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Abstract

BACKGROUND AND AIMS: It is proposed that impaired expansion of subcutaneous adipose 

tissue (SAT) and an increase in adipose tissue fibrosis causes ectopic lipid accumulation, insulin 

resistance and metabolically unhealthy obesity. We therefore evaluated whether a decrease in SAT 

expandability, assessed by measuring SAT lipogenesis (triglyceride production), and an increase 

in SAT fibrogenesis (collagen production) are associated with NAFLD and insulin resistance in 

people with obesity.

APPROACH AND RESULTS: In vivo abdominal SAT lipogenesis and fibrogenesis, the 

expression of SAT genes involved in extracellular matrix (ECM) formation, and insulin sensitivity 

were assessed in three groups of participants stratified by adiposity and intrahepatic triglyceride 

(IHTG) content: 1) healthy lean with normal IHTG content (Lean-NL; n=12); 2) obese with 

normal IHTG content and normal glucose tolerance (Ob-NL; n=25); and 3) obese with NAFLD 

and abnormal glucose metabolism (Ob-NAFLD; n=25). Abdominal SAT triglyceride synthesis 

rates were greater (P <0.05) in both the Ob-NL (65.9±4.6 g/wk) and Ob-NAFLD (71.1±6.7 

g/wk) than the Lean-NL group (16.2±2.8 g/wk) without a difference between the Ob-NL and Ob­

NAFLD groups. Abdominal SAT collagen synthesis rate and the composite expression of genes 

encoding collagens progressively increased from the Lean-NL to the Ob-NL to the Ob-NAFLD 

groups and were greater in the Ob-NAFLD than the Ob-NL group (P <0.05). The composite 

expression of collagen genes was inversely correlated with both hepatic and whole-body insulin 

sensitivity (P <0.001).
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CONCLUSIONS: Adipose tissue expandability is not impaired in people with obesity and 

NAFLD. However, SAT fibrogenesis is greater in people with obesity and NAFLD than in those 

with obesity and normal IHTG content, and is inversely correlated with both hepatic and whole­

body insulin sensitivity.
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Nonalcoholic fatty liver disease (NAFLD) is a common complication of obesity and is 

typically associated with insulin-resistant glucose metabolism (1–4). It has been proposed 

that an inability to adequately increase subcutaneous adipose tissue (SAT) triglyceride (TG) 

stores in response to excess energy consumption and weight gain redirects lipids to other 

organs, such as the liver and skeletal muscle, leading to ectopic lipid accumulation and 

cellular lipotoxicity that causes insulin resistance in these organs (5–7). Adipose tissue 

fibrogenesis (i.e., collagen synthesis) is also important for adipose tissue expansion because 

it provides the structural framework needed to support the increase in adipose tissue mass. 

However, excessive adipose tissue extracellular matrix (ECM) formation and fibrosis have 

been proposed as an important cause of whole-body insulin resistance, because adipose 

tissue fibrosis is associated with insulin resistance in both rodents and people (8–10), 

whereas attenuating adipose tissue ECM formation prevents hepatic steatosis and insulin 

resistance in rodent models of obesity (6,10,11).

The potential importance of impaired SAT TG storage and SAT fibrogenesis in the 

pathogenesis of hepatic steatosis and insulin resistance in people with NAFLD is not known. 

Previous studies that evaluated SAT TG synthesis rates did not evaluate intrahepatic TG 

(IHTG) content or did not stratify study cohorts into those with and without NAFLD 

(12–14). Moreover, we are not aware of any studies that directly evaluated SAT collagen 

production rates in people. The purpose of the present study was to test the hypothesis 

that SAT TG synthesis (lipogenesis) is lower, whereas the rate of adipose tissue collagen 

synthesis (fibrogenesis) and regulators of fibrogenesis are higher in people with obesity and 

NAFLD than in people with obesity and normal IHTG content. To this end, we assessed in 
vivo rates of SAT TG and collagen synthesis by administering deuterated water (D2O) daily 

for 3–5 weeks and measuring deuterium incorporation into the glycerol moiety of TG and 

collagen Iα1 in abdominal SAT in healthy lean participants and participants with obesity 

who were separated based on IHTG content and insulin-sensitive glucose metabolism. In 

addition, we measured: i) SAT expression of genes that are involved in ECM formation, 

namely those that encode for proteins involved in ECM production, macrophage markers 

and the nod-like receptor protein 3 (NLRP3) inflammasome (15–18); ii) plasma insulin 

concentrations over 24 hours because insulin is a regulator of collagen production (19–21); 

and iii) hepatic and whole-body insulin sensitivity assessed by using the hyperinsulinemic­

euglycemic clamp procedure in conjunction with [U-13C]labeled glucose tracer infusion.
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Methods

