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Objective: The relationship between adipose tissue fibrosis, adipocyte hypertrophy, and preadipocyte
hyperplasia in the context of obesity and the correlation of these tissue-based phenomena with systemic
metabolic disease are poorly defined. The goal of this study was to clarify the relationship between adi-
pose tissue fibrosis, adipocyte hypertrophy, and preadipocyte hyperplasia in human obesity and deter-
mine the correlation of these adipose-tissue based phenomena with diabetes.

Methods: Visceral and subcutaneous adipose tissues from humans with obesity collected during bariat-
ric surgery were studied with QRTPCR, immunohistochemistry, and flow cytometry for expression of col-
lagens and fibrosis-related proteins, adipocyte size, and preadipocyte frequency. Results were correlated
with clinical characteristics including diabetes status.

Results: Fibrosis was decreased, hypertrophy was increased, and preadipocyte frequency and fibrotic
gene expression were decreased in adipose tissues from diabetic subjects compared to non-diabetic
subjects. These differences were greater in visceral compared to subcutaneous adipose tissue.
Conclusions: These data are consistent with the hypothesis that adipose tissue fibrosis in the context of
human obesity limits adipocyte hypertrophy and is associated with a reciprocal increase in adipocyte
hyperplasia, with beneficial effects on systemic metabolism. These findings suggest adipose tissue fibro-
sis as a potential target for manipulation of adipocyte metabolism.
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in humans and mice (2-7). Hypertrophy has pleiotropic effects on
adipocyte function. Hypoxia may ensue with expansion beyond a
diameter of 100 microns, the tissue diffusion distance of oxygen,
inducing hypoxic-response genes, endoplasmic reticulum and oxida-
tive stress, inflammation, and metabolic dysfunction.

Introduction

Adipocyte hypertrophy is an adaptive response to nutrient excess
that maintains adipose tissue nutrient buffering capacity and protects
other tissues from lipotoxicity. The correlation between adipocyte
hypertrophy and metabolic disease is context-dependent: lean

humans with smaller adipocytes manifest a worse metabolic  Tpe processes that regulate adipocyte hypertrophy are poorly under-

response to overfeeding (1), suggesting that in the lean state,
increased adipocyte size is beneficial and a metric for nutrient buf-
fering capacity. In some patients with obesity, however, a hyper-
trophic threshold may be reached beyond which adipocyte buffering
capacity is exceeded, leading to ectopic lipid deposition in periph-
eral tissues. Consistent with this concept, extreme adipocyte hyper-
trophy in obesity correlates directly with BMI and metabolic disease

stood. Excess extracellular matrix (ECM) deposition in the form of
fibrosis is a feature of obese adipose tissue, and a few reports demon-
strate an inverse correlation between adipocyte size and fibrosis (8-
10), suggesting a role for fibrosis in negatively regulating adipocyte
hypertrophy. Most reports demonstrate that adipose tissue ECM con-
tent is increased in human and murine obesity (10-13), but the relation-
ship between fibrosis and metabolic disease is less well-defined.
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Correlations between adipose tissue fibrosis and metabolic disease are
consistently seen in murine obesity (13-16), but data from humans are
conflicting (8-10,17,18). Like hypertrophy, the relationship between
fibrosis and metabolic disease is BMI-dependent: in lean subjects,
increased fibrosis correlates with elevated diabetes risk (19), suggest-
ing that in the lean state, fibrosis-induced limitation of adipocyte
hypertrophy is maladaptive, while in obesity these same fibrotic
changes may be adaptive once a specific hypertrophic threshold is
reached.

Preadipocyte hyperplasia balances hypertrophy to regulate adipose
tissue homeostasis. Decreased preadipocyte proliferative capacity is
associated with obesity and metabolic disease in some
((2,4,6),19,(20),) but not all studies (5,21-23), suggesting that hyper-
plasia and hypertrophy may be reciprocally regulated. These con-
flicting data may derive from differences in human and murine mod-
els and anatomic adipose tissue depots studied. No reports have
evaluated preadipocyte hyperplasia as a function of diabetes status
in humans. The contribution of preadipocyte hyperplasia to meta-
bolic disease and its relationship to adipose tissue fibrosis and adi-
pocyte hypertrophy is not well-established.

