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Abstract

Obesity, type 2 diabetes, and HIV-associated lipodystrophy are associated with abnormalities in 

adipocyte growth and differentiation. In persons with these conditions, adipose depots contain 

increased numbers of macrophages, but the origins of these cells and their specific effects are 

uncertain. Peripheral blood mononuclear cells (PBMC)-derived monocytes, but not T cells, 

cocultured via transwells with primary subcutaneous preadipocytes, increased proliferation 

(approximately twofold) and reduced differentiation (~50%) of preadipocytes. Gene expression 

analyses in proliferating preadipocytes (i.e., prior to hormonal induction of terminal 

differentiation) revealed that monocytes down-regulated mRNA levels of CCAAT/enhancer 

binding protein, alpha (C/EBPα) and up-regulated mRNA levels of G0/G1 switch 2 (G0S2) 

message, genes important for the regulation of adipogenesis and the cell cycle. These data indicate 

that circulating peripheral blood monocytes can disrupt adipogenesis by interfering with a critical 

step in C/EBPα and G0S2 transcription required for preadipocytes to make the transition from 

proliferation to differentiation. Interactions between preadipocytes and monocytes also increased 

the inflammatory cytokines IL-6 and IL-8, as well as a novel chemotactic cytokine, CXCL1. 

Additionally, the levels of both IL-6 and CXCL1 were highest when preadipocytes and monocytes 

were cultured together, compared to each cell in culture alone. Such cross-talk amplifies the 

production of mediators of tissue inflammation.
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Introduction

Immune cells such as macrophages, dendritic cells, T cells, and neutrophils are increased in 

number within adipose depots in persons with metabolic disorders such as obesity, type 2 

diabetes, and HIV-associated lipodystrophy (1–6). The source of the macrophages and 

dendritic cells is likely to be circulating monocytes that have migrated into the adipose 

depots and subsequently undergone terminal differentiation (7). Macrophages have profound 

effects on adipocyte growth and metabolic physiology. For example, activated human 

macrophages disrupt primary preadipocyte development by increasing their proliferation, 

inducing them to assume an abnormal fibrotic morphology, and preventing them from 

differentiating into mature adipocytes (8,9). Human adipose tissue-derived macrophages 

affect the endocrine physiology of adipocytes by upregulating the production of 

inflammatory cytokines and chemokines such as IL-6, IL-8, MCP-1, MIP-1β, and TNFα in 

primary adipocytes (8,10,11). Activated murine RAW264.7 macrophages promote insulin 

resistance in 3T3-L1 adipocytes by a mechanism involving increased NF-κB activity, 

enhanced lipolysis and fatty acid release, and downregulation of GLUT4 and IRS-1 (12).

Much less is known about the direct effects on adipose tissues of circulating monocytes, the 

precursors of tissue macrophages. Understanding the role of monocytes in adipocyte 

dysfunction is important, since these cells migrate continuously into adipose tissue to 

replenish macrophage numbers. In addition, monocytes differentially regulate the 

proliferation and differentiation of a variety of cells. For example, monocytes enhance B cell 

proliferation, but suppress proliferation of PHA-, CD3-, or antigen-stimulated T cells, as 

well as that of IL-2-treated natural killer cells (13–17). Monocytes enhance the proliferation 

of retinal pigment epithelial cells and possibly that of human umbilical vein endothelial cells 

(18–20). Additionally, monocytes increase fibroblast proliferation via IL-1 production 

(21,22) and may enhance osteoblastic differentiation of calcifying vascular cells (23). 

Enterotoxin-B-stimulated human primary monocytes secrete cytokines that alter T cell 

differentiation (24). Finally, human monocytes support B cell differentiation by increasing 

the formation of immunoglobulin-secreting cells (25).

Adipocytes develop from a highly regulated process that involves the replication of 

preadipocytes, followed by their differentiation into triglyceride-filled adipocytes. We 

hypothesized that monocytes might alter this developmental program by affecting human 

preadipocyte proliferation or differentiation. To test this hypothesis, human peripheral blood 

monocytes were cocultured via transwells with primary human subcutaneous preadipocytes, 

then the preadipocytes were examined for proliferation and differentiation. We found that 

the monocytes increased preadipocyte proliferation and blunted differentiation. Gene 

expression studies of preadipocytes cocultured with peripheral blood mononuclear cells 

(PBMCs) using human genome-wide microarray and pathway analysis revealed networks 

that were significantly associated with cell cycle, immune-related functions, adipogenesis, 

and inflammation. Further examination of adipogenic gene expression revealed an intriguing 

pattern of expression of not only key early adipogenic transcription factors, such as C/EBPβ, 

CCAAT/enhancer-binding protein-α (C/EBPα), and PPARγ2, but also a later adipogenic 

gene, G0/G1 switch 2 (G0S2), involved in cell cycle regulation, suggesting that enhanced 

preadipocyte proliferation is associated with the dysregulation of C/EBPα and G0S2. 
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Finally, monocytes up-regulated CXCL1 (also known as GROα) expression in 

preadipocytes, suggesting that preadipocytes are a major source of this chemoattractant for 

macrophages, T cells, and neutrophils. Collectively, these data suggest that circulating 

monocytes that migrate into adipose tissue are capable of regulating the proliferation and 

differentiation of preadipocytes and promote a proinflammatory process very early during 

their infiltration of adipose tissues, prior to their differentiation into macrophages or 

dendritic cells.