Study participants

Sixty-two men and women participated in this study, which was conducted in the 

Clinical and Translational Research Unit (CTRU) at Washington University School of 

Medicine in St. Louis, MO from April 2016 to September 2019. Participant flow is 

shown in Supplemental Figure 1. Participants were recruited by using the Volunteers for 

Health database at Washington University School of Medicine and by advertising in the 

community. Written, informed consent was obtained from all participants before being 

enrolled in this study, which was approved by the Human Research Protection Office at 

Washington University School of Medicine in St. Louis, MO. All participants completed a 

comprehensive screening evaluation, including a medical history and physical examination, 

standard blood tests, hemoglobin A1c (HbA1c), an oral glucose tolerance test (OGTT), 

and assessment of IHTG content by using magnetic resonance imaging (MRI) to determine 

eligibility according to the following inclusion criteria: 1) metabolically healthy lean with 

normal IHTG content (Lean-NL) (n=12, 6 women) characterized bybody mass index (BMI) 

18.5–24.9 kg/m2, IHTG content <5%, plasma TG concentration <150 mg/dL, normal fasting 

plasma glucose (<100 mg/dL), normal oral glucose tolerance (plasma glucose <140 mg/dL 

2 h after ingesting 75 g glucose) and HbA1c (≤5.6%); 2) obese with normal IHTG content 

and normal glucose tolerance (Ob-NL (n=25, 3 men) characterized by BMI 30.0–49.9 

kg/m2, IHTG content <5%, plasma TG concentration <150 mg/dL, normal fasting plasma 

glucose, oral glucose tolerance, and HbA1c; and 3) obese with NAFLD and abnormal 

glucose metabolism (Ob-NAFLD) (n=25, 3 men) characterized by BMI 30.0–49.9 kg/m2, 

IHTG content ≥7% and abnormal glucose metabolism determined by HbA1c 5.7%−6.4%, 

fasting plasma glucose 100–125 mg/dL, or 2-hr OGTT plasma glucose concentration 140–

199 mg/dL. Potential participants who had a history of diabetes or liver disease other than 

NAFLD, consumed excessive amounts of alcohol (>21 units per week for men and >14 

units per week for women), were taking medications that could affect the study outcome 

measures, were pregnant or lactating, or had metal implants that precluded MRI were 

excluded from the study.

Body composition analyses

Body fat mass and fat-free mass (FFM) were determined by using dual-energy X-ray 

absorptiometry (Lunar iDXA, GE, Madison, WI). Abdominal SAT and intra-abdominal 

adipose tissue (IAAT) volumes and IHTG content were determined using MRI (3-T 

superconducting magnet; Siemens, Iselin, NJ).

D2O labeling protocol and abdominal SAT biopsy procedure

Subjects consumed 50-mL aliquots of 70% D2O (Sigma-Aldrich, St. Louis, MO), provided 

in sterile vials, 3–4 times daily for 5 days (priming period) and then daily for 3–5 weeks. 

The final aliquot was consumed on the evening before the adipose tissue biopsy was 

obtained. Compliance with D2O consumption was monitored by interview at weekly visits 

to the CTRU, by counting the empty vials returned at each visit, and by evaluating D2O 

enrichments in plasma (obtained weekly) and saliva (obtained on days 2, 4, and 11 and 

weekly thereafter). At the end of the labeling period, ~2 g of abdominal SAT was obtained 
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by manual aspiration with a 4-mm liposuction cannula and rinsed with ice-cold saline 

and immediately frozen in liquid nitrogen and stored at −80°C for later analysis. In a 

representative participant from each of the three groups (Lean-NL, Ob-NL and Ob-NAFLD), 

subcutaneous adipose tissue samples were also fixed in formalin and embedded in paraffin. 

Paraffin sections were stained with Masson’s trichrome for collagen and images were 

acquired at 40x magnification by using a Nikon Coolscope microscope (Nikon, Japan).

Integrated 24-h plasma insulin concentration and assessment of insulin sensitivity

Participants were admitted to the CTRU at 1800 h for ~48 hours for metabolic testing. 