The goal of this study was to clarify the relationship between adipo-
cyte hypertrophy, adipose tissue fibrosis, and preadipocyte hyperpla-
sia in humans with obesity, and determine the correlation of these
adipose tissue-based characteristics with diabetes. We hypothesized
that adipocyte hypertrophy and adipose tissue fibrosis would be posi-
tively associated with human diabetes, similar to preclinical models.
We instead demonstrate decreased fibrosis in diabetic (DM) subjects,
along with increased adipocyte hypertrophy and decreased preadipo-
cyte frequency. Our findings support a model in which decreased adi-
pose tissue fibrosis in metabolic disease is associated with a tissue
architecture that permits adipocyte hypertrophy and limits preadipo-
cyte hyperplasia, leading to larger, metabolically impaired adipo-
cytes. These observations suggest that adipose tissue fibrosis may be
beneficial in human obesity with respect to metabolic disease.

Methods

Human subjects

Human subjects undergoing bariatric surgery were enrolled with
Institutional Review Board approval from the University of Michi-
gan and Ann Arbor Veteran’s Administration Hospital. Visceral adi-
pose tissue (VAT) from the greater omentum and subcutaneous adi-
pose tissue (SAT) from the abdominal skin incision were collected
from 82 subjects at the beginning of operation and processed imme-
diately. DM subjects were defined by clinical diagnosis of type 2
diabetes requiring treatment with medication. Non-diabetic (NDM)
subjects were defined by no clinical history of diabetes, normal
HbAlc, and no diabetes-related medication use. Subjects with a
diagnosis of prediabetes/insulin resistance and/or an elevated %
hemoglobin Alc (HbAlc) but not treated with diabetes-related med-
ication, or with type 1 diabetes, were excluded.

Quantitative real-time polymerase chain reaction

Equal amounts of RNA from adipose tissue, stromal-vascular cell
fraction (SVF), preadipocytes, or adipocytes was reverse-transcribed
and studied with quantitative real-time polymerase chain reaction
(QRTPCR) using Tagman primer-probes (Life Technologies Inc.,

Carlsbad, CA), including actin as an endogenous control, on a Ste-
pOnePlus thermocycler (Applied Biosystems Inc., Foster City, CA).

Adipose tissue fixation

Adipose tissue explants were fixed in 10% formalin, embedded in
paraffin, and sectioned (5 wm) onto charged glass slides and heat-
treated for antigen retrieval. Subsequent analyses were performed by
an observer blinded to patient clinical information.

Sirius Red staining

Slides were deparaffinized in xylene/ethanol, stained with Sirius
Red/Fast Green dye (Chondrex Inc., Redmond, WA) and visualized
on an Olympus BX-51 inverted microscope with bright-field and
plane-polarized light. Staining intensities of multiple 10X fields of
identical size were analyzed from multiple slides from each sample,
and staining normalized to tissue area, i.e., total number of fields
analyzed, quantified with ImageJ software, and averaged for each
patient.

Adipocyte sizing

Fixed hematoxylin/eosin-stained slides were imaged on an Olympus
IX-81 fluorescent microscope, captured as multiple TIFF-gray-scale
images and analyzed with Image] software. Pixel areas of all indi-
vidual cells were averaged for each patient. For sizing in fibrotic
and non-fibrotic areas of tissue, fibrotic areas were chosen that con-
tained visible bands of fibrosis and/or thickened intracellular spaces,
while non-fibrotic areas chosen contained little or no fibrotic bands
and closely-packed adipocytes. For each slide, six separate fibrotic
and non-fibrotic areas were analyzed.

Immunohistochemistry

Slides were incubated overnight with primary antibodies to colla-
gens lal, 3al, 6al, HIF-1a, or GLUT-1 (Thermo-Scientific Inc.,
Waltham, MA), washed, incubated with secondary antibody (goat
anti-rabbit Alexa-Fluor 488, Life Technologies Inc., Carlsbad, CA),
and coverslips mounted. At least six images captured per slide in
gray-scale on an Olympus IX-81 fluorescent microscope using
10XB objective were analyzed using Imagel] Software. HIF-1a and
GLUT-1 signals were normalized to adipocyte number; collagen sig-
nals were normalized to tissue area.

