturer’s 

instructions and RNA concentrations were determined using a fluorimetric assay (Ribogreen, 

Molecular Probes, Interchim, Montluçon, France). RNA (0.5 µg) was reverse-transcribed 

using the ThermoScript RT system (Life Technologies) according to the manufacturer’s 

instructions. Reverse transcription was also performed without Thermoscript enzyme on RNA 

samples in order to check for any genomic DNA contamination. PCR primers were designed 

using Primer Express software according to the recommendations of Applied Biosystems.  

 Forward Reverse 

Fatty acid binding 

protein (aP2) 

GCATGGCCAAACCTAACATGA CCTGGCCCAGTATGAAGGAAA 

Hormone-sensitive 

lipase (HSL) 

GTGCAAAGACGGAGGACCACTCCA GACGTCTCGGAGTTTCCCCTCAG 

MMP-9 CCCTGGAGACCTGAGAACCA CCACCCGAGTGTAACCATAGC 

 

Each amplification reaction was performed with 15 ng of cDNA sample in duplicate in 

96-well optical reaction plates with a GeneAmp 5700 sequence detection system. The PCR 

mixture contained forward and reverse primer mix (final concentration: 900 nM for HSL or 

MMP-9 and 300 nM for aP2) and SYBR Green PCR Master Mix. For ribosomal RNA control 
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(18S rRNA), a mixture containing primers and fluorogenic probe mix, TaqMan Universal 

PCR Master Mix (Applied Biosystems, Courtaboeuf, France) was used. All reactions were 

performed under the same conditions: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles 

of 95°C for 15 s and 60°C for 1 min. Results were analyzed with the GeneAmp 5700 software 

and all values were normalized to the levels of 18S rRNA. 

 

Statistical analysis 

Values are expressed as means ± SEM. Data were analyzed with one-way analysis of 

variance (ANOVA) coupled with post hoc Dunnett’s multiple-comparison test. Statistical 

significance was set at p<0.05. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 10, 2004 as DOI: 10.1124/jpet.104.077263

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


“JPET #77263” 

 10

Results  

MMP inhibitor Batimastat treatment decreases the differentiation of human 

preadipocytes 

To determine whether the broad spectrum MMP inhibitor batimastat could affect the 

human adipocyte differentiation process, primary cultures of human preadipocytes were 

treated with 1 or 5 µM batimastat for 10 days. Total protein and cell triglyceride contents 

were quantified and the expression of two adipocyte differentiation markers, aP2 and HSL, 

was analyzed by real time RT-PCR.  

As clearly shown in figure 1A, 5 µM batimastat led to a strong inhibition of the 

adipocyte differentiation process since treated cells exhibited no changes in shape and less 

cytoplasmic accumulation of lipid droplets. Quantification of total protein and triglyceride 

contents, used as lipogenic indices, demonstrated that batimastat treatment statistically 

decreased adipogenesis (23% and 44% decrease in protein and triglyceride concentrations, 

respectively) (Fig. 1B). Moreover, the analysis of aP2 and HSL mRNA levels showed that 

batimastat led to a reduction of the expression of both adipocyte differentiation markers (29% 

and 33% decrease in aP2 and HSL mRNA expression, respectively) (Fig. 1B). Batimastat at 1 

µM had no effect on the differentiation process (data not shown). 

 

HIV-PI treatments decrease the differentiation of human preadipocytes 

We then investigated the effect of four HIV-PIs on the human adipocyte 

differentiation process. Thus, primary cultures of human preadipocytes were treated 10 days 

with increasing concentrations of HIV-PIs: 5, 10, 25 or 50 µM for SQV and IDV; 1, 5 and 10  

µM for NFV and  5, 10 and 25 µM for RTV. These concentrations were chosen according to 

those usually found in the plasma of treated patients and proved to be effective on murine 

adipocyte differentiation (Lenhard et al., 2000; Roche et al., 2002). Total protein and cell 
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triglyceride contents were quantified and the expression of aP2 and HSL was analyzed by real 

time RT-PCR. Only the concentrations for which a maximal effect on the differentiation 

process was observed, without detected toxicity (measured by the Toxilight kit, Cambrex Bio 

Sciences, data not shown), are presented. 