Participants consumed a standard meal (50% carbohydrate, 35% fat, 15% protein) 

containing one-third of their estimated energy requirements (22) between 1800 h and 1900 

h on the day of admission and then fasted until the next morning (day 2). At 0630 h on 

day 2, a catheter was inserted into an antecubital vein for 24-h serial blood sampling. Blood 

samples were obtained hourly from 0700 h to 2300 h on day 2 and from 0500 h to 0700 h on 

day 3; additional blood samples were obtained at 30 min and 90 min after each meal, which 

were given at 0700 h, 1300 h, and 1900 h. Each meal contained one-third of the participant’s 

estimated energy requirement (22) and provided 50% of energy as carbohydrates, 35% as 

fat and 15% as protein. After the evening meal was consumed on day 2, participants fasted 

until the end of the hyperinsulinemic-euglycemic clamp procedure conducted on day 3. 

At 0700 h on day 3, a primed (8.0 μmol/kg) continuous (0.08 μmol/kg/min) infusion of 

[U-13C]glucose (Cambridge Isotope Laboratories Inc., Andover, MA) was started through 

the existing intravenous catheter. An additional catheter was inserted into a radial artery 

to obtain arterial blood samples. After the infusion of glucose tracer for 210 min (basal 

period), insulin was infused for 210 min at a rate of 50 mU/m2 body surface area [BSA]/min 

(initiated with a two-step priming dose of 200 mU/m2 BSA/min for 5 min followed by 100 

mU/m2 BSA/min for 5 min). The infusion of [U-13C]glucose was stopped during insulin 

infusion because of the expected decrease in hepatic glucose production (23). Euglycemia 

(~100 mg/dL) was maintained by variable infusion of 20% dextrose enriched to ~1% with 

[U-13C]glucose. Blood samples were obtained before beginning the tracer infusion and 

every 6–7 minutes during the final 20 minutes of the basal and insulin infusion periods. Due 

to technical issues, one participant in the Ob-NL and one in the Ob-NAFLD group did not 

complete the 24-h blood sampling protocol; two participants in the Ob-NL and one in the 

Ob-NAFLD group did not complete the clamp procedure.

Plasma substrate and insulin concentrations

Plasma glucose concentration was determined by using an automated glucose analyzer 

(Yellow Spring Instruments Co.). Fasting plasma insulin, hemoglobin A1c (HbA1c), lipid 

profile, and liver biochemistries were determined by using an automated chemistry analyzer 

(cobas 6000, Roche Diagnostics) in the Washington University Core Laboratory for Clinical 

Studies.

Adipose tissue dynamics and plasma glucose kinetics

Deuterium enrichment in plasma and saliva samples and [U-13C]glucose enrichment in 

plasma glucose were determined by using gas-chromatography/mass-spectrometry (GC-MS) 

(12,24). To determine the deuterium enrichment and labeling pattern of TG-glycerol 
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in SAT, lipids were extracted from adipose tissue and TG-glycerol was converted to 

glycerol triacetate before GC-MS analysis (25). Deuterium enrichment in collagen Iα1 

of adipose tissue was determined after extraction and trypsin digestion followed by liquid 

chromatography tandem mass spectrometry analysis (26).

Adipose tissue RNA sequencing

Total RNA was isolated from frozen SAT samples by using QIAzol and an RNeasy 

mini kit in combination with an RNase-free DNase Set (Qiagen, Valencia, CA)(27). Four 

samples from the Ob-NL group, and one from the Ob-NAFLD group were excluded from 

further analysis due to poor RNA quality or quantity. Library preparation of the remaining 

samples was performed with mRNA reverse transcribed to yield cDNA fragments, which 

were then sequenced by using an Illumina NovaSeq 6000 at the UC San Diego IGM 

Genomics Center. Gene expression of cluster of differentiation 68 (CD68), connective 

tissue growth factor (CTGF), lysyl oxidase (LOX), lysyl oxidase-like protein 1 (LOXL1), 

lysyl oxidase-like protein 2 (LOXL2), mannose receptor C-type 1 (MRC1), nod-like 

receptor protein 3 (NLRP3), platelet-derived growth factor subunit A (PDGFA). secreted 

protein acidic and cysteine rich (SPARC), transforming growth factor beta-1 proprotein 

(TGFB1), and tenomodulin (TNMD) was identified as counts per million (CPM) reads 

and log2-transformed prior to analysis. The RNA sequencing data have been deposited in 

the Gene Expression Omnibus database, https://www.ncbi.nlm.nih.gov/geo (accession no. 

GSE159924).

Calculations

Plasma insulin 24-h area-under-the-curve (AUC) was calculated by using the trapezoidal 

method (28). The hepatic insulin sensitivity index (HISI) was calculated as the inverse of 

the product of plasma insulin concentration and endogenous glucose rate of appearance (Ra) 

into the systemic circulation during the last 20 minutes of the basal period of the clamp 

procedure (2). Insulin-stimulated glucose rate of disposal was determined during the last 

20 minutes of the clamp procedure (2). Mass isotopomer distribution analysis was used to 

determine the fractional synthesis rates (FSR) of abdominal SAT TG and collagen (25). 