Methods and Procedures

Cells and coculture methods

Cryopreserved human subcutaneous preadipocytes were obtained from Zen-Bio (Research 

Triangle Park, NC) and cultured in Zen-Bio preadipocyte maintenance medium consisting of 

DMEM/Ham’s F-12, D-glucose, HEPES (pH 7.4), FBS, penicillin, streptomycin, and 

amphotericin B. The preadipocytes were acquired from donors undergoing elective surgery 

or liposuction and pooled before freezing. Cells tested negative for HIV-1, HIV-2, HTLV-I, 

HTLV-II, HCV, and HBV. The absence of stromal vascular cells including endothelial cells 

and macrophages was confirmed by vascular endothelial growth factor staining and flow 

cytometry staining for CD45 and CD14.

PBMCs were obtained from buffy coat preparations (Gulf Coast Regional Blood Center, 

Houston, TX) by density-gradient separation using Histopaque-1077 (Sigma-Aldrich, St 

Louis, MO). CD3+ T cells and CD14+ monocytes were purified from PBMCs using 

EasySep negative selection kits (StemCell Technologies, Vancouver, BC), and the purities 

were verified by flow cytometry (routinely >95% CD3+ for T cells and >85% CD14+ for 

monocytes). PBMCs, T cells, or monocytes were then placed in transwells for coculture 

experiments as described below.

Prior to the start of the coculture experiments, ~2 × 104 preadipocytes were placed in Costar 

6-well plates (Corning, Lowell, MA) and cultured in preadipocyte maintenance medium 

overnight. Preadipocyte confluency was no greater than ~30% after the overnight incubation 

and prior to the start of cocultures. Transwells of 0.4 µm pore size (Costar) containing 

PBMCs, T cells, or monocytes in preadipocyte maintenance media were then added to the 

preadipocytes, and cells were cultured at the indicated times.

Preadipocyte flow cytometry cell cycle measurements

At the appropriate coculture time points, the preadipocytes were trypsinized, washed, and 

fixed with 70% ethanol. The nucleic acid dye propidium iodide, PI (Sigma-Aldrich), was 

then added at 50 µg/ml, and RNase A (Sigma-Aldrich) was added at 100 µg/ml to degrade 

RNA. Cell cycle data were acquired with a Beckman-Coulter EPICS XL-MCL Flow 

Cytometer (Fullerton, CA). Doublet discrimination and debris were excluded from analysis 

by plotting the linear PI signal vs. the signal peak, and then gating on the single cells. Data 

analysis was performed on at least 5,000 cells using FlowJo software (Tree Star, Ashland, 

OR). Percentages of cells in each phase of the cell cycle (G1, S, and G2/M) were resolved 
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using the FlowJo Watson-Pragmatic cell cycle modeling algorithm. Proliferation of 

preadipocytes was determined by the addition of S and G2/M phases.

Preadipocyte differentiation

Following 5- or 6-day coculture periods, transwells containing leukocytes were removed and 

the preadipocytes were gently rinsed three times with phosphate buffered saline. 

Differentiation was then induced using Zen-Bio proprietary Differentiation Media (DM) 

consisting of DMEM/Ham’s F-12, HEPES (pH 7.4), FBS, biotin, pantothenate, human 

insulin, dexamethasone, IBMX, PPARγ agonist (non-TZD), penicillin, streptomycin, and 

amphotericin B. The preadipocytes were cultured in this media for seven days before 

changing to Zen-Bio Adipocyte Maintenance (AM) medium, which contained the same 

ingredients as the DM medium but excluding IBMX and PPARγ agonist. The AM medium 

was changed every 3 days for another week. After 2 weeks of differentiation, lipid 

accumulation was assessed by cell fixation and staining with the lipid dye Oil Red O 

(Sigma-Aldrich). Differentiation was quantified by phase contrast microscopy and recording 

four random fields of view from each condition at ×40 magnification. Oil Red O-stained 

areas were then analyzed with Adobe Photoshop version CS2 software (Adobe, San Jose, 

CA). Normal differentiation with control media was established as 100% differentiation.

Microarray and pathway analysis

Two-color cDNA microarray was performed on preadipocytes with Agilent Whole Human 

Genome Microarray on four biological replicates by Miltenyi Biotec (Auburn, CA). Briefly, 

after 3 days of coculture with control media or PBMCs, preadipocytes were lysed and 

samples shipped in accordance with manufacturer’s instructions. Following verification of 

cDNA integrity using an Agilent 2100 Bioanalyzer (Santa Clara, CA), cDNA of 

preadipocytes cultured with control media or PBMCs were labeled with Cy3 or Cy5, 

respectively, then combined and hybridized overnight to an Agilent 4×44K slide. Signal 

intensities and ratios, background subtraction, normalization, and statistical P values were 

calculated using Agilent Feature Extraction Software (Agilent Technologies), and 

differential gene expression was determined from double-log scatter plots of Cy3 compared 

to Cy5 signal intensities using Rosetta Resolver Software (Rosetta Biosoftware, Seattle, 

WA). These data have been submitted to NCBI Gene Expression Omnibus (accession 

number GSE19324). Genes with minimum fold-changes of two and P values <0.01 on three 

of four bioreplicates were then uploaded into Ingenuity Pathway Analysis (IPA) software 

(Ingenuity Systems, Redwood City, CA) for pathway analysis.

For network generation, differentially expressed genes were mapped to their corresponding 

genes in the Ingenuity knowledge base. These “focus genes” were overlaid onto a global 

molecular network developed from information contained in the Ingenuity knowledge base. 