SVF, preadipocyte and mature adipocyte

isolation, and flow cytometry

Adipose tissue was digested with Type II collagenase (175 units/mL
PBS/2% BSA, Life Technologies Inc., Carlsbad, CA) for 60 min at
37°C, centrifuged, and the SVF cell pellet used for RNA or flow
cytometry. Mature adipocytes were harvested from the adipocyte
layer of collagenase-digested tissue followed by RNA isolation. Pre-
adipocytes were isolated as described (24): SVF cells were plated
overnight, non-adherent cells discarded, and adherent cells passaged
three times to enrich for preadipocytes followed by RNA isolation.
Such cells demonstrate adipocyte differentiation capacity and retain
depot- and patient-specific characteristics (25).

For flow cytometry, SVF cells were stained with viable dye and
antibodies and analyzed on a FACSCanto II flow cytometer (Bec-
ton-Dickinson Inc., Franklin Lakes, NJ). Data were analyzed using
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TABLE 1 Subject demographics

DM NDM
(n=34) (n=48) P-value
Demographics, lab values
Gender (F/M, n) 2113 38/10 0.133
Age (mean, years) 49 4 0.002
BMI (mean, kg/m?) 47 47 0.619
HbA1c (mean, %) 7.1 58 <0.001
Fasting plasma glucose 131 97 <0.001
(mean, mg/dL)
Comorbid disease
Sleep apnea (n) 27 22 0.003
Hypertension (n) 27 22 0.003
Dyslipidemia (n) 20 14 0.007
Medication use
Beta-blocker (n) 6 9 1.000
Statin (n) 17 5 <0.001
ACE inhibitor (n) 8 6 0.239
Thiazolidinedione (n) 2 0 0.169
Metformin (n) 32 0 <0.001
Insulin (n) 14 0 <0.001
Sulfonylurea (n) 10 0 <0.001

FlowJo software (Tree Star Inc., Ashland, OR) after exclusion of
doublets and non-viable cells using fluorescence-minus-one controls
with forward scatter/side scatter gates encompassing all cells with
subsequent analysis of CD45— cells. Preadipocytes were defined as
CD45—CD34+CD31—. Antibodies: CD45-FITC, CD31-APC-Cy7,
CD34-PERCP-Cy5.5 (Biolegend Inc., San Diego, CA), anti-rabbit
secondary antibody-PE (Life Technologies, Inc., Carlsbad, CA);
CD140a-AlexaFluor 647 (BD Biosciences, Inc., San Jose, CA).

Statistical analysis

Independent r-test was used to compare data between groups. Delta
CT values were compared for QRTPCR data. Linear regression was
used to determine correlations. Fisher’s exact test was used to com-
pare dichotomous patient demographic variables. Analysis of covari-
ance using general linear models was used to compare adipocyte
size, fibrosis, and preadipocyte frequency adjusting for age. Error
bars on all figures represent standard error of the mean. Due to lim-
ited tissue amounts, not all subjects were used for all experiments.

Results

Diabetes is associated with increased adipocyte
hypertrophy in humans with obesity

To evaluate the relationship between adipocyte hypertrophy and dia-
betes, we examined VAT and SAT from DM and NDM subjects
with obesity (Table 1). BMI was similar between subject groups;
DM subjects were older than NDM subjects.

Age-adjusted mean adipocyte cross-sectional area was greater in
DM compared to NDM subjects in VAT and SAT (Figure 1A). Adi-
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pocytes were larger in SAT than VAT, consistent with prior data
(26,27). Linear regression analysis of all subjects (DM+NDM) dem-
onstrated positive correlations between adipocyte size and HbAlc in
VAT and SAT (Figure 1B). Linear regression analysis demonstrated
no correlations between adipocyte size in VAT or SAT and age
(data not shown). These data confirm a positive correlation between
adipocyte hypertrophy and DM, consistent with prior studies (2,3,5-
7.

Since adipocyte hypertrophy may be associated with hypoxia, we
studied hypoxia-inducible gene expression with immunohistochemis-
try. HIF-1o and GLUT-1 expression was increased in DM compared
with NDM subjects in SAT but not VAT (Figures 1C,D). These
findings suggest that SAT, given its larger adipocyte size, may be
more susceptible to hypoxia-inducible gene expression than VAT,
and that DM patients may have an exaggerated hypoxia-inducible
gene expression response to hypertrophy, possibly due to larger adi-
pocyte size.