Total abdominal SAT TG synthesis rate was calculated as the product of the TG FSR and 

abdominal SAT mass, assuming adipose tissue density is 0.9196 (29). Composite collagen 

gene expression values were calculated as the average expression of collagens 1A1, 1A2, 
3A1, 5A1, 5A2, 5A3, 6A1, 6A2, 6A3, 12A1, 14A1, and 24A1 after converting expression of 

each isoform to a Z-distribution.

Statistical Analysis

One-way analysis of variance (ANOVA) was performed to determine if participant 

characteristics and outcome measures were different between the Lean-NL, Ob-NL and Ob­

NAFLD groups; Fisher’s least significant difference procedure was used to locate significant 

mean differences when appropriate. In addition, polynomial contrasts were performed to 

describe the linear trend from the Lean-NL to the Ob-NL to the Ob-NAFLD group. In 

addition, relationships between outcome measures and metabolic variables were evaluated 

by using linear and nonlinear regression analysis with the best-fit to the data reported. A 

P-value ≤0.05 was considered statistically significant. Data are reported as means ± SEM 
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unless otherwise noted. Statistical analyses were performed by using SPSS (version 25, 

IBM, Armonk, NY). Based on a previous report that evaluated SAT TG FSR in insulin­

resistant and insulin sensitive people with obesity (12), we estimated that 25 participants in 

each obese group would be needed to detect a 0.25 %/wk difference in the TG FSR with a 

two-sided α value of 0.05 and a power of 0.8.

Results

Participant characteristics

Body mass index, percent body fat, and abdominal SAT volume were not different between 

the Ob-NL and Ob-NAFLD groups but were greater in the obese groups than the Lean-NL 

group (Table 1). IAAT volume and IHTG content were greater in the Ob-NAFLD than in the 

Ob-NL group. The volume of IAAT was also greater in the Ob-NL than the Lean-NL group, 

whereas IHTG content was not different between the Ob-NL and Lean-NL groups. Fasting 

plasma glucose and TG concentrations, 2-h plasma glucose concentration during the OGTT, 

HbA1c and the 24-h plasma glucose concentration AUC were greater in the Ob-NAFLD 

than in the Lean-NL and Ob-NL groups, which were not different from each other. Fasting 

plasma insulin and integrated 24-h insulin concentrations progressively increased, whereas 

plasma HDL-cholesterol concentration and hepatic and whole-body insulin sensitivity 

progressively decreased from the Lean-NL to the Ob-NL to the Ob-NAFLD group.

Subcutaneous adipose tissue triglyceride synthesis is increased in people with obesity

Mean body water deuterium enrichment, assessed throughout D2O administration, was not 

different among the Lean-NL, Ob-NL and Ob-NAFLD groups (1.51 ± 0.11, 1.41 ± 0.06, 

and 1.49 ± 0.06 %, respectively; P=0.61). Mean TG FSR in abdominal SAT was not 

different among groups (P=0.54; Figure 1A), however, total abdominal SAT TG synthesis 

rate was ~4-fold greater in the Ob-NL and Ob-NAFLD groups than in the Lean-NL group in 

proportion to the greater abdominal SAT volume in both obese groups than in the lean group 

(P<0.05; Figure 1B).

Fibrogenesis in SAT is increased in people with obesity and NAFLD

Collagen accumulation in abdominal SAT, assessed by Masson’s trichrome stain in 

representative participants, was greater in the Ob-NAFLD than in the Lean-NL and Ob-NL 

groups (Figure 2A). Collagen Iα1 FSR increased progressively from the Lean-NL to the 

Ob-NL to the Ob-NAFLD group (Linear trend P <0.001) and was greater in the Ob-NAFLD 

group than in the Lean-NL and Ob-NL groups (Figure 2B). The composite expression 

of genes encoding 12 collagen isoforms progressively increased from the Lean-NL to the 

Ob-NL to the Ob-NAFLD group (Linear trend P <0.001) and was greater in the Ob-NAFLD 

than the Ob-NL group (Figure 2C and Supplementary Figure 2).