Networks of these focus genes were then algorithmically generated based on their 

connectivity. Further functional analyses of the networks identified the biological functions 

and/or diseases of the most significant network genes. Those associated with biological 

functions and/or diseases in the Ingenuity knowledge base were considered for analysis. 

Fisher’s exact test was used to calculate the probability that each biological function and/or 

disease was significant.
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Real-time PCR

RNA isolation from preadipocytes was performed using RNeasy Mini Kit (Qiagen, 

Valencia, CA); 0.5 µg of RNA was reverse-transcribed into cDNA using Applied 

Biosystems High Capacity RNA-to-cDNA Kit (Carlsbad, CA). From these reactions, 2 µl of 

template was then used for real-time PCR using the Applied Biosystems Prism 7000 

Sequence Detection System. Applied Biosystems Taqman Gene Expression Assays were 

used for real-time PCR detection of C/EBPβ (Hs00270923_s1), PPARγ2 (Hs00234592_m1), 

C/EBPα (Hs00269972_ s1), G0S2 (Hs00274783_s1), and CXCL1 (Hs00236937_m1). 

GAPDH (Hs00266705_g1) was used as the internal control, and relative expression was 

determined using the formula 2−ΔΔCT, in which the fold change in gene expression was 

determined by comparing preadipocytes cultured with monocytes vs. control media.

Western blot

Preadipocyte whole cell lysates was collected following lysis with RIPA buffer 

supplemented with Roche Complete Mini protease inhibitor cocktail (Roche, Indianapolis, 

IN), and protein amounts were determined with Pierce BCA assay (Pierce, Rockford, IL). 

Equal amounts of protein were loaded into mini- or large-format 12% gels for SDS-PAGE. 

After overnight transfer to nitrocellulose membranes, gels were blocked with 5% nonfat dry 

milk in TBST buffer and probed for C/EBPβ, PPARγ2, C/EBPα, or G0S2, and actin was 

used as the loading control. The following antibodies and dilutions were used: Rabbit C/

EBPβ-1:1000 (Santa Cruz Biotechnology, Santa Cruz, CA), Rabbit PPARγ2-1:500 (Cell 

Signaling Technology, Danvers, MA), Rabbit C/EBPα-1:500 (Cell Signaling Technology), 

Rabbit G0S2-1:100 (Santa Cruz Biotechnology), and Rabbit β-actin-1:1000 (Santa Cruz 

Biotechnology). Blots were incubated with primary antibodies overnight and then with 

GoatxRabbit-HRP secondary antibodies (1:2000) for 1 h. Exposures were done with X-ray 

film, and densitometric analysis was performed using a Syngene GeneGnome imaging 

system (Frederick, MD).

Extracellular cytokine measurements

Cell culture supernatants were collected, centrifuged, and stored at −20 °C prior to protein 

measurement. Concentrations of the inflammatory cytokines IL-1β, IL-6, IL-8, IL-10, 

IL-12p70, and TNFα were measured using a BD Cytometric Bead Array (CBA) Human 

Inflammation Kit (BD Biosciences, San Jose, CA). Data were acquired with a Beckman-

Coulter EPICS XL-MCL Flow Cytometer and analyzed with BD CBA Software. 

Concentrations were determined based on a standard curve with a detection range of 20–

5,000 pg/ml. Concentrations of CXCL1 were measured using a Human GROα Single 

Analyte ELISArray Kit (SA Biosciences, Frederick, MD).

Statistics

Data shown are means ± s.d. from at least 3 experiments in duplicate or triplicate, and 

differences between means were compared using two-tailed Student’s t-test. P < 0.05 was 

considered significant.
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Results

Monocytes increase preadipocyte proliferation

To address the question of whether undifferentiated monocytes influence proliferation or 

differentiation of preadipocytes, primary subcutaneous preadipocytes were cocultured with 

PBMCs, negatively selected CD3+ T cells, or negatively selected CD14+ monocytes 

separated by transwells. The preadipocytes were then harvested, fixed, stained with 

propidium iodide, and analyzed by flow cytometry and FlowJo software for cell cycle and 

proliferation measurements.

At different preadipocyte:leukocyte ratios, preadipocyte proliferation was significantly and 

linearly increased by monocytes, beginning at a preadipocyte-to-monocyte ratio of 1:50, and 

by PBMCs at a ratio of 1:200 (Figure 1b). T cells exerted no effect on preadipocyte 

proliferation at any ratio tested. Representative cell cycle histograms of preadipocytes 

cultured with PBMCs, T cells, or monocytes (1:100 ratios) after 3 days are shown in Figure 

1a. Additionally, the increase in preadipocyte proliferation caused by PBMCs or monocytes 

(1:100 ratios) was most pronounced on the third or fourth day of coculture (Figure 1c). At 

day 3, mean preadipocyte proliferation (S + G2M) was 37.8 ± 8.2% when cocultured with 

PBMCs compared to 22.1 ± 9.0% (P < 0.05) when cultured with control media. At days 3 

and 4, mean preadipocyte proliferation frequencies were 37.4 ± 1.6% and 45.4 ± 8.7%, 

respectively, when cocultured with monocytes compared to 14.5 ± 9.9% (P < 0.05) and 22.1 

± 9.0% (P < 0.01) when cultured with control media. After 4–5 days of coculture with 

PBMCs or monocytes, the preadipocytes became densely confluent, whereas culture without 

added cells or with T cells in transwells resulted in confluency of ~50% (Figure 1d). These 

data indicate that monocytes, and not T cells, are the PBMC component causing increased 

preadipocyte proliferation.