Diabetes is associated with decreased adipose

tissue fibrosis in humans with obesity

To determine the relationship between fibrosis and DM status, we
evaluated ECM deposition in adipose tissues. Age-adjusted ECM
deposition measured histologically by Sirius Red staining was lower
in VAT and SAT from DM subjects compared to NDM subjects
(Figure 2A). Immunohistochemistry revealed a trend toward lower
COLIAI protein levels in VAT from DM subjects, and lower
COL3AI protein levels in SAT from DM subjects (Figure 2B). Tran-
script levels of fibrotic genes COLIAI, COL6AI, LOX, MMP2, and
TIMP-1 were lower, and MMP9 higher, in VAT from DM compared
to NDM subjects; no differences in fibrotic transcript levels were
observed between DM and NDM subjects in SAT (Figure 2C). Lin-
ear regression analysis of all subjects (DM+NDM) revealed that in
VAT, COLIAI, COL3Al, COL6AI, and LOX expression correlated
inversely with HbAlc (Figure 2D). No correlations were observed
between SAT fibrotic transcripts and HbAlc, between fibrosis-
related transcripts in VAT or SAT and age or BMI, or between Sir-
ius Red staining in VAT or SAT and age, BMI, or HbAlc (data not
shown). Overall, these data suggest that a decreased fibrotic profile
in VAT and SAT associated with DM status in humans with
obesity.

Adipocyte hypertrophy correlates inversely with
fibrosis

We next studied the relationship between adipocyte hypertrophy and
adipose tissue fibrosis. Based on Sirius Red staining, adipocytes
were smaller in fibrotic compared to non-fibrotic regions of tissue in
DM and NDM subjects (Figure 3A). Linear regression analysis of
all subjects (DM+NDM) revealed trends toward an inverse correla-
tion between adipocyte size and fibrosis measured by Sirius Red
staining in VAT and SAT (Figure 3B), as well as inverse correla-
tions between adipocyte size and COLIAI, COL6AI, MMP2,
MMP14, and TIMP-1 transcript levels, and a positive correlation
between adipocyte size and MMP9 in VAT (Figure 3C). No correla-
tions were observed between adipocyte size and COL3Al, CTGF,
LOX, and TGF-f transcript levels in VAT; adipocyte size did not
correlate with fibrotic transcript levels in SAT (data not shown).
These associations support the concept that increased adipose tissue
fibrosis restrains adipocyte hypertrophy in NDM patients, and that
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Figure 1 Adipocyte hypertrophy is increased in DM subjects with obesity. (A) Above left: Age-adjusted adipocyte area in VAT and SAT in DM and NDM sub-
jects; ordinate: mean adipocyte area, ;Lmz; * P 0.050 comparing DM and NDM groups. Below left: Representative VAT adipocyte sizing images from DM
and NDM subjects. Right: Distribution of adipocyte size in VAT and SAT for DM and NDM subgroups; abscissa: adipocyte area, um?; n =22 DM, 29 NDM
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Quantified HIF-1¢ and GLUT-1 immunohistochemistry staining intensity in VAT and SAT; ordinate: immunohistochemistry staining intensity normalized to
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HIF-1o and GLUT-1 immunohistochemistry images (HIF-1o, GLUT-1: green) of SAT from DM and NDM subjects.

decreased fibrosis is permissive to adipocyte hypertrophy in DM
patients.

To explore the contribution of alterations in inflammation to fibro-
sis, we studied inflammation-related gene transcription in adipose
tissues. Transcript levels of IL-4 were decreased in VAT but not
SAT from DM subjects; no differences in macrophage-related or
other inflammatory cytokine gene transcript levels were observed
(Figure 3D).

Diabetes is associated with decreased

preadipocyte frequency

To evaluate the hypothesis that deficits in adipogenic capacity con-
tribute to diabetes, we studied preadipocyte frequencies in adipose
tissues with flow cytometry (Figure 4A). Preadipocytes are defined
as CD45—CD31—CD34+, within which CD140a+ defines a partic-
ularly adipogenic lineage (28,29). Age-adjusted total preadipocyte
and CD140a+ preadipocyte subpopulation frequencies in DM sub-
jects compared to NDM subjects were decreased in VAT but not
SAT. No differences were observed in the frequencies of CD140a+/
CD140a— preadipocyte subpopulations as a percentage of total prea-
dipocytes between DM and NDM subjects in VAT or SAT (Figure

4B). Linear regression analysis of all subjects (DM+NDM) revealed
that preadipocyte frequency in VAT but not SAT correlated inver-
sely with HBAlc (Figure 4C). Preadipocyte frequency in VAT and
SAT did not correlate with age or BMI (data not shown). These
data support a deficit in preadipocyte quantity in DM subjects.