As shown in figures 2A and 2B, the protein and/or triglyceride contents of the cells 

were decreased under HIV-PIs: 25% decrease in triglyceride concentration for IDV (50 µM); 

28% decrease in triglyceride concentration for RTV (10 µM); 27% and 46% decrease in 

protein and triglyceride concentrations, respectively, with SQV (10 µM); and 34 and 56% 

decrease in protein and triglyceride concentrations, respectively, with NFV (5 µM). The 

expressions of aP2 and HSL mRNAs were also decreased, respectively, by: 28% and 42% 

with IDV (50 µM); 38% and 47% with RTV (10 µM); 72% and 82% with SQV (10 µM) and 

76% and 87% with NFV (5 µM) (Fig. 2C and 2D). These results indicate an alteration of the 

differentiation process with the four HIV-PIs used. However, it is noticeable, as shown for the 

protein and triglyceride contents, that SQV and NFV exhibited stronger effects on aP2 and 

HSL expression than IDV or RTV. 

It should be noted that higher concentrations of SQV (25 and 50 µM), RTV (25 µM) and 

NFV (10 µM) lead to cell death within few days in our model. 

 

HIV-PIs do not modify the activity of human recombinant MMP-9 or MMP-2 

To establish whether HIV-PIs could affect the human adipocyte differentiation process 

by interacting with the MMP-dependent pathways, we first analyzed the capacity of HIV-PIs 

to inhibit MMP activities. The MMP inhibitor batimastat was used as control. MMP-2 and 

MMP-9 activities were determined by in vitro fluorescence assays using human recombinant 

activated MMP-2 and MMP-9 together with a fluorogenic MMP substrate, in the presence of 

increasing concentrations of HIV-PIs (from 1 nM to 100 µM) or batimastat (from 0.01 nM to 
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0.01 µM). As expected, batimastat reduced, in a concentration-dependent manner, the 

fluorescence emission induced by the cleavage of the MMP substrate. However, none of the 

four HIV-PIs tested had an effect per se on the basal fluorescence detected in the MMP-9 or 

MMP-2 activity assays (Fig. 3). 

 

HIV-PI treatments reduce MMP-9 gelatinase activity released by human preadipocytes 

To determine whether HIV-PIs could affect the gelatinase activities released by 10-

day-differentiated human preadipocytes, medium conditioned overnight by preadipocytes 

treated with IDV (50 µM), RTV (5 µM), SQV (10 µM) or NFV (5 µM) was collected and 

analyzed by gelatin zymography.  

As observed in figure 4, MMP-9 (92 kDa) and MMP-2 (72 kDa) pro-forms (artificially 

activated by the gelatin zymography technique) were the major forms detectable in 

preadipocyte-conditoned media. An active form was visible for MMP-2 (62 kDa) but not for 

MMP-9 (82 kDa). Densitometric analysis of the lytic areas showed that HIV-PI treatments 

reduced the MMP-9 gelatinase activity (pro-form) released by treated preadipocytes (53%, 

40%, 74% and 91% decrease with IDV, RTV, SQV and NFV, respectively). Interestingly this 

decrease of MMP-9 gelatinase activity in the medium, corresponding to the pro-form, was not 

accompanied by an increase of the active-MMP-9 form (still not detectable) suggesting that 

this reduction was due to a decrease in the secretion of the enzyme rather than to an increase 

in the maturation. 

Unlike for MMP-9, the MMP-2 gelatinase activity (pro + active forms) released into the 

medium by treated preadipocytes did not present a common pattern for the four HIV-PIs used. 

