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Adipose tissue CTGF expression is associated with adiposity
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Abstract

Objective: Connective tissue growth factor (CTGF) is an important regulator of fibrogenesis in
many organs. This study evaluated the interrelationship among adipose tissue CTGF expression,
fat mass and insulin resistance in people.

Methods: We determined: 1) C7TGF gene expression in human subcutaneous preadipocytes
before and after inducing adipogenesis; 2) relationships among abdominal subcutaneous adipose
tissue CTGF gene expression, body fat mass and indices of insulin sensitivity, including the
hepatic insulin sensitivity index and the hyperinsulinemic-euglycemic clamp procedure in
conjunction with stable isotope glucose tracer infusion, in 72 people who had marked differences
in adiposity and insulin sensitivity; 3) localization of CTGF protein in subcutaneous adipose
tissue; and 4) effect of progressive (5%, 11%, and 16%) weight loss on adipose tissue CTGF gene
expression.

Results: CTGFwas highly expressed in preadipoocytes, not adipocytes. Adipose tissue CTGF
gene expression was strongly correlated with body fat mass and both skeletal muscle and liver
insulin sensitivity and CTGF positive cells were predominantly found in areas of fibrosis.
Progressive weight loss caused a stepwise decrease in adipose tissue C7TGF gene expression.

Conclusions: We conclude that increased C7GF expression is associated with adipose tissue

expansion, adipose tissue fibrosis, and multi-organ insulin resistance in people with obesity.
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Introduction

An increase in adipose tissue mass often causes insulin resistance, which is a key contributor
to obesity-related metabolic diseases, such as metabolic syndrome and type 2 diabetes (1).
The expansion of adipose tissue and the progression from a lean to an obese phenotype
requires remodeling of extracellular matrix (ECM) proteins to provide mechanical support
for adipocyte hyperplasia and hypertrophy (2, 3, 4, 5). However, excessive production of
fibrillar ECM proteins can cause adipose tissue fibrosis, which can have adverse effects on
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adipose tissue and whole-body metabolic function (2, 3, 4, 5). The results from studies
conducted in genetically modified rodent models have shown alterations in fibrogenic
pathways in adipose tissue, such as hypoxia-inducible factor lalpha (HIF1a) (6),
endotrophin (7), tenomodulin (8), and focal adhesion kinase (FAK) (9), affect the
progression of obesity-induced insulin resistance and glucose intolerance. These findings
underscore the potential importance of adipose tissue fibrogenesis and fibrosis in the
pathogenesis of obesity-related metabolic dysfunction.

Connective tissue growth factor (CTGF, also known as CCN2) is a matricellular protein that
is involved in regulating many biological processes, including fibrogenesis in multiple
organs (10, 11). Overexpression of CTGF increases ECM production and decreases ECM
degradation, and can cause fibrosis or enhance the susceptibility to fibrosis in lung, kidney,
liver, and skin in mice (12, 13, 14, 15). In people, increased CTGF expression has been
detected in the liver, heart, kidney, and lungs of patients with fibrosis in those organs (16, 17,
18, 19). Data from studies conducted in high-fat diet-induced and genetically obese mice
demonstrate the increase in fat mass is associated with an increase in adipose tissue Ctgf
gene expression and fibrosis (20, 21). In addition, Cfgfexpression is suppressed during
mouse adipogenesis and CTGF inhibits adipogenic differentiation in mouse preadipocytes
(22, 23).

The major purpose of the present study was to evaluate the interrelationships among adipose
tissue CTGF gene expression, adiposity and insulin resistance in people. We hypothesized
that adipose tissue CTGF expression progressively increases with increasing adiposity and
insulin resistance and decreases with progressive weight loss. Accordingly, we evaluated
CTGF expression in subcutaneous abdominal adipose tissue in men and women who had a
large range in body fat mass and insulin sensitivity, and in a subset of people with obesity
during progressive diet-induced weight loss with concomitant changes in body fat mass and
insulin sensitivity. In addition, to determine the primary source of C7GF expression in
adipose tissue, we evaluated CTGF expression in human preadipocytes, mature adipocytes,
and stromal vascular fraction (SVF) cells isolated from subcutaneous abdominal adipose
tissue.