To determine the primary source of fibrotic molecules in adipose tis-
sue, transcript levels were compared between mature adipocyte,
SVF, and preadipocyte cell fractions from VAT from NDM subjects.
Transcript levels of adipocyte-specific genes ATGL, FASN, and
PPAR-y were highest in mature adipocytes, as expected. Transcript
levels of COLIAI, COL3AI, CTGF, LOX, and TIMP-1 were highest
in the preadipocyte fraction. Transcript levels of COL6AI, MMP2,
MMP9, MMP14, and TGF-b were highest in SVF, suggesting that
cells other than or in addition to preadipocytes within SVF contrib-
ute to expression of these molecules (Figure 4D).

To determine whether decreased fibrosis in DM is due to decreased
preadipocyte expression of fibrotic molecules or rather simply due
to decreased preadipocyte numbers, transcript levels of fibrotic mol-
ecules were compared in identical amounts of input RNA from iden-
tical numbers of preadipocytes from VAT and SAT from DM and
NDM subjects. Expression of COLIAI, COL3Al, and COL6AI were
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ent; all correlations with P < 0.150 shown.

decreased in VAT preadipocytes from DM subjects compared to
NDM subjects, along with trends toward decreased CTGF, LOX, and
MMP?2 expression. In SAT preadipocytes in contrast, transcript lev-
els of MMP9, TIMP-1, and TGF-§ were increased in DM subjects
compared to NDM subjects, although these differences only
approached significance (Figure 4E).

Discussion

Adipocyte hypertrophy is a recognized feature of dysfunctional adi-
pose tissue that is associated with increased cellular stress, decreased
metabolic flexibility, and systemic diabetes. The mechanisms that
regulate hypertrophy are unclear. In this study, we identify two
potential features of DM patients that may contribute to increased
adipocyte hypertrophy: 1) decreased adipose tissue fibrosis and 2) a
smaller preadipocyte pool that limits the generation of new
adipocytes.

Data from humans addressing the correlation between adipose tissue
fibrosis and metabolic disease are conflicting (8-10,13,17,18). Our
data add to this literature and support the concept of fibrosis as an
adaptive feature that preserves normal adipocyte function by restrict-
ing hypertrophy. Lackey et al. demonstrated decreased tensile
strength and collagen expression in VAT from metabolically unheal-
thy compared to metabolically healthy patients with obesity (18).
Divoux et al. observed an inverse correlation between VAT fibrosis
and adipocyte size and serum hypertriglyceridemia in patients with
obesity, but no correlation of fibrosis with glycemic parameters (9).
These reports suggest a negative correlation between adipose tissue
fibrosis and at least some aspects of metabolic disease, consistent
with our findings. In contrast, Spencer et al. demonstrated that insu-
lin resistance correlates directly with SAT fibrosis in NDM subjects
(10), while Vila et al. demonstrated increased fibrosis-related tran-
scripts in SAT from humans with obesity, with the highest levels in
patients with metabolic syndrome (13). Finally, Abdennour et al.
observed increased SAT stiffness using tissue elastography in DM
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compared to NDM subjects, but no difference in immunohistochemi-
cal measures of fibrosis (17). Interpretation of this conflicting litera-
ture is complicated by subject heterogeneity and differences in tissue
depots studied, definitions of metabolic disease, and methodologies
and molecular targets used to measure fibrosis. In contrast to some
studies, we used clinical diagnosis to define diabetes rather than pro-
vocative testing (e.g., glucose tolerance testing). Many reports, ours
included, study bariatric surgery patients in whom it is common to
optimize diabetes prior to surgery, a practice that normalizes serum
measures of insulin resistance such as HbAlc, insulin, and glucose
levels, confounding stratification of DM and NDM groups. An
advantage of stratification by clinical diagnosis is capture of patients
with clinically significant diabetes that might be masked by preoper-
ative optimization of glucose homeostasis. In support of this, we did
not observe correlations between preoperative HbAlc and fibrosis
measured by Sirius Red staining despite a strong correlation of

fibrosis with DM status, likely because HbAlc is at least partially
corrected prior to surgery in many patients. We did however observe
a negative correlation between transcript levels of specific collagens
within VAT and HbAlc, suggesting that specific molecular targets
may provide more specific and sensitive measures of tissue fibrosis
in the context of metabolic dysfunction.