Increased preadipocyte proliferation by monocytes is associated with reduced 
differentiation

To determine whether the increased preadipocyte proliferation demonstrated in Figure 1 is 

associated with any effect on subsequent differentiation, preadipocytes were induced to 

differentiate using medium containing insulin, dexamethasone, IBMX, and PPARγ agonist 

after 5–6 days of coculture with PBMCs, T cells or monocytes, as described above. After 2 

weeks in differentiation media, the adipocytes were fixed and stained with Oil Red O for the 

presence of triglyceride-containing adipocytes. Exposure to PBMCs and monocytes reduced 

differentiation, by 56 ± 27% (P < 0.05) and 48 ± 24%, (P < 0.05), respectively (Figure 2a). 

By contrast, there was no significant reduction of the differentiation of preadipocytes 

exposed to T cells. Representative images of Oil Red O-stained adipocytes are shown in 

Figure 2b. These data suggest that PBMCs, specifically monocytes, produce soluble factors 

that not only cause increased preadipocyte proliferation but also disrupt the ability of 

preadipocytes to subsequently undergo normal differentiation into mature adipocytes.

Couturier et al. Page 6

Obesity (Silver Spring). Author manuscript; available in PMC 2015 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Increased preadipocyte proliferation alters preadipocyte gene expression of adipogenic 
proteins, cell cycle proteins, and inflammatory cytokines

To understand better the mechanisms underlying dysregulated preadipocyte proliferation 

associated with exposure to PBMCs, whole human genome microarray analysis (41,000+ 

genes) was performed on subcutaneous preadipocytes after coculture with PBMCs (1:200 

ratio) or control media for 3 days. Differentially expressed genes were further analyzed 

using Ingenuity Systems’ Pathway Analysis software (IPA) to place these gene expression 

changes in the context of specific biological functions, diseases, pathways, or protein 

interaction networks.

Of the 41,000+ genes examined by microarray, 456 were differentially expressed in the 

PMBC-exposed preadipocytes. Among these 456 genes, some were identified by the 

pathway analysis to be members of one of the 14 networks generated by the IPA algorithm, 

of which the three top-scoring networks are summarized in Table 1. The remaining 11 

networks had scores of less than 2 and are not shown. The biological functions most 

significantly associated with the top-scoring network (score of 14) included cell cycle, 

cancer, and reproductive system disease, and the differentially expressed genes included in 

this network included ABCB1, ACTA2, ATM, CCNE2, DZIP3, ESPL1, MXD3, PKN2, 

PPM1D, PSEN2, SMC1A, and TGFB1. The functions associated with the other two 

networks (scores of 12) were immunological functions such as antigen presentation and cell-

mediated and humoral immune response, and the differentially expressed genes in these 

networks included CXCL1, CXCL2, DDR1, IL12A, LCP1, NFKBIB, SERPINA3, SERPINB2, 

SLC1A5, SUV39H1, TFPI2, ABCA1, ANK3, CREM, FAM162A, G0S2, ITGB2, LEP, MN1, 

TGM2, and TNFRSF11A. The results of these gene expression data suggest that exposure of 

preadipocytes to PBMCs modulates the expression of cell cycle, adipogenic, and 

immunological proteins.

Regulation of preadipocyte proliferation and differentiation by monocytes is associated 
with suppression of C/EBPα gene expression and induction of G0S2

The microarray and pathway analysis indicated that the expression of specific cell cycle 

regulatory proteins in preadipocytes, such as ATM and G0S2, were affected during 

coculture with PBMCs. Since the difference was observed prior to hormonal induction and 

terminal differentiation of preadipocytes, aberrant expression of these genes might be 

responsible for dysregulation of the proliferative phase of preadipocyte adipogenesis. It was 

also striking, in the context of adipogenesis, that G0S2 is thought to be a target of PPARγ 

(26). G0S2 also plays a role in adipocyte lipolysis by regulating adipose triglyceride lipase, 

a key enzyme involved in triacyglycerol hydrolysis (27). We examined the expression of 

G0S2 in preadipocytes during coculture with monocytes for up to 5 days, concomitantly 

with measurement of the mRNA’s of the key early adipogenic proteins CEBPβ, C/EBPα, 

and PPARγ (Figure 3a). Real-time PCR analysis indicated that C/EBPα was remarkably 

suppressed in preadipocytes (up to tenfold relative to control media after 5 days) by 

monocytes at all time points. Interestingly, this suppression of C/EBPα coincided with 

modest upregulation of G0S2 (up to threefold relative to control media after 5 days). Minor 

suppression of C/EBPβ (~2-fold after 5 days) and PPARγ (~4-fold after 5 days) was also 

observed.
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The protein levels of CEBPβ, C/EBPα, PPARγ, and G0S2 in preadipocytes cocultured with 

monocytes were also measured by western blot at the 5-day time point. Protein levels of 

G0S2 were increased in preadipocytes after 5 days of culture with monocytes (Figure 3b). 

The level of C/EBPβ protein in preadipocytes was also increased after 5 days of coculture, 

but protein levels of C/EBPα showed less change. PPARγ protein could not be detected by 

western blot in our hands, although one factor may be because protein levels of this 

transcription factor are characteristically very low in preadipocytes prior to hormonal 

induction of differentiation.