Consistent with these findings, we found adipose tissue expression of key regulators of 

adipose tissue ECM formation (SPARC, CTGF, TNMD, PDGFA, TGFB1, LOX, LOXL1, 
and LOXL2) increased progressively from the Lean-NL to the Ob-NL to the Ob-NAFLD 

group (Linear trend P <0.001) and was significantly greater in the Ob-NAFLD than the Ob­

NL group for SPARC, TNMD, LOX, and LOXL1 (Figure 2D). Moreover, SAT expression 
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of these genes were positively correlated with the composite of collagen gene expression 

(Figure 3).

Macrophage markers and the NLRP3 inflammasome are increased in people with obesity 
and NAFLD and are directly associated with fibrogenesis

We found SAT gene expression of macrophage markers CD68 and MRC1 and gene 

expression of NLRP3 progressively increased from the Lean-NL to Ob-NL to the Ob­

NAFLD group (Linear trend P <0.001), were greater in both obese groups than the Lean-NL 

group, and were greater in the Ob-NAFLD than the Ob-NL group (Figure 4A). In addition, 

SAT gene expression of CD68, MRC1 and NLRP3 correlated directly with the composite 

expression of collagen genes in SAT (Figure 4B).

Fibrogenesis is positively correlated with circulating insulin and inversely correlated with 
insulin sensitivity

The production of collagen and secreted protein acidic and cysteine rich (SPARC), which 

is a major nonstructural protein of the ECM, are regulated by insulin (19–21). We found 

a significant positive correlation between the 24-h plasma insulin concentration AUC and 

SAT expression of both collagen and SPARC (Figure 5A). In addition, the composite 

collagen gene expression was inversely correlated with both hepatic and whole-body insulin 

sensitivity (Figure 5B)

Discussion

In the present study we evaluated whether impaired SAT expandability (assessed as SAT 

TG synthesis) and adipose tissue fibrogenesis are associated with increased IHTG content 

and insulin resistant-glucose metabolism in people with obesity. We found total SAT TG 

synthesis rate was greater in both the Ob-NL and Ob-NALFD groups than in the Lean-NL 

group, without a difference between the two obese groups. However, SAT collagen synthesis 

rate and the composite expression of collagen genes progressively increased from the 

Lean-NL to the Ob-NL to the Ob-NALFD group, and were greater in the Ob-NL than 

the Lean-NL group and greater in the Ob-NAFLD than the Ob-NL group. In addition, 

the expression of collagen genes was inversely correlated with hepatic and whole-body 

insulin sensitivity. Taken together, these data suggest impaired adipose tissue expandability 

is not responsible for ectopic fat accumulation or insulin resistance in people with obesity, 

but instead demonstrate a link between adipose tissue fibrogenesis and insulin resistance. 

Moreover, the composite of SAT collagen gene expression correlated with systemic 24-h 

insulin concentrations and with SAT expression of factors that regulate ECM formation, 

suggesting a complex integration of systemic and local stimuli contribute to increased 

adipose tissue fibrogenesis in people with obesity.

The ECM, which is comprised of structural proteins, adhesion proteins and proteoglycans, 

provides structural support for adipocytes. Increased ECM formation and remodeling are 

required during adipose tissue expansion in response to prolonged periods of positive energy 

balance to support the increase in adipose tissue mass (30,31). Previous studies have shown 

that SAT expression of genes that encode for components of the ECM are greater in people 
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with obesity than in those who are lean (8,32,33). Our data are consistent with these 

findings, but also demonstrate there are significant differences in SAT ECM biology among 

people with obesity based on their metabolic health and IHTG content that are independent 

of adiposity per se. Moreover, the expression of SAT genes involved in the production of 

collagen and other ECM components and the FSR of collagen in SAT were also greater in 

the Ob-NAFLD than the Ob-NL group, even though both groups were matched on body fat 

mass.

The results from the present study and those from previous studies suggest several 

mechanisms might be responsible for the increase in SAT fibrogenesis in the Ob-NAFLD 

group. First, the higher plasma insulin concentrations in the Ob-NAFLD than the Ob­

NL group could have contributed to the differences in collagen production observed 

between the two groups. Mean 24-hour plasma insulin AUC in the Ob-NAFLD group was 

double the value in the Ob-NL group and expression of genes that encode for collagen 

and SPARC were positively associated with 24-hour plasma insulin AUC values. The 

importance of insulin in regulating ECM production has been demonstrated in studies 

conducted in cell culture systems that found collagen production and both gene and 

protein expression of SPARC are regulated by insulin (19–21,34). Moreover, chronic 

insulin administration increases AT fibrosis in wild-type mice whereas, streptozotocin 

treatment to reduce insulin secretion alleviates AT fibrosis in rodent models of obesity 