We observed depot-specific differences in fibrosis. Sirius Red stain-
ing was similar between VAT and SAT in DM and NDM subjects.
However, fibrotic transcripts were decreased in DM subjects and
correlated with HbAlc levels in VAT but not SAT. Furthermore,
reduced Sirius Red staining in DM subjects was associated with
decreased collagen 1 immunohistochemical staining in VAT but
decreased collagen 3 staining in SAT; these differences were modest
compared to DM/NDM differences in Sirius Red staining, suggest-
ing that other collagens or fibrotic molecules contribute to overall
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Figure 4 Preadipocyte frequency and fibrotic gene expression is decreased in DM subjects with obesity. (A) Representative scatterplots of VAT SVF demonstrating
the flow cytometry gating strategy for preadipocytes (PA, CD45-CD31-CD34+); a large forward scatter/side scatter gate was used to encompass all viable cells (not
shown), followed by gating on CD45— cells, followed by gating on CD31-CD34+ cells; the CD140a+ subpopulation within the CD31-CD34+ population was also
analyzed. (B) Age-adjusted preadipocyte frequencies in human adipose tissues; ordinate: left: % of all viable SVF cells that are preadipocytes (PA, CD45-CD31-
CD34+). Right: % all PA that are CD140+; *P < 0.001 comparing DM and NDM groups; n =15 DM, 19 NDM subjects for VAT; n =10 DM, 14 NDM subjects for
SAT. (C) Linear regression analysis correlating CD45-CD31-CD34+ preadipocyte frequencies (% of all SVF cells) in VAT and SAT with HbA1c (%). (D) QRTPCR data
from RNA from mature adipocyte, SVF, and preadipocyte cell fractions from VAT; ordinate: fold difference in VAT transcript levels in SVF and PA fractions relative to
mature adipocyte cell fraction referent = 1; *P < 0.050 comparing SVF or PA fraction to adipocyte fraction referent; n =6 NDM subjects. (E) QRTPCR data from VAT
and SAT preadipocyte RNA; ordinate: fold difference in transcript levels in PA from DM subjects relative to PA from NDM subject group referent = 1; *: P < 0.050,
*P <0.100 comparing transcript levels in PA from DM subjects relative to PA from NDM subject group referent; n =8 DM, 8 NDM subjects for VAT; n=6 DM, 10

NDM subjects for SAT. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

differences in ECM deposition. Taken together, these data suggest
qualitatively different mechanisms of fibrosis in VAT and SAT, and
suggest that reduced fibrosis in VAT plays a more important role in
diabetes, consistent with the well-established stronger association of
diabetes with visceral rather than subcutaneous adiposity.

Adipocyte hypertrophy was increased in DM subjects with obesity,
consistent with prior data (3,5,6). At the upper limits of adipocyte
size, a threshold may be reached beyond which further hypertrophy
impairs adipocyte metabolism. It has been suggested that adipose
tissue fibrosis may be an adaptive response that limits extreme
hypertrophy beyond this threshold, reducing adipocyte metabolic
dysfunction (9). Differences in the adipose tissue fibrotic response
among humans may therefore contribute to differing susceptibilities
to metabolic disease. In our study, the observed positive correlation

of hypertrophy with diabetes and inverse correlation with fibrosis
support this hypothesis, and are consistent with multiple prior data
that separately demonstrate similar relationships between adipocyte
size and diabetes/insulin resistance (2-6,30) and between adipocyte
size and fibrosis (8-10).