Indeed, IDV treatment enhanced the MMP-2 activity released into the medium (27% 

increase), RTV and SQV were devoid of effect and NFV reduced it (20% decrease) (Fig. 4).  
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HIV-PI treatments reduce MMP-9 expression by human preadipocytes 

Considering the results obtained with the gelatin zymography technique, real time RT-

PCR analysis was performed on mRNAs extracted from the same 10-day-treated 

preadipocytes to investigate any effect of HIV-PIs on MMP-9 expression. 

As depicted in figure 5, all HIV-PI treatments led to a statistically significant reduction 

of MMP-9 expression: 64% decrease with IDV (50 µM), 75% decrease with RTV (10 µM), 

82% decrease with SQV (10 µM) and 96% decrease with NFV (5 µM). These data are in 

accordance with those obtained by gelatin zymography, suggesting that the observed decrease 

of MMP-9 gelatinase activity released into the medium under HIV-PI treatments is probably 

due to a reduction of MMP-9 expression. 

 

MMP-9 inhibitor treatment decreases the differentiation of human preadipocytes 

Following the previous results with batimastat and HIV-PI treatments, suggesting a 

particular involvement of MMP-9 subtype in human adipogenesis, primary cultures of human 

preadipocytes, were treated or not with 1 or 5 µM of MMP-9 inhibitor for 10 days. Total 

protein and cell triglyceride contents were assayed and the expression of aP2 and HSL was 

analyzed by real time RT-PCR. 

As observed in table 1, protein and triglyceride contents were significantly decreased 

(44% and 52% decrease in protein and triglyceride concentrations, respectively) as well as 

mRNA expression of aP2 and HSL (67% and 73% decrease in aP2 and HSL, respectively) in 

cultures receiving 5 µM of MMP-9 inhibitor, indicating an alteration of the differentiation 

process of treated preadipocytes. As for Batimastat, MMP-9 inhibitor at 1 µM had no effect 

on human adipocyte differentiation (data not shown). 
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MMP-9 inhibitor treatment but not batimastat treatment decreases MMP-9 gelatinase 

activity released by human preadipocytes 

In order to determine whether the two MMP inhibitors could modify the release of the 

native preadipocyte-derived MMP-9 and MMP-2, we performed gelatin zymography on 

medium conditioned overnight by preadipocytes treated for 10 days with 5 µM of batimastat 

or MMP-9 inhibitor.  

As previously reported (Fig. 4), MMP-9 (92 kDa) and MMP-2 (72 kDa) pro-forms 

(artificially activated by the gelatin zymography technique) were the major forms detectable 

in preadipocyte-conditioned media. Surprisingly, densitometric analysis of the lytic areas 

showed that a 10-day-treatment with MMP-9 inhibitor reduced MMP-9 gelatinase activity 

released into the medium by preadipocytes (84% decrease), without affecting that of MMP-2 

(pro + active forms) (Fig. 6). This decrease of MMP-9 gelatinase activity in the medium, 

corresponding to the pro form, was not accompanied by an increase of the active-MMP-9 

form (still not detectable) suggesting that this reduction was due to a decrease in the secretion 

of the enzyme rather than an increase in the maturation. Real time RT-PCR analysis 

performed on mRNAs extracted from the same 10-day-treated preadipocytes revealed a 

decrease of MMP-9 expression (data not shown) confirming the results obtained with gelatin 

zymography. 