(35). Second, we found the expression of macrophage markers in SAT positively correlated 

with the composite expression of collagen. Adipose tissue macrophages are involved in 

adipose tissue fibrogenesis by producing collagen and by releasing soluble mediators that 

stimulate the production of ECM components by other cells, such as myofibroblasts, adipose 

tissue progenitor cells and committed preadipocytes (15,36). Third, the positive correlation 

between SAT gene expression of NLRP3 and the composite expression of collagen support 

the possibility that the NLRP3 inflammasome contributes to adipose tissue fibrosis in people 

with obesity. Increased NLRP3 inflammasome activity is associated with increased markers 

of adipose tissue fibrosis in people with the metabolic syndrome (37), obesity with type 2 

diabetes and obesity with NAFLD (17). Furthermore, blocking NLRP3 activity in adipocytes 

obtained from people with obesity reduces the expression of collagen genes (17). Finally, 

data from previous studies have shown decreased adipose tissue oxygen tension contributes 

to adipose tissue inflammation and increased fibrogenesis in obesity. Hypoxia inducible 

factor-1α (HIF-1α), a transcription factor that responds to low oxygen tension, increases 

adipose tissue gene expression of multiple ECM components (11,38). Studies conducted in 

obese rodent models (11,18,39) and in people with obesity (9,17,40) have shown adipose 

tissue hypoxia increases inflammation and is associated with increased adipose tissue 

expression of genes that encode ECM proteins. Together, the results from the present and 

previous studies suggest multiple factors, including increased circulating insulin, increased 

adipose tissue inflammation, and decreased adipose tissue oxygen tension are involved in 

stimulating adipose tissue fibrogenesis and ECM remodeling in people with obesity.

The participants in our study had a large range in values for both hepatic and whole-body 

insulin sensitivity, determined by using the hyperinsulinemic-euglycemic clamp procedure. 

Adipose tissue composite of collagen gene expression was inversely associated with hepatic 

and whole-body insulin sensitivity. These data are consistent with and extend previous 
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studies that have shown adipose tissue fibrosis and the expression of genes involved 

in regulating ECM production are associated with insulin-resistant glucose metabolism 

(8,15,17,35,40,41). In rodent models of obesity, increased adipose tissue fibrogenesis and 

fibrosis can cause whole-body insulin resistance (6), whereas pharmacologic or genetic 

disruption of ECM production improves insulin sensitivity (6,10,11). Moreover, adipose 

tissue expression of SPARC, which was greater in our Ob-NAFLD than Ob-NL participants, 

increases adipose tissue production of plasminogen activator inhibitor-1 (PAI-1) (34). 

Overexpression of adipose tissue PAI-1 causes whole-body insulin resistance in rodents (42) 

and plasma PAI-1 concentration is inversely correlated with whole-body insulin sensitivity 

in people with obesity (43). These observations suggest a feed-forward cycle, in which a 

sustained increase in circulating insulin drives adipose tissue ECM formation/fibrosis, which 

in turn may exacerbate insulin resistance and lead to a further increase in circulating insulin.

Our data do not support the notion that an inability to expand adipose tissue mass in people 

with obesity and NAFLD is involved in the pathogenesis of hepatic steatosis. The rates 

of TG synthesis in SAT were greater in both the Ob-NL and Ob-NAFLD groups than in 

the Lean-NL group, but were not different between the Ob-NL and Ob-NAFLD groups. 

Moreover, based on an assumed liver mass of 1.75 kg in people with obesity (44), the 

estimated amount of IHTG in the Ob-NAFLD group was <1% of total body TG mass. 

Therefore, it is improbable that this small amount of IHTG could not be accommodated by 

body SAT depots. Instead, hepatic steatosis in people with NAFLD is more likely caused by 

alterations in liver physiology, including increased hepatic de novo lipogenesis and hepatic 

fatty acid uptake (45–49).

In conclusion, rates of adipose tissue TG synthesis in people with obesity and NAFLD 

were not different than observed in people with obesity who were matched on adiposity 

but had normal IHTG content. This finding is inconsistent with the concept that hepatic 

lipid accumulation is driven by impaired adipose tissue expandability. However, rates of 

collagen synthesis and composite expression of collagen genes in SAT were greater in 

the Ob-NAFLD than in the Ob-NL group and were inversely correlated with hepatic and 

whole body insulin sensitivity, demonstrating alterations in adipose tissue ECM metabolism 

are associated with insulin resistance but are independent of fat mass per se. Although 

the mechanisms responsible for the increase in SAT fibrogenesis in the Ob-NL and 

further increase in the Ob-NAFLD group are not clear, our data suggest that systemic 

hyperinsulinemia and activation of specific components of the adipose tissue immune 

system, namely the NLRP3 inflammasome and macrophages, are involved in this process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ALT alanine aminotransferase