The altered expression patterns of these adipogenic genes were also associated with blunted 

preadipocyte differentiation (Figure 3d). After 5 days of coculture, the monocytes were 

removed and the densely confluent preadipocytes (Figure 3c) were induced to differentiate 

by hormonal induction. Exposure of preadipocytes to monocytes during the proliferative 

phase of preadipocyte adipogenesis resulted in reduction of subsequent, hormonally 

induced, terminal differentiation by 45 ± 12% compared to exposure to control media (P < 

0.05), as assessed by Oil Red O staining after 14 days of differentiation. These data suggest 

that altered expression of C/EBPα and G0S2 induced by interaction with monocytes disrupt 

the orderly progression of preadipocyte differentiation such that the proliferative phase is 

exaggerated, and subsequent differentiation is compromised.

Levels of specific inflammatory cytokines and chemokines are elevated during 
preadipocyte coculture with monocytes, but these are not sufficient to induce defects in 
preadipocyte proliferation and differentiation

The preadipocyte microarray and pathway analysis indicated that inflammatory cytokines 

and chemokines result from chemical interactions between preadipocytes and either PBMCs 

or monocytes. For example, the microarray indicated that the mRNAs for CXCL1 and IL-12 

were up-regulated during exposure to PBMCs, and pathway analysis indicated that these 

were part of a network that also included IL-6, IL-8, IL-10, IL1β, and TNF (Table 1). We 

measured concentrations of these proteins in supernatants of preadipocytes cocultured with 

monocytes (Figure 4a).

After 3 and 5 days of coculture, production of IL-6 and CXCL1 was markedly elevated in 

the supernatants from the cocultured cells, compared to preadipocytes or monocytes alone. 

IL-6 concentration in the preadipocyte + monocyte coculture supernatant was 1.7 ± 0.64 

ng/ml on the third day (vs. preadipocytes alone at 0.12 ± 0.05 ng/ml, P < 0.05, or vs. 

monocytes alone at 0.4 ± 0.33 ng/ml, P < 0.05) and 3.3 ± 1.27 ng/ml on the fifth day (vs. 

preadipocytes alone at 0.23 ± 0.03 ng/ml, P<0.05, or vs. monocytes alone at 0.5 ± 0.83 

ng/ml, P < 0.05). CXCL1 concentration in the preadipocyte + monocyte supernatant was 

615.3 ± 41.2 pg/ml on the third day (vs. preadipocytes alone at undetectable levels, or vs. 

monocytes alone at 412 ± 39.2 pg/ml, P < 0.05) and 497.7 ± 3.5 pg/ml on the fifth day (vs. 

preadipocytes alone at undetectable levels, or vs. monocytes alone at 385 ± 14.7 pg/ml, P < 

0.05). Expression of CXCL1 in preadipocytes during coculture with monocytes was also 

examined by real-time PCR; consistent with the microarray data, the results revealed 

substantial upregulation (tenfold or greater) compared to preadipocytes cultured alone 

(Supplementary Figure S1 online), suggesting that much of the CXCL1 in the preadipocyte 
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+ monocyte supernatant originates from preadipocytes. IL-8 levels were elevated 

comparably in supernatants from both preadipocytes + monocytes and monocytes alone 

conditions. TNFα, IL-1β, IL-10, and IL-12 proteins were undetectable in all culture 

conditions (i.e., preadipocytes + monocytes, preadipocytes alone, or monocytes alone).

To investigate the possible role of IL-6, IL-8, or CXCL1 in the dysregulation of 

preadipocyte proliferation or differentiation, preadipocytes were treated with up to 100 

ng/ml recombinant IL-6, IL-8, CXCL1, or TNFα for 3 days, and proliferation by cell cycle 

analysis was examined. Although TNFα was undetectable in any coculture conditions, 

TNFα has been reported to increase preadipocyte proliferation and block differentiation 

(28), and consistent with these reports, we observed that 100 ng/ml TNFα increased 

preadipocyte proliferation and potently blocked differentiation (Figure 4b,c). However, 

preadipocyte proliferation and differentiation was unaffected by treatment with 100 ng/ml 

IL-6, IL-8, or CXCL1 (Figure 4b,c). Additionally, the use of neutralizing antibodies against 

IL-6, IL-8, or CXCL1, or against their receptors, did not mitigate the effects of monocytes 

on preadipocyte proliferation and differentiation (data not shown).

These data suggest that the abnormal preadipocyte proliferation and differentiation induced 

by monocytes is associated with the increased production of inflammatory cytokines such as 

IL-6, IL-8, and CXCL1 from preadipocytes and monocytes, and that preadipocytes may 

communicate with monocytes via IL-6 or CXCL1. However, by themselves these cytokines 

are not sufficient for the induction of aberrant preadipocyte proliferation and differentiation 

by monocytes.

Discussion

The present data demonstrate that monocytes affect the dynamics of orderly preadipocyte 

proliferation and differentiation, leading to disruption of adipogenesis. Specifically, they 

accelerate proliferation of preadipocytes coincident with transcriptional repression of C/

EBPα, a critical antimitotic adipogenic transcription factor that has a key role in terminating 

preadipocyte proliferation prior to subsequent terminal differentiation (although protein 

levels of C/EBPα were not diminished 5 days after addition of the differentiation cocktail). 

The increased proliferation of preadipocytes was accompanied by increased mRNA as well 

as protein expression of G0S2, a cell cycle regulatory protein in preadipocytes that may be 

positively regulated by PPARγ (26). However, in this case, we found increased G0S2 with 

no evidence of PPARγ expression. Thus, altered G0S2 expression in the context of 

preadipocyte–monocyte interaction appears to be dissociated from PPARγ activity, which 

may be the reason for its dysregulation at this critical juncture of adipocyte development. 