Batimastat treatment had no effect on MMP-9 or MMP-2 gelatinase activities released 

into the medium by treated human preadipocytes (Fig. 6). 
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Discussion  

We previously reported that human mature adipocytes and preadipocytes as well as 

murine preadipocytes produced and released two key enzyme of ECM remodeling, the matrix 

metalloproteinases MMP-2 and MMP-9 (Bouloumié et al., 2001). Moreover, we showed that 

treatment of murine 3T3-F442A preadipocytes with MMP inhibitors decreased the rate of 

adipocyte differentiation. These data were recently confirmed by others, suggesting that MMP 

activities were required for adipogenesis in rodents (Croissandeau et al., 2002; Chavey et al., 

2003). In the present work, we found that batimastat, a broad spectrum MMP inhibitor, also 

reduced the differentiation of human preadipocytes in primary cultures, demonstrating for the 

first time that MMP activities are required for adipogenesis in humans too. This effect was 

strictly mediated by its action per se on MMP activities since batimastat strongly inhibited the 

activity of human recombinant MMP-2 and MMP-9 without affecting their secretion by 

treated preadipocytes.  

Other protease inhibitors, i.e. HIV-PIs, involved in lipodystrophy seen in HIV-patients 

receiving PI therapy (Carr et al., 1998), have been recently linked to alterations of adipocyte 

differentiation in murine cell lines in vitro (Zhang et al., 1999; Lenhard et al., 2000; Mondal 

et al., 2001). We reported here that treatments with HIV-PIs IDV, RTV, SQV and NFV 

reduced the differentiation of human preadipocytes in primary cultures. The effectiveness of 

these products on the human differentiation process, NFV and SQV>RTV and IDV, was 

comparable to that described in other in vitro studies (Lenhard et al., 2000; Jain and Lenhard, 

2002).  

According to the inhibitory action of both batimastat and HIV-PIs on the human 

differentiation process, we then investigated the potential relationships between MMPs, and 

more particularly MMP-2 and MMP-9, and HIV-PIs. We did not find any direct effect of 

HIV-PIs on human recombinant MMP-2 and MMP-9 activities. However, we found that all 
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HIV-PI treatments reduced the release of MMP-9 by treated preadipocytes. This effect was 

specific to the MMP-9 gelatinase subtype since MMP-2 release did not present the same 

profile of changes as MMP-9, but depended on which HIV-PI was used as treatment. The 

decrease of MMP-9 secretion might be due to the reduction of MMP-9 mRNA expression 

observed with preadipocytes under HIV-PI treatments. Interestingly the effectiveness of HIV-

PIs (NFV and SQV versus RTV and IDV) on MMP-9 secretion and/or expression was similar 

to that observed on the differentiation process. 

While few data are available in the literature concerning the potential relationships 

between MMPs and HIV-PIs, Mondal et al. (2001) have recently reported a strong increase in 

the release of active MMP-2 and a slight increase in the release of pro and active MMP-9 by 

differentiating 3T3-L1 cells under IDV and RTV treatment. Paradoxically the same authors 

described inhibition of 3T3-L1 adipocyte differentiation with both HIV-PIs. These results are 

unexpected since other studies have reported an increase of secreted MMP-2 and/or MMP-9, 

in murine preadipocyte models in vitro, including the 3T3-L1 cell type, during adipose 

conversion (Bouloumié et al., 2001; Croissandeau et al., 2002; Chavey et al., 2003). 

Furthermore, the use of MMP inhibitors in this model had led to a decrease of the 

differentiation process (Croissandeau et al., 2002). Culture conditions as well as experimental 

protocols may explain these discrepancies. Regarding our results, the differences may also be 

explained by the in vitro model used, i.e murine preadipocytes versus human preadipocytes. 

According to the effect of HIV-PIs on the release and expression of MMP-9, an 

involvement of this MMP subtype in the batimastat-mediated effect was suspected. We thus 

investigated the effect of MMP-9 inhibitor treatment on human preadipocytes and observed a 

decrease in the differentiation process. However, unlike batimastat, MMP-9 inhibitor not only 

decreased the activity of human recombinant MMP-9 (data not shown) but also strongly 

reduced MMP-9 release by treated preadipocytes. These results associated with those 
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obtained with HIV-PI treatments strongly suggest a particular role of MMP-9 subtype in 

human adipogenesis. 

