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Abstract

Background and Aims: Insulin resistance is a key factor in the pathogenesis of NAFLD. We 

evaluated the importance of subcutaneous abdominal adipose tissue (SAAT) inflammation and 

both plasma and SAAT-derived exosomes in regulating insulin sensitivity in people with obesity 

and NAFLD.

Methods: Adipose tissue inflammation (macrophage and T cell content and expression 

of proinflammatory cytokines), liver and whole-body insulin sensitivity (assessed by a 

hyperinsulinemic-euglycemic clamp and glucose tracer infusion), and 24-hour serial plasma 

cytokine concentrations were evaluated in three groups stratified by adiposity and intrahepatic 

triglyceride (IHTG) content: 1) lean with normal IHTG content (LEAN; n=14); 2) obese with 

normal IHTG content (OB-NL; n=28); and 3) obese with NAFLD (OB-NAFLD; n=28). The 

effect of plasma and SAAT-derived exosomes on insulin-stimulated Akt phosphorylation in human 

skeletal muscle myotubes and mouse primary hepatocytes was assessed in a subset of participants.

Results: Proinflammatory macrophages, proinflammatory CD4 and CD8 T cell populations, and 

gene expression of several cytokines in SAAT were greater in the OB-NAFLD than the OB-NL 

and LEAN groups. However, with the exception of PAI-1, which was greater in the OB-NAFLD 
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than the LEAN and OB-NL groups, 24-hour plasma cytokine concentration areas-under-the-curve 

(AUCs) were not different between groups. The percentage of proinflammatory macrophages and 

plasma PAI-1 concentration AUC were inversely correlated with both hepatic and whole-body 

insulin sensitivity. Compared with exosomes from OB-NL participants, plasma and SAAT-derived 

exosomes from the OB-NAFLD group decreased insulin signaling in myotubes and hepatocytes.

Conclusion: Systemic insulin resistance in people with obesity and NAFLD is associated with 

increased plasma PAI-1 concentrations and both plasma and SAAT-derived exosomes.

ClinicalTrials.gov number: NCT02706262.

Short summary:

Alterations in adipose tissue biology, which likely increase the release of PAI-1 and exosomes into 

the circulation, are associated with hepatic and skeletal muscle insulin resistance in people with 

NAFLD.

Graphical Abstract
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Hepatic steatosis is the hallmark feature of nonalcoholic fatty liver disease (NAFLD) and 

occurs commonly in people with obesity.1 Obesity-induced insulin resistance is involved in 

the pathogenesis of NAFLD and hepatic steatosis is unlikely to occur in people with obesity 

who do not have significant insulin resistance.2, 3 Even people with a genetic variant of the 

patatin-like phospholipase domain-containing 3 gene (PNPLA3), which markedly increases 

the risk of NAFLD, are unlikely to develop hepatic steatosis in the absence of obesity 

and concomitant insulin resistance.4 The therapeutic effect of pharmacological agents that 

increase insulin sensitivity on IHTG content and other histological features of NAFLD 

provides further support for the role of insulin resistance in the pathogenesis of NAFLD.5, 6 

These findings underscore the importance of understanding the underlying mechanism(s) 

responsible for insulin resistance in people with obesity and NAFLD.

It has been proposed that an increase in adipose tissue (AT) proinflammatory immune cells 

and inflammation, which increases the secretion of inflammatory cytokines from AT into 

the bloodstream, is an important cause of obesity-induced insulin resistance in people.7 

In rodent models, obesity and insulin resistance are associated with increased adipose 

Fuchs et al. Page 2

Gastroenterology. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT02706262


tissue macrophage (ATM) and T cell content and AT gene expression of proinflammatory 

cytokines.8 Experimentally decreasing or completely eliminating TNF-α signaling9, 10 

or shifting the T cell pool towards higher proportions of anti-inflammatory cells11, 12 

promotes glucose tolerance and improves insulin sensitivity. However, the importance 

of AT inflammation in causing insulin resistance in people with obesity is not clear 

because of conflicting data among studies, which have found increases in proinflammatory 

macrophages and CD4 T cells in subcutaneous abdominal AT (SAAT) obtained from people 

with obesity who were considered to be insulin-resistant compared to those who were 

insulin-sensitive,13–15 whereas other studies found no differences between insulin-sensitive 

and insulin-resistant groups.16–18 The reason(s) for the discrepant findings among studies 

could be related to differences in the methods used to assess AT inflammation and 

immune cell content and differences in the criteria used to define insulin-sensitive and 

insulin-resistant cohorts.