The underlying mechanisms likely involve soluble factors exchanged between monocytes 

and preadipocytes, because they are not dependent upon physical contact between these two 

cell types. Macrophages and T cells affect adipocyte development and function, but a role 

for monocytes in the regulation of adipogenesis, such as preadipocyte proliferation and 

terminal differentiation, has not been well defined. Macrophages and T cells reside in the 

stromal vascular component of adipose tissues, and their numbers increase greatly in persons 

with obesity or HIV-associated lipodystrophy (1–3). Monocytes regulate the proliferation 

and differentiation of T cells, B cells, natural killer cells, epithelial cells, endothelial cells, 
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and fibroblasts (13–25). Circulating monocytes could also infiltrate fat depots and 

exacerbate an inimical inflammatory response distinct from effects that occur after they 

differentiate into tissue macrophages (5,7).

PBMCs and monocytes increased the proliferation of subcutaneous preadipocytes after 2–3 

days of coculture via transwells (Figure 1). The increased proliferation of preadipocytes by 

PBMCs and monocytes was also associated with reduced preadipocyte terminal 

differentiation as assessed by lipid accumulation for 14 days following addition of a 

hormonal cocktail to induce differentiation (Figure 2). In these experiments, the 

differentiation cocktail was added after 5 or 6 days of preadipocyte coculture with PBMCs 

or monocytes, and after the PBMCs or monocytes had been removed, suggesting that the 

mechanism of the differentiation block likely occurred during the proliferative phase of 

adipogenesis. Although the effect on preadipocyte differentiation was more subtle than that 

of proliferation, this may be because differentiation was occurring in the absence of PBMCs 

or monocytes and perhaps continuation of coculture and persistent interaction during 

differentiation would have resulted in more significant reduction of differentiation. The 

purified CD3+ T cells, which were quiescent and not exogenously stimulated, did not 

significantly affect preadipocyte proliferation or differentiation. Although activated T cells 

drastically affect adipogenesis (2), the T cells used in these experiments were not in a state 

of activation (as determined by lack of surface expression of CD69 or CD25 by flow 

cytometry). Thus, peripheral blood monocytes affect adipogenesis at an early stage.

Pathway analysis based on a comprehensive human genome microarray pointed to protein 

interaction networks of cell cycle, adipogenic, and inflammatory factors in the regulation of 

preadipocyte proliferation and differentiation by PBMCs (Table 1). Microarray revealed that 

preadipocyte expression of cell cycle regulatory proteins such as G0S2 and ATM is altered 

during exposure to PBMCs. Real-time PCR indicated that suppression of C/EBPβ, C/EBPα, 

and PPARγ2 occurred concomitantly with modest G0S2 induction (Figure 3a). Interestingly, 

G0S2 has also been characterized as a PPARγ2 target gene (26), and the differential 

expression of G0S2 and other PPARγ2 target genes such as leptin (LEP) and cAMP 

responsive element modulator (CREM), suggests that PBMC exposure affects the 

expression of C/EBPβ, C/EBPα, and PPARγ2 during the proliferative phase of preadipocyte 

adipogenesis (prior to hormonal induction of terminal differentiation).

The suppression of C/EBPα gene expression in association with increased proliferation of 

preadipocytes raises the possibility that the latter occurred because of the lack of antimitotic 

function of C/EBPα. The mechanism of suppression of C/EBPα is unclear, although other 

reports have investigated mechanisms of C/EBPα downregulation. IL-6 has been reported to 

suppress C/EBPα expression in hepatoma cells (29). C/EBPα expression can also be down-

regulated during hypoxic conditions in cancer cells by hypoxia-inducible factor-1α, a 

transcription factor that abolishes transcriptional activity by binding to HRE sequences in 

the C/EBPα promoter (30), and this suppression of C/EBPα is also associated with increased 

proportions of the S and G2 phases of cell cycle and increased proliferation. The loss of 

other mechanisms of negative regulation of preadipocyte proliferation also may have been 

involved. For example, SH2 domain-containing inositol 5-phosphatase 2 inhibits 

preadipocyte proliferation induced by platelet-derived growth factor by mediating 
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degradation of the platelet-derived growth factor receptor (31), and macrophages are a 

source of platelet-derived growth factor in adipose tissue (32). However, our microarray 

indicated that gene expression of SH2 domain-containing inositol 5-phosphatase 2 or 

platelet-derived growth factor receptor in preadipocytes was unaffected during coculture.

At the protein level, the abundance of C/EBPβ was increased and that of C/EBPα was less 

affected compared to preadipocytes cultured in control media (Figure 3b). The discordance 

between the mRNA and protein concentration data may be because of altered translational 

processes that regulate the synthesis and degradation of these proteins during cellular stress 

(33,34), but the higher protein levels of C/EBPβ in preadipocytes during coculture with 

monocytes was associated with reduction of terminal differentiation, rather than expected 

enhancement of differentiation. However, the role of C/EBPβ during adipogenesis has 

mostly been studied after preadipocytes have been induced to differentiate, and less is 

known regarding the influence of C/EBPβ prior to hormonal induction and in the absence of 

exogenous induction agents. It could be that the protein is bound in preadipocytes to avoid 

turnover, but because the level of transcript is diminished, insufficient amounts of the 

protein are present—that is, perhaps the effects of the down-regulated C/EBPβ mRNA are 

not felt until differentiation is induced and the existing C/EBPβ is used up.