AST aspartate aminotransferase
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CD68 cluster of differentiation 68

CPM counts per million

CTGF connective tissue growth factor

CTRU Clinical and Translational Research Unit

ECM extracellular matrix

FFM fat-free mass

FSR fractional synthesis rate

GC-MS gas-chromatography/mass-spectrometry

HbA1c hemoglobin A1c

HIF-1α hypoxia inducible factor-1α

HISI hepatic insulin sensitivity index

IAAT intraabdominal adipose tissue

IHTG intrahepatic triglyceride

LOX lysyl oxidase

LOXL1 lysyl oxidase-like protein 1

LOXL2 lysyl oxidase-like protein 2

MRC1 mannose receptor C-type 1

MRI magnetic resonance imaging

NL normal

NLRP3 nod-like receptor protein 3
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Ob obese

OGTT oral glucose tolerance test

PAI-1 plasminogen activator inhibitor-1

PDGFA Platelet-derived growth factor subunit A

Ra rate of appearance

SAT subcutaneous adipose tissue

SPARC secreted protein acidic and cysteine rich

TG triglyceride

TGFB1 transforming growth factor beta-1 proprotein

TNMD tenomodulin
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Figure 1. Subcutaneous adipose tissue total lipogenesis is increased in people with obesity.
Fractional (A) and total (B) triglyceride synthesis rates in subcutaneous abdominal adipose 

tissue in the Lean-normal (Lean-NL; n=12), Obese-normal (Ob-NL; n=24) and Obese­

NAFLD (Ob-NAFLD; n=25) groups. Data are means ± SEM. One-way analysis of 

variance (ANOVA) and Fisher’s least significant difference post-hoc testing used to identify 

significant mean differences between groups. *P<0.05 vs. Lean-NL.

Beals et al. Page 14

Hepatology. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Collagen synthesis rate in subcutaneous adipose tissue is increased in people with 
obesity and NAFLD.
Masson’s trichrome staining of collagen of subcutaneous abdominal adipose tissue from 

representative Lean-normal (Lean-NL), Obese-normal (Ob-NL) and Obese-NAFLD (Ob­

NAFLD) participants (A). Collagen Iα1 fractional synthesis rate (B), composite collagen 

gene expression (C) and expression of key regulators of extracellular matrix remodeling 

(D) in subcutaneous abdominal adipose tissue in the Lean-normal (Lean-NL; n=12), Obese­

normal (Ob-NL; n=25 in panel B, and n=21 in panels C and D) and Obese-NAFLD (Ob­

NAFLD; n=25 in panel B, and n=24 in panels C and D) groups. Data are means ± SEM. The 

composite collagen gene expression values presented in panel C are the average of collagens 

1A1, 1A2, 3A1, 5A1, 5A2, 5A3, 6A1, 6A2, 6A3, 12A1, 14A1 and 24A1 after converting 

expression of each isoform to a Z-distribution. One-way analysis of variance (ANOVA) 

with Fisher’s least significant difference post-hoc testing used to identify significant mean 

differences between groups. *P<0.05 vs. Lean-NL. †P<0.05 vs. Ob-NL. CPM=counts per 

million.
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Figure 3. Relationships among adipose tissue expression of genes that regulate extracellular 
matrix formation and composite collagen gene expression.
Individual data represent Lean-normal (white circles), Obese-normal (gray circles) and 

Obese-NAFLD (black circles) participants. Linear regression analysis was used to describe 

the relationship between factors that regulate extracellular matrix formation and composite 

collagen gene expression.
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Figure 4. Adipose tissue expression of macrophage markers and the NLRP3 inflammasome and 
their relationship with collagen gene expression.
Expression of the macrophage markers, cluster of differentiation 68 (CD68), and mannose 

receptor C-type 1 (MRC1), and nod-like receptor protein 3 (NLRP3) inflammasome (A) 

and their relationships with composite collagen gene expression in subcutaneous abdominal 

adipose tissue (B) in the Lean-normal (Lean-NL; n=12), Obese-normal (Ob-NL; n=21) and 