The way in which HIV-PIs affect MMP-9 expression in human preadipocytes may 

reside in a specificity of the MMP-9 gene, i.e. the presence of a nuclear factor-κB (NF-κB) 

binding site in its promoter region. Indeed, recent publications have reported an inhibition of 

the 20S and/or 26S proteasome in various cellular types using HIV-PIs (Pajonk et al., 2002; 

Gaedicke et al., 2002; Piccinini et al., 2002). These proteasomes are involved in the 

degradation of the IκB family inhibitory molecules that sequester NF-κB transcription factors 

in the cytosol in resting conditions, masking their nuclear location necessary for gene 

transcription (Palombella et al., 1994). It can be speculated, according to some recent works 

(Pati et al. 2002; Gaedicke et al., 2002), that HIV-PIs reduced proteasome activities in our 

model decreasing NF-κB translocation and MMP-9 gene transcription. This hypothesis is 

currently being investigated by our group.  

Thus, by reducing MMP-9 secretion, HIV-PIs may alter not only its direct influence 

on the degradation of structural matrix molecules but also the cleavage of several circulating, 

cell surface and pericellular proteins which regulate cell behavior in numerous ways 

(Sternlicht and Werb, 2001). Adipocytokines (IL-8, IL-1β, IL-6 or TNF-α) as well as growth 

factor TGF-β, whose extracellular level and/or activity can be regulated by MMPs, may be 

involved in the MMP-9-dependent pathway leading to inhibition of human adipocyte 

differentiation. 

In conclusion, our data reveal the specificity of impact of MMP inhibitors and HIV-

PIs on the human fat cell precursors, the preadipocytes. They show that the modulation of the 

extracellular matrix components through the production of MMPs and more precisely MMP-9 

might be a key factor in the regulation of human adipose tissue development. They also 
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suggest that, by affecting the production of MMP-9, HIV-PIs promote human adipose tissue 

atrophy by preventing replacement of lost adipocytes. 
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Legends for figures 

Fig. 1. Effect of the MMP inhibitor batimastat on the differentiation of human 

preadipocytes. 

Stromal preadipocytes from human subcutaneous AT were cultured in an adipogenic medium 

in the presence of 5 µM batimastat or its vehicle (control). (A) Light microscopy analysis was 

performed after 10 days of treatment. Photomicrographs (x 100) are representative of 8 

independent experiments. (B) Total protein and cell triglyceride contents, as well as aP2 and 

HSL mRNA expression, were determined in cells maintained overnight in basal medium with 

treatments. For aP2 and HSL expression, total RNAs were extracted from cells and real time 

RT-PCR analysis was performed using specific cDNA primers. The results obtained were 

normalized to the levels of 18S rRNA. Data are means ± SEM expressed as a percentage of 

the control for 8 independent experiments. * p<0.05 vs. control, ** p<0.01 vs. control. 

 

Fig. 2. Effect of HIV-PIs on the differentiation of human preadipocytes.  

Stromal preadipocytes from human subcutaneous AT were cultured for 10 days in an 

adipogenic medium with vehicle (control) or in the presence of HIV-PIs IDV, RTV, SQV or 

NFV at various concentrations. The cells were maintained overnight in basal medium with 

treatments before use. Total protein and cell triglyceride contents were then determined (A 

and B). For aP2 and HSL mRNA expression, total RNAs were extracted from cells and real 

time RT-PCR analysis was performed using specific cDNA primers. The results obtained 

were normalized to the levels of 18S rRNA (C and D). Only the concentrations for which a 

maximal effect on the differentiation process was observed, without detected toxicity, are 

presented in the figure. Data are means ± SEM expressed as a percentage of the control for 4 

to 7 independent experiments. * p<0.05 vs. control, ** p<0.01 vs. control. 
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Fig. 3. Effect of the MMP inhibitor batimastat or HIV-PIs on the activity of human 

recombinant activated MMP-2 and MMP-9.  