Study subjects

A total of 72 people (14 men and 58 women) (50 Caucasian, 18 African American, 4 Native
American) who had a wide range in body fat mass and insulin sensitivity participated in this
study (Table 1). All subjects had participated in studies that involved percutaneous
abdominal subcutaneous adipose tissue biopsies and assessments of body composition and
insulin sensitivity (24, 25, 26, 27, 28). A subset of participants was studied before and after
progressive 5%, 11% and 16% diet-induced weight loss (n=9) or before and after 6 months
of weight maintenance (n=9) (27). No subject had evidence of diabetes or other serious
illnesses, and did not take any medications that affect insulin action. All participants
provided written informed consent before their participation in all studies that were
approved by the Human Research Protection Office of Washington University School of
Medicine in St. Louis, MO, USA.

Obesity (Silver Spring). Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yoshino et al. Page 3

Experimental protocol

This study was conducted in the Clinical and Translational Research Unit at Washington
University School of Medicine in St. Louis, MO. Total fat mass and fat-free mass (FFM)
were measured by using dual-energy X-ray absorptiometry (Lunar iDXA; GE Healthcare,
Milwaukee, WI). Subjects were given a standard meal at ~1900 h. The following morning,
after subjects fasted for approximately 12 h overnight, a hyperinsulinemic-euglycemic clamp
procedure, in conjunction with stable isotopically labeled glucose tracer infusion, was
performed to evaluate insulin sensitivity, as described previously (24, 25, 26, 27). During the
clamp procedure, insulin was infused at a rate of 50 mU/m? per minute, to achieve typical
postprandial plasma insulin concentrations and stimulate plasma glucose disposal.
Euglycemia (~100 mg/dL) was maintained by variable rate infusion of 20% dextrose
enriched to approximately 2.5% with [6,6-2H,]glucose.

Adipose tissue biopsies were obtained during the basal stage of the clamp procedure.
Periumbilical abdominal subcutaneous adipose tissue was obtained by needle biopsy for
histological assessments and then additional tissue was aspirated through a 4-mm
liposuction cannula (Tulip Medical Products, San Diego, CA) to assess gene and protein
expression, as described previously (24, 25, 26, 27). Tissue samples were immediately
rinsed with ice-cold saline, and flash frozen in liquid nitrogen until subsequent Real time
PCR analysis.

CTGF gene expression in human subcutaneous preadipocytes, stromal vascular fraction
(SVF) cells and adipocytes

Primary human subcutaneous preadipocytes were purchased from Lonza (#PT-5020;
Walkersville, MD). Human preadipocytes were treated with differentiation medium
(#PT-8002; Lonza), and differentiated to mature adipocytes as described previously (29).
Total RNA was extracted from preadipocytes immediately before and 8 days after induction
of adipogenesis. We also evaluated C7GF gene expression reported in SVF cells and
adipocytes isolated from subcutaneous adipose tissue samples in publicly available
microarray datasets obtained from the Gene Expression Omnibus (GEO) database
(GSEB8995; https://www.nchi.nlm.nih.gov/geo/) (30).

RNA isolation and Real time PCR

Total RNA was isolated from frozen subcutaneous adipose tissue samples and human
preadipocytes by using RNeasy Mini Kit (#74104; Qiagen, Chatsworth, CA) as previously
described (24, 25, 26, 27, 29). Gene expression was determined by using an ABI 7500 real-
time PCR system (Invitrogen, Carlsbad, CA) and Fast SYBR Green Master Mix (#4385618,
Invitrogen) by using the following primers: CTGF (accession number NM_001901) 5’-
CAGCATGGACGTTCGTCTG-3’ (forward) and 5’-AACCACGGTTTGGTCCTTGG-3’
(reverse); adiponectin (AD/POQ) (accession number NM_001177800) 5’-
GGCTTTCCGGGAATCCAAGG-3’ (forward) and 5’-
TGGGGATAGTAACGTAAGTCTCC-3’ (reverse); ribosomal protein (RPLPO) (accession
number NM_053275) 5’-GTGATGTGCAGCTGATCAAGACT-3’ (forward) and 5’-
GATGACCAGCCCAAAGGAGA-3’ (reverse). The expression of each gene was normalized
with RPLPO expression.