Inflammatory cytokines IL-6, IL-8, and CXCL1 were present in high amounts in 

supernatants of preadipocytes cocultured with monocytes (Figure 4). The higher amounts of 

IL-6 and CXCL1 in the supernatants of preadipocytes cocultured with monocytes than in the 

supernatants of either of the two cell types cultured alone suggest that these cytokines were 

produced as a result of cross-talk between preadipocytes and monocytes. IL-6 was recently 

shown to be a cross-talk cytokine in a coculture system between U937 monocytes and 

mature adipocytes, in which enhanced production of osteopontin by monocytes was 

observed during coculture with adipocytes (35). This upregulation of osteopontin was 

mediated by IL-6, which was mainly produced by adipocytes, but similar to our data, the 

levels of IL-6 were highest when the monocytes and adipocytes were cultured together. 

CXCL1 is expressed in 3T3-L1 cells under inflammatory conditions and in adipose tissues 

of obese mice and humans (36–38), but induction of CXCL1 expression specifically in 

primary preadipocytes has not been reported. We confirmed by quantitative reverse 

transcription-PCR that CXCL1 expression in human subcutaneous preadipocytes was up-

regulated by monocytes (Supplementary Figure S1 online). Thus, in addition to known 

chemokines such as MCP-1, IL-8, and MIP-1α (39), CXCL1 is produced by primary human 

preadipocytes, which presumably targets CXCR2 (CXCL1 receptor)-expressing leukocytes 

such as T cells, monocytes, and neutrophils. However, addition of recombinant IL-6, IL-8, 

or CXCL1 to preadipocytes had no effect on their proliferation and differentiation (Figure 

4b,c), nor did blocking antibodies against these cytokines mitigate the increased 

proliferation or reduced differentiation of preadipocytes by monocytes (data not shown). 

This suggests the need for other factors that are necessary for the observed effects of 

monocytes upon preadipocytes. It is also possible that pretreatment of monocytes with these 

cytokines could induce production of the necessary factors that result in abnormal 

preadipocyte growth.
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In summary, circulating monocytes produce soluble molecules that increase primary 

preadipocyte proliferation and block differentiation, and the dysregulation of this early 

phase of adipogenesis is associated with reduced C/EBPα gene expression and modest 

upregulation of G0S2. Further studies may establish a more important role for G0S2 in 

linking preadipocyte cell cycle control with adipogenesis. Additionally, subcutaneous 

preadipocytes can be a significant source of IL-6 and CXCL1 via interactions with 

monocytes, the consequences of which are currently being explored. These findings 

highlight novel effects of circulating monocytes as a key component of immune mechanisms 

that disrupt the functions of adipose tissue.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Cell cycle and proliferation of human subcutaneous preadipocytes during coculture with 

PBMCs, T cells, or monocytes. Preadipocyte cell cycle was measured by flow cytometry 

after staining with a DNA dye, and the G1, S, and G2/M phases were delineated using 

FlowJo analysis software. (a) Representative cell cycle histograms of preadipocytes after 3 

days of culture with control media, PBMCs, T cells, or monocytes. (b) Proliferation of 

preadipocytes after 3 days of coculture with increasing numbers of PBMCs, T cells, or 

monocytes. Proliferation was determined by addition of the S and G2/M phases of the cell 

cycle. N = 3, error bars are means ± s.d., *P < 0.05 compared to control media. (c) 

Proliferation of preadipocytes during coculture with PBMCs, T cells, or monocytes for up to 

6 days at a 50:1 leukocyte:preadipocyte ratio. N = 3, error bars are means ± s.d., *P < 0.05 

compared to control media. (d) Representative phase contrast microscopy images (×40 

magnification) of preadipocyte confluency after 6 days of coculture with PBMCs, T cells, or 

monocytes. PBMC, peripheral blood mononuclear cell.

Couturier et al. Page 15

Obesity (Silver Spring). Author manuscript; available in PMC 2015 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Differentiation of human subcutaneous preadipocytes for 2 weeks following 6 days of 

coculture with PBMCs, T cells, or monocytes (i.e., after 6 days of coculture, PBMCs, T 

cells, or monocytes were removed and preadipocytes were differentiated in the absence of 

these cells). (a) Quantification of preadipocyte differentiation after 2 weeks following 

hormonal induction. Adipocyte lipids were stained with Oil Red O and four random fields of 

observation from each condition were recorded. Pixel values of Oil Red O-stained areas 

were calculated with Adobe Photoshop software and averaged. Normal differentiation with 
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control media was established as 100%. N = 3, error bars are means ± s.d. (b) Representative 

phase contrast microscopy images (×40) of Oil Red O-stained preadipocytes after 2 weeks 

of differentiation. PBMC, peripheral blood mononuclear cell.
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Figure 3. 
Expression of key adipogenic and cell cycle (C/EBPα and G0S2) proteins in proliferating 

human subcutaneous preadipocytes during coculture with monocytes and subsequent 

terminal differentiation. (a) Gene expression of C/EBPβ, C/EBPα, PPARγ, and G0S2 by 

real-time PCR in preadipocytes during coculture with monocytes for up to 5 days. The fold 

change expression of each gene in preadipocytes compares coculture with monocytes to 

culture with control media after normalization to an internal control (GAPDH) using the 