Human recombinant activated MMP-2 (2 nM) or MMP-9 (4 nM) were pre-incubated with or 

without increasing concentrations of batimastat (from 0.01 nM to 0.01 µM) or HIV-PIs (from 

1 nM to 100 µM). The MMP fluorogenic substrate Mca-Pro-Leu-Gly-Leu-Dnp-Ala-Arg was 

then added and fluorescence (λex.325 nm/λem.390 nm) was recorded. Data are means ± SEM 

of maximum rate/min for 5 separate measurements, expressed as a percentage of the control 

for 3 independent experiments. 

 

Fig. 4. Effect of HIV-PIs on MMP-2 or MMP-9 gelatinase activities released into culture 

medium by human preadipocytes. 

Stromal preadipocytes from human subcutaneous AT were cultured in an adipogenic medium 

with vehicle (control) or in the presence of IDV (50 µM), RTV (10 µM), SQV (10 µM) or 

NFV (5 µM). After 10 days of culture, the cells were washed and maintained overnight in 

basal medium with treatments. Media were then collected and analyzed by gelatin 

zymography. Densitometric analysis of the lytic areas was performed and results are 

expressed as a percentage of the control. Data are means ± SEM for 4 to 7 independent 

experiments. * p<0.05 vs. control, ** p<0.01 vs. control. 

 

Fig. 5. Effect of HIV-PIs on MMP-9 expression by human preadipocytes. 

Stromal preadipocytes from human subcutaneous AT were cultured in an adipogenic medium 

with vehicle (control) or in the presence of IDV (50 µM), RTV (10 µM), SQV (10 µM) or 

NFV (5 µM). After 10 days of culture, the cells were washed and maintained overnight in 

basal medium with treatments. Total RNAs were extracted from cells and real time RT-PCR 

analysis was performed using specific primers for MMP-9 cDNAs. The results were 
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normalized to the levels of 18S rRNA and expressed as a percentage of the control. Data are 

means ± SEM for 4 to 6 independent experiments. ** p<0.01 vs. control. 

 

Fig. 6. Effect of batimastat and MMP-9 inhibitor on MMP-2 or MMP-9 gelatinase 

activities released into culture medium by human preadipocytes. 

Stromal preadipocytes from human subcutaneous AT were cultured in an adipogenic medium 

in the presence of batimastat (5 µM), MMP-9 inhibitor (MMP-9 Inh., 5 µM) or its vehicle 

(control). After 10 days of culture, the cells were washed and maintained overnight in basal 

medium with treatments. Media were then collected and analyzed by gelatin zymography. 

Densitometric analysis of the lytic area was performed and results are expressed as a 

percentage of the control. Data are means ± SEM for 5 to 7 independent experiments. ** 

p<0.01 vs. control. 
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Table 1. Effect of MMP-9 inhibitor on the differentiation of human preadipocytes. 

Stromal preadipocytes from human subcutaneous AT were cultured for 10 days in an 

adipogenic medium in the presence of 5 µM MMP-9 inhibitor (MMP-9 Inh.) or its vehicle 

(control). Total protein and cell triglyceride contents, as well as aP2 and HSL mRNA 

expression, were determined in cells maintained overnight in basal medium with treatments. 

For aP2 and HSL expression, total RNAs were extracted from cells and real time RT-PCR 

analysis was performed using specific cDNA primers. The results obtained were normalized 

to the levels of 18S rRNA. Data are means ± SEM expressed as a percentage of the control for 

5 independent experiments.  

 MMP-9 Inh. (5 µM) 

(% of control) 

Proteins 

Triglycerides normalized with proteins 

aP2 mRNA expression 

HSL mRNA expression 

56.24 ± 8.47 ** 

48.25 ± 13.89 ** 

32.77 ± 2.71 ** 

26.64 ± 6.35 ** 

 ** p<0.01 vs. control. 
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