Obesity (Silver Spring). Author manuscript; available in PMC 2020 June 01.


https://www.ncbi.nlm.nih.gov/geo/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yoshino et al. Page 4

Western blot analysis

Frozen subcutaneous adipose tissue was homogenized in ice-cold Cell Lysis Buffer (#9803;
Cell Signaling Technology, Beverly, MA) containing proteinase inhibitors. Extracted protein
samples were loaded onto 12.5% polyacrylamide gels (Bio-Rad Laboratories, Hercules,
CA), separated by SDS-PAGE, and then transferred to Immun-Blot polyvinylidene
difluoride membranes (#1620177; Bio-Rad). The following antibodies were used for protein
detection: rabbit monoclonal anti-human CTGF antibody (#10095; Cell Signaling
Technology), rabbit monoclonal anti-human GAPDH antibody (#5174; Cell Signaling
Technology), and horseradish peroxidase (HRP)-conjugated anti-rabbit antibody (#7074;
Cell Signaling Technology). Blots were developed by using the ECL Select Western Blotting
Detection Reagent (#RPN2235; GE Healthcare Life Sciences, Piscataway, NJ).
Densitometry was quantified using the ImageJ software (NIH ImageJ 1.47; http://
imagej.nih.gov/ij).

Immunostaining

Subcutaneous adipose tissue samples were fixed in formalin and embedded in paraffin.
Paraffin sections were stained with Masson’s trichrome for collagen. Immunostaining was
performed by using goat polyclonal anti-human CTGF antibody (AF660; R&D Systems,
Minneapolis, MN), biotin-conjugated anti-goat antibody (#BA-9500; Vector Laboratories,
Burlingame, CA), and Vectastain ABC kit (\ector Laboratories) as previously described
(31). A negative control was obtained by omitting the primary antibody.

Calculations

The homeostasis model assessment of insulin resistance (HOMA-IR) was calculated as the
product of fasting plasma insulin (in mU/L) and glucose (in mg/dL) concentrations divided
by 22.5 (32). Endogenous glucose rate of appearance (Ra) in plasma during basal conditions
and insulin infusion was calculated by dividing the glucose tracer infusion rate by the
average plasma glucose tracer-to-tracee ratio during isotopic steady-state conditions of the
basal and clamp periods, respectively, after adjustment for exogenous glucose infusion
during insulin infusion. During insulin infusion, glucose rate of disappearance (Rd) from
plasma was assumed to equal the sum of endogenous glucose Ra and the rate of infused
glucose. Hepatic insulin sensitivity was assessed by using the hepatic insulin sensitivity
index (HISI), calculated as 100/[basal glucose Ra (in pmol/kg FFM/min) x fasting plasma
insulin concentration (in mU/L)]. Skeletal muscle insulin sensitivity was assessed as the
relative increase in glucose Rd during insulin infusion (%).

Statistical analyses

Gene expression data were log-transformed for the statistical assessments. Differences
between two groups were determined by using Student’s unpaired or paired ftest. Pearson’s
correlation analysis was used to examine correlations between outcomes of interest. The
effect of weight loss on adipose tissue C7TGF expression was evaluated by using repeated
analysis of variance (ANOVA). Data are presented as means * standard error of the mean
(SEM). A P-value less than 0.05 was considered statistically significant.
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CTGF is highly expressed in human subcutaneous preadipocytes, not mature adipocytes.

A marked increase in adiponectin (AD/POQ) confirmed successful differentiation of human
subcutaneous preadipocytes into mature adipocytes 8 days after induction of adipogenesis.
CTGF gene expression was markedly suppressed after induction of adipogenesis (Figure
1A). We next analyzed the publicly available microarray dataset (GSE8995) obtained from
studies that evaluated transcriptional differences between adipocytes and preadipocytes
containing stromal vascular fraction (SVF) cells isolated from human subcutaneous adipose
tissue samples (30). CTGFwas highly expressed in SVF cells, compared with subcutaneous
adipocytes, whereas AD/POQ showed the opposite expression pattern (Figure 1B).

Adipose tissue CTGF gene expression is associated with measures of adiposity and
insulin resistance.

Adipose tissue CTGF gene expression correlated strongly with body mass index (BMI)
(r=0.69, F£<0.001) and body fat mass (r=0.67, £<0.001) (Figures 2A and 2B). Adipose tissue
CTGF gene expression also correlated with different indices of insulin action, including
fasting plasma insulin concentration (r=0.54, P<0.001), HOMA-IR (r=0.58, £<0.001), the
hepatic insulin sensitivity index (HISI) (r=—0.61, £<0.001), and insulin-stimulated increase
(%) in glucose rate of disappearance (Rd) (r=—0.61, /<0.001) (Figures 2C to 2F). The strong
correlations among adipose tissue C7TGF expression and measures of adiposity and insulin
resistance were maintained even when data from men and women were analyzed separately
(Supplemental Table 1).

Increased CTGF protein expression is associated with adipose tissue fibrosis.