Obese-NAFLD (Ob-NAFLD; n=25) groups. Data are means ± SEM in panel A and one-way 

analysis of variance (ANOVA) and Fisher’s least significant difference post-hoc testing used 

to identify significant mean differences between groups. *P<0.05 vs. Lean-NL. †P<0.05 vs. 
Ob-NL. In panel B, Individual data represent Lean-NL (white circles), Ob-NL (gray circles) 

and Ob-NAFLD (black circles) participants with linear regression analysis used to describe 

the relationship between factors. CPM=counts per million.
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Figure 5. Relationships among 24-h plasma insulin, insulin sensitivity and factors involved in 
adipose tissue collagen production.
Relationships between subcutaneous adipose tissue (SAT) gene expression of both 

composite collagen and secreted protein acidic and cysteine rich (SPARC) and 24-h plasma 

insulin concentration area-under-the-curve (AUC) (A), and between both SAT composite 

collagen gene expression and hepatic insulin sensitivity (assessed as the hepatic insulin 

sensitivity index) and whole-body insulin sensitivity (assessed as the glucose disposal rate 

during a hyperinsulinemic-euglycemic clamp procedure) (B) in Lean-normal (white circles), 

Obese-normal (gray circles) and Obese-NAFLD (black circles) participants. Non-linear 

regression analysis was used to determine the relationship between factors.
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Table 1.

Body composition and metabolic characteristics of the participants

Lean-NL
(n=12)

Ob-NL
(n=25)

Ob-NAFLD
(n=25)

Age (y) 38 ± 2 40 ± 1 41 ± 2

Weight (kg) 66.5 ± 1.8 106.0 ± 3.6* 112.8 ± 3.0*

BMI (kg/m2) 23.1 ± 0.5 37.8 ± 1.1* 39.6 ± 1.1*

Body fat (%) 29.8 ± 1.8 47.7 ± 1.4* 48.2 ± 1.5*

Abdominal SAT volume (cm3) 1,011 ± 103 3,705 ± 236* 3,931 ± 246*

IAAT volume (cm3) 477 ± 58 1,073 ± 97*
1,824 ± 114*†

IHTG content (%) 1.8 ± 0.2 2.6 ± 0.2
17.7 ± 1.6*†

Fasting insulin (μU/mL) 5.0 ± 0.6 10.7 ± 0.8*
27.8 ± 3.7*†

24-h insulin AUC (μU/mL x 24h)
a 567 ± 96 1,066 ± 76*

2,044 ± 247*†

Fasting glucose (mg/dL) 85.9 ± 1.2 87.8 ± 0.9
100.1 ± 2.1*†

OGTT 2-h glucose (mg/dL) 97.9 ± 5.4 105.9 ± 3.3
167.5 ± 5.4*†

HbA1c (%) 4.8 ± 0.1 5.0 ± 0.1
5.7 ± 0.1*†

Triglycerides (mg/dL) 72 ± 9 71 ± 5
146 ± 15*†

HDL-cholesterol (mg/dL) 64 ± 4 55 ± 3
42 ± 1*†

LDL-cholesterol (mg/dL) 97 ± 7 101 ± 6 110 ± 6

ALT (U/L) 16 ± 2 17 ± 2
35 ± 8*†

AST (U/L) 17 ± 1 18 ± 1
25 ± 3*†

Alkaline Phosphatase (U/L) 56 ± 4 67 ± 4 76 ± 4*

Bilirubin (mg/dL) 0.49 ± 0.04 0.38 ± 0.03 0.43 ± 0.03

Hepatic insulin sensitivity index [1,000/(μmol/kgFFM/min × μU/mL)]
b 11.0 ± 1.2 5.6 ± 0.3* 3.0 ± 0.3*†

Glucose disposal rate during the clamp (μmol/kgFFM/min)
b 61.7 ± 4.0 48.6 ± 2.8* 28.8 ± 1.9*†

Data are means±SEM. Abbreviations: ALT=alanine aminotransferase; AST=aspartate aminotransferase; AUC=area-under-the-curve; BMI=body 
mass index; FFM=fat-free mass, HbA1c=hemoglobin A1c; HDL= high-density lipoprotein; IAAT=intraabdominal adipose tissue; 
IHTG=intrahepatic triglyceride; LDL=low-density lipoprotein; NL=normal IHTG content and oral glucose tolerance; Ob=obese; OGTT=oral 
glucose tolerance test; SAT=subcutaneous adipose tissue.

a
Lean-NL n=12; Ob-NL n=24; Ob-NAFLD n=24.

b
Lean-NL n=12; Ob-NL n=23; Ob-NAFLD n=24. One-way analysis of variance (ANOVA) with Fisher’s least significant difference post-hoc 

testing where appropriate were used to identify significant mean differences between groups.

*
P<0.05 vs. Lean-NL.

†
P<0.05 vs. Ob-NL.
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