2−ΔΔCt calculation for relative expression. Data are from one experiment done in duplicate 
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representative of three independent experiments, error bars are means ± s.e.m. (b) Western 

blot of C/EBPβ, C/EBPα, and G0S2 in preadipocytes at the 5-day time point during 

coculture with monocytes. The two bands for C/EBPβ represent the two isoforms for this 

protein at ~36 kDa. PPARγ was probed for but not detected. Densitometry of blots was 

normalized to actin loading control. (c) Representative phase contrast microscopy images 

(×40) of preadipocyte confluency after 5 days of coculture with monocytes just prior to 

hormonal induction of differentiation. (d) Representative phase contrast microscopy images 

(×40) of Oil Red O-stained adipocytes after 2 weeks of preadipocyte differentiation 

following 5 days of preadipocyte coculture with monocytes (i.e., after 5 days of coculture 

with preadipocytes, monocytes were removed and preadipocytes were differentiated in the 

absence of monocytes). Error bars are means ± s.d. of pixel intensity quantification of four 

images per condition from one experiment representative of three. *P < 0.05 compared to 

control media. C/EBPβ, CCAAT/enhancer binding protein (C/EBP), beta; PPARγ, 

peroxisome proliferator-activated receptor gamma 2; C/EBPα, CCAAT/enhancer binding 

protein (C/EBP), alpha; G0S2, G0/G1 switch 2.
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Figure 4. 
Production of inflammatory cytokines during coculture of human subcutaneous 

preadipocytes with monocytes, and preadipocyte proliferation and differentiation after 

exogenous treatment with inflammatory cytokines. (a) The inflammatory cytokines IL-6, 

IL-8, and TNFα were measured in supernatants using a flow cytometry multiplex assay, and 

CXCL1 was measured with an ELISA kit. Data are from one experiment done in triplicate 

that is representative of three independent experiments, error bars are means ± s.d. For IL-6 

and CXCL1, asterisks indicate P < 0.05 comparing the “preadipocytes + monocytes” 
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condition to either the “preadipocytes + media” or “monocytes + media” condition. (b) 

Preadipocyte cell cycle after treatment with 100 ng/ml recombinant IL-6, IL-8, TNFα, or 

CXCL1 for 3 days. CXCL1 is compared with its own media control since that treatment 

experiment was conducted in a separate experiment with a different lot of preadipocytes. 

Histograms are representative of two separate experiments. (c) Preadipocyte differentiation 

after treatment with 100 ng/ml recombinant IL-6, IL-8, TNFα, or CXCL1. Shown are 

representative images (×40) of Oil Red O-stained adipocytes after 2 weeks of differentiation. 

ELISA, enzyme-linked immunosorbent assay.
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Table 1

Pathway analysis of whole genome microarray data of human subcutaneous preadipocytes after 3 days of 

coculture with PBMCs

Top associated
network functions Network molecules Score

Cell cycle, cancer, reproductive 
system disease

↓ABCB1, ↓ACTA2, ↑ATM, ↑CCNE2, CD44, CD46, CD59, CDK2, CDKN1A, CDKN1B, 
CHEK2, CTNNB1, ↓DZIP3, ERBB2, ↑ESPL1, ESR1, JUN, MDM2, MDM4, MRE11A, 
↓MXD3, NBN, ↑PKN2, ↓PPM1D, ↓PSEN2, RAD17, RELA, SCD, ↓SMC1A, TERF2, TERT, 
↓TGFB1, TGFB3, TP53, YBX1

14

Antigen presentation, cell-mediated 
immune response, humoral immune 
response

CCL5, CD40LG, CTNNB1, ↑CXCL1, ↑CXCL2, ↓DDR1, ESR1, IFNG, IL4, IL6, IL8, IL10, 
↑IL12A, IL17A (includes EG:3605), IL17F, IL1A, IL1B, IL1RN, IL23A, JUN, KLK2, 
↓LCP1, MMP2, MMP9, MMP1 (includes EG:4312), ↑NFKBIB, RELA, ↓SERPINA3, 
↑SERPINB2, ↓SLC1A5, ↓SUV39H1, TAL1, TERT, ↑TFPI2, TNF

12

Antigen presentation, cell-mediated 
immune response, humoral immune 
response

↓ABCA1, ↓ANK3, C3, CD40LG, CDC42, CDH1, ↓CREM, ↑CXCL1, ↑FAM162A, FLOT1, 
FOS, ↓G0S2, ICAM1, IL2, IL4, IL8, IL10, IL13, IL17F, IL1RN, INS, ↓ITGB2, ↓LEP, MMP9, 
↓MN1, NCF2, NCF1C, PIGR, RAC1, STAT3, SYK, ↑TGM2, TNF, ↓TNFRSF11A, TNFSF11

12

Genes whose expression were predetermined to be significantly up- or down-regulated by PBMCs after microarray analysis were uploaded into 
Ingenuity Pathway Analysis software, of which the three top-scoring networks are shown. Indicated for each network are the top associated 
biological functions, the molecules comprising the network (molecules with downward and upward arrows indicate downregulation and 
upregulation, respectively), and a Score (the Score is based on a P value calculation, which calculates the likelihood that the Network Eligible 
Molecules that are part of a network are found therein by random chance alone. Mathematically, the score is simply the negative exponent of this P 

value calculation. For example, if the score is 3, then the corresponding P value was 10−3, i.e., there is a 1 in 1,000 chance that the Network 
Eligible Molecules found in that network appeared there just by chance. In other words, the score is simply a measure of the number of Network 
Eligible Molecules in a network, and the greater the number of Network Eligible Molecules in a pathway, the higher the score (lower the P value) 
will be). PBMC, peripheral blood mononuclear cell.
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