Cellular hypoxia secondary to an oxygen diffusion defect is a puta-
tive mechanism by which hypertrophy induces adipocyte dysfunc-
tion (15,31). In support of this concept, we demonstrate increased
HIF-1a and GLUT-1 expression in DM subjects in SAT but not
VAT, possibly because adipocytes are smaller in VAT and below
the threshold for hypoxic gene expression. Adipose tissue hypoxia is
controversial (32), HIF-1« and GLUT-1 are regulated by hypoxia-
independent mechanisms, and expression of hypoxia-related genes
does not fully capture the pleiotropic effects of hypoxia on
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Figure 5 Fibrosis regulates the balance between adipose tissue hyperplasia and
hypertrophy. Increased fibrosis in NDM adipose tissue constrains adipocyte hyper-
trophy, limiting adipocyte hypoxia and metabolic dysfunction and providing signals
that promote preadipocyte proliferation to maintain adipose tissue homeostasis. In
DM tissue, in contrast, decreased fibrosis permits increased adipocyte hypertrophy,
resulting in adipocyte hypoxia and metabolic dysfunction, along with signals that
inhibit preadipocyte proliferation.

adipocyte function. Nonetheless, our data suggest a link between
hypoxic gene expression and hypertrophy in the context of DM at
the upper limits of adipocyte size in SAT but not in VAT.

We demonstrate decreased preadipocyte frequency in VAT from
DM subjects in whom adipocytes are larger, consistent with previous
data suggesting a reciprocal relationship between adipocyte hyper-
trophy and preadipocyte hyperplasia (2,4,6,19,20). No differences in
relative proportions of CD140a+ cells within the preadipocyte popu-
lation were observed between DM and NDM subjects, suggesting
that this adipogenic subpopulation is down-regulated in DM in a
non-disproportionate manner. No difference in preadipocyte fre-
quency between DM and NDM subjects was observed in SAT, and
the inverse correlation between preadipocyte frequency in VAT and
HbAlc was not observed in SAT, reinforcing the dominance of
VAT in dictating systemic metabolic phenotype.

Collagen transcript levels were decreased in purified VAT preadipo-
cytes from DM relative to NDM subjects, paralleling whole tissue
transcript data and suggesting that in addition to decreased numbers,
a qualitative defect in preadipocyte fibrotic gene expression contrib-
utes to decreased VAT fibrosis in DM. While similar differences in
expression of collagens were not observed in purified SAT preadipo-
cytes, transcript levels of MMP9, TIMP-1, and TGF-f were

Adipose Tissue Fibrosis in Human Obesity Muir et al.

increased in these cells from DM subjects. Further research will be
required to corroborate these changes at the protein level and eluci-
date other changes in preadipocytes, but these data confirm that
functional changes in preadipocytes contribute to the adipose tissue
fibrotic milieu in diabetes, along with qualitative depot-specific
differences.

Functionalities of fibrotic mediators are complex. Nonetheless, the
observed decreased expression of LOX and TIMP-1 in DM VAT,
generally considered pro-fibrotic mediators, is consistent with
decreased fibrosis. We also observed decreased IL-4 transcript levels
in DM VAT, but no differences in transcript levels of other inflam-
matory genes. Detailed study with more sensitive assays (e.g., flow
cytometry, ELISA) will be necessary to elucidate the role of cyto-
kines, macrophages, and other leukocytes in regulating adipose tis-
sue fibrosis, but these initial data suggest a possible pro-fibrotic role
for IL-4 within adipose tissue, consistent with similar functionality
demonstrated in other tissues (33,34). Caution must be exercised in
extrapolating function from transcriptional data. Nonetheless, differ-
entially expressed mediators represent targets for future studies.

Limitations in study population size precluded controlling for all
potential confounders. DM subjects were older than NDM subjects
but differences in adipocyte size, fibrosis, and preadipocyte fre-
quency remained significant after adjusting for age, and regression
analysis revealed no correlations of these measures with age. The
prevalence of sleep apnea, hypertension, dyslipidemia, and medica-
tion use was higher in DM subjects, the latter of particular impor-
tance given that metformin and thiazolidinediones may attenuate
fibrosis (35,36). Larger studies will be necessary to rigorously
address these and other potential confounders.

We demonstrate increased adipocyte hypertrophy and decreased adi-
pose tissue fibrosis and preadipocyte frequency in DM subjects with
obesity. These data support a model in which adipose tissue fibrosis
regulates the reciprocal balance between adipocyte hypertrophy and
preadipocyte hyperplasia, governing adipose tissue expansion and
systemic metabolic responses to obesity (Figure 5). Taken together,
our findings suggest that adipose tissue fibrosis plays a protective role
with respect to diabetes in obesity and represents a target for manipu-
lation of adipose tissue physiology and systemic metabolism.O
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