Consistent with the CTGF gene expression data (Figure 2), adipose tissue CTGF protein
expression was increased in subjects with obesity compared with those who were lean
(Figure 3A). Adipose tissue interstitial fibrosis, assessed by using Masson’s trichrome
collagen staining, and CTGF positive cells in the of interstitial fibrosis, assessed by
immunostaining, were also increased in subjects with obesity compared with those who
were lean (Figure 3B). No signal was detected in the negative control (without the anti-
CTGF antibody).

Adipose tissue CTGF expression decreased progressively with progressive weight loss

Adipose tissue CTGF gene expression decreased progressively with progressive 5%, 11%
and 16% weight loss (P=0.02), whereas adipose tissue CTGF gene expression was hot
significantly different after, compared with before, 6 months of weight maintenance (Figure
4).

Discussion

In the present study, we evaluated the potential importance of adipose tissue CTGF in
regulating metabolic health by assessing subcutaneous abdominal adipose tissue CTGF
expression in a large cohort of men and women who had a large range in in body fat mass
and insulin sensitivity, and in a subgroup of people with obesity before and during
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progressive weight loss. In addition, we assessed C7GF gene expression in preadipocytes,
mature adipocytes, and SVF cells isolated from human subcutaneous abdominal adipose
tissue. Our data demonstrate that: 1) C7GF gene expression is highly expressed in
preadipocytes and SVF cells, compared with mature adipocytes; 2) adipose tissue CTGF
expression is positively correlated with body fat mass; 3) adipose tissue C7GF expression is
associated with indices of whole-body, liver and skeletal muscle insulin resistance; 4) CTGF
positive cells were detected predominantly in adipose tissue areas of fibrosis in people with
obesity; and 5) progressive weight loss progressively decreases adipose tissue CTGF
expression in people with obesity. These findings suggest that increased adipose tissue
CTGFexpression is involved in the pathogenesis of obesity-induced insulin resistance in
people, presumably mediated by increasing adipose tissue fibrosis.

We found a strong correlation between adipose tissue C7GF expression and both body fat
mass and markers of insulin resistance in both men and women. In addition, we found
adipose tissue CTGF gene expression progressively decreased with progressive weight loss.
These results are in concert with previous findings demonstrating an increase in adipose
tissue ECM remodeling pathways and fibrosis in people with obesity and a decrease in
adipose tissue gene expression of other markers of fibrogenesis after weight loss (24, 27, 33,
34, 35). Tissue expression of CTGFis a robust marker of fibrosis and contributes to
fibrogenesis in many organ systems. Data from previous studies have found tissue CTGF
expression is up-regulated in people with fibrotic diseases, including cirrhosis (16), cardiac
fibrosis (17), crescentic glomerulonephritis (18), idiopathic pulmonary fibrosis (19), and
systemic sclerosis (36). In addition, pharmacological blockade or genetic deletion of CTGF
ameliorates the progression of fibrosis in various mouse organs (10, 11, 37, 38, 39, 40).
Together, these findings support the concept that adipose tissue fibrosis is involved in the
pathogenesis of insulin resistance associated with obesity in people, which has previously
been demonstrated in rodent models (2, 5).

By analyzing human subcutaneous preadipocytes and the published microarray database, we
found that, compared with mature adipocytes, C7GF expression was markedly increased in
preadipocytes and SVF cells. These findings are consistent with data from previous studies
that found Ctgfgene expression is suppressed during mouse adipogenesis and that CTGF
inhibits differentiation of mouse 3T3-L1 preadipocytes and mesenchymal stromal cells into
mature adipocytes (22, 23). These findings suggest adipose tissue ECM remodeling during
adipose tissue expansion is dynamically coordinated by SVF cells, including preadipocytes,
fibroblasts, endothelial cells, and macrophages (2, 3, 41). Accordingly, excessive CTGF
production by SVF cells can have adverse metabolic effects during weight gain and
increased adipose tissue mass by promoting excessive fibrogenesis and inhibiting adipocyte
differentiation.

The results from the present study demonstrate a close interrelationship among adipose
tissue CTGF expression, adipose tissue fibrosis, body adiposity and multi-organ insulin
resistance in people. Additional studies are needed to determine whether increased adipose
tissue C7TGF expression causes adipose tissue fibrosis and obesity-associated insulin
resistance.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Study Importance Questions
What is already known about this subject?
1. Obesity causes adipose tissue fibrosis and multi-organ insulin resistance.

2. Connective tissue growth factor (CTGF) is involved in the pathogenesis of
fibrosis in several fibrotic diseases.

3. Adipose tissue Ctgfexpression is increased in high-fat diet-induced and
genetically obese mice.

What does our study add?

1. Compared with mature adipocytes, CTGF is highly expressed in human
subcutaneous preadipocytes and stromal vascular fraction cells.

2. Adipose tissue CTGF gene expression is strongly correlated with body fat
mass and multi-organ (liver, skeletal muscle) insulin resistance in people.

3. Progressive weight loss induces a stepwise decrease in adipose tissue CTGF
gene expression in people with obesity.

Obesity (Silver Spring). Author manuscript; available in PMC 2020 June 01.
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Figure 1. CTGF is highly expressed in human subcutaneous preadipocytes, compared to mature
adipocytes.
(A) Gene expression of connective tissue growth factor (C7GF) and adiponectin (AD/POQ)

was determined in human subcutaneous preadipocytes before (D0) and 8 days (D8) after
induction of adipogenesis (n=4). (B) Microarray dataset obtained from the Gene Expression
Omnibus (GEO) database (GSE8995) were used to evaluate C7GFand AD/POQ expression
in stromal vascular fraction (SVF) cells and adipocytes isolated from human subcutaneous
adipose tissue samples (n=6). Data were log-transformed for the statistical analysis and
back-transformed for presentation. Data are means + SEM. *Value significantly different
from DO or SVF value, A<0.001.
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Figure 2. Adipose tissue CTGF gene expression is associated with adiposity and insulin

resistance.

Relationships between adipose tissue C7GF gene expression and body mass index (BMI)
(A), fat mass (B), fasting plasma insulin concentration (C), Homeostatic Model Assessment

of Insulin Resistance (HOMA-IR) (D), hepatic insulin sensitivity index (HISI) (E), and

insulin-stimulated increases (%) in glucose rate of disappearance (Rd) (F) in men (black

Obesity (Silver Spring). Author manuscript; available in PMC 2020 June 01.

circles, n=14) and women (white circles, n=58). Pearson’s correlation coefficient (r) and P
values for all subjects (n=72) are provided in each plot.
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Figure 3. Increased CTGF protein expression is associated with adipose tissue fibrosis.
(A) Western blot analysis of CTGF in subcutaneous abdominal adipose tissue and bar graph

showing CTGF and its fragments (between 20 and 37 kDa) normalized to GAPDH in
participants who were lean or obese (n=4-5 per group). Data are means £ SEM. *Value
significantly different from lean value, £<0.01. (B) Masson’s trichrome staining and CTGF
immunostaining of subcutaneous abdominal adipose tissue obtained from people who are
lean and those with obesity. A negative control for CTGF staining was obtained by omitting
the primary antibody. Scale bar: 500 pm.
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Figure 4. Effect of diet-induced progressive weight loss on adipose tissue CTGF gene expression
in people with obesity.

Adipose tissue CTGF gene expression was determined before and after progressive 5%,
11%, and 16% weight loss or before and after 6 months of weight maintenance in people
with obesity (n=9 per group). Data were log-transformed for statistical analysis and back-
transformed for presentation. Data are means + SEM. #Significant linear effect of time
during progressive weight loss, A<0.05. *Value significantly different from before value,
£<0.05.
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Table 1.

Body composition and metabolic characteristics of the study participants

Mean + SE Range
Age (yr) 45+1 20-66
Body mass index (kg/m?) 37.6+11 19.3-68.6
Fat-free mass (FFM) (kg) 56.1+14 36.9-87.4
Fat mass (kg) 49.7+23 8.1-123.1
Fat mass (% body weight) 456+1.0 11.8-59.7
Glucose (mg/dL) 96 +1 81-121
Insulin (mU/L) 18.7+13 2.2-50.9
Free fatty acids (umol/L) * 576+19  320-1016
Triglyceride (mg/dL) * 1328 31-327
HDL-cholesterol (mg/dL) * 452 24-97
LDL-cholesterol (mg/dL) * 109+4 59-240
HOMA-IR 44+03 0.5-12.4
HISI [100/(umol/kg FEM/min x mU/L)] 0.56+0.07 0.13-3.07
Glucose Rd during insulin infusion (umol/kg FFM/min) 53+3 17-131
Glucose Rd during insulin infusion (% increase ) 217 +18 16-731

*

N=71
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HDL, high-density lipoprotein; LDL, low-density lipoprotein; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; HISI, hepatic
insulin sensitivity index; Glucose Rd, glucose rate of disappearance from plasma.
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