Exosomes are membrane bound extracellular vesicles that are produced by most cells in the 

body and provide a mechanism for inter-organ communication by delivering microRNAs 

(miRNAs), bioactive lipids and regulatory proteins from one cell to another.19 Data from 

studies conducted in rodent models have shown exosomes derived from AT explants20 

and ATMs21, 22 can regulate systemic insulin action mediated by the transfer of specific 

miRNAs.21, 22 Adipose tissue is the major source of miRNAs in circulating exosomes; 

adipose-tissue specific knockout of the miRNA-producing enzyme Dicer in mice causes 

more than a fourfold reduction in circulating exosomal miRNAs.23 Therefore, it is possible 

that AT-derived exosomes contribute to systemic insulin resistance in people with obesity 

and NAFLD.

In the present study, we assessed the potential importance of AT inflammation, systemic 

mediators of AT inflammation, and exosomes in the pathogenesis of insulin resistance in 

people with obesity and NAFLD. We evaluated the composition of AT resident immune 

cells, AT expression of genes that encode for cytokines and markers of macrophages and 

T cells, plasma cytokine concentrations obtained serially for 24-hours, and the effect of 

exosomes isolated from plasma and AT on insulin action ex vivo in three distinct groups 

of participants who were separated based on adiposity, oral glucose tolerance and IHTG 

content: i) healthy lean (LEAN, defined as body mass index [BMI] 18.5–24.9 kg/m2, 

normal oral glucose tolerance test [OGTT], HbA1c, and IHTG content); ii) obese with 

normal IHTG content (OB-NL; defined as BMI 30–49.9 kg/m2, normal OGTT, HbA1c, 

and IHTG content); and iii) obese with NAFLD (OB-NAFLD); defined as BMI 30–49.9 

kg/m2, abnormal OGTT and/or HbA1c and hepatic steatosis). We hypothesized that: i) AT 

proinflammatory immune cell subsets, AT gene expression of cytokines and plasma cytokine 

concentrations would progressively increase from LEAN to the OB-NL to the OB-NAFLD 

group; ii) AT proinflammatory macrophages and T cells would be negatively associated 

with hepatic and skeletal muscle insulin sensitivity (assessed by using the hyperinsulinemic-

euglycemic clamp procedure in conjunction with stable isotopically labeled glucose tracer 

infusion); and iii) exosomes derived from plasma and SAAT obtained from OB-NAFLD 

participants, but not LEAN or OB-NL participants, would impair insulin signaling in human 

myotubes and mouse hepatocytes.
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Methods

Study participants

Seventy men and women participated in this study (14 men and 56 women; age 38 ± 1 

years old) from May 2016 to April 2020, which was conducted in the Clinical Translational 

Research Unit (CTRU) at Washington University School of Medicine in St. Louis, MO 

(Supplementary Figure 1). Some of data reported here were obtained from a subset of 

subjects as part of their participation in another study.24 Written informed consent was 

obtained from all subjects before their participation in this study, which was approved by the 

Institutional Review Board 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, HbA1c, an OGTT and assessment 

of IHTG content by using magnetic resonance imaging (MRI) to determine eligibility for 

each study cohort based on the following inclusion criteria: i) LEAN had BMI 18.5–24.9 

kg/m2, IHTG content ≤4%, serum TG concentration <150 mg/dL, fasting plasma glucose 

concentration <100 mg/dL, 2-hr OGTT plasma glucose concentration ≤140 mg/dL, and 

HbA1c ≤5.6%; ii) OB-NL had BMI 30.0–49.9 kg/m2, IHTG content ≤4%, serum TG 

concentration <150 mg/dL, fasting plasma glucose concentration <100 mg/dL, 2-hr OGTT 

plasma glucose concentration ≤140 mg/dL, and HbA1c ≤5.0%; and iii) OB-NAFLD had 

BMI 30–49.9 kg/m2, IHTG content ≥5.6% and HbA1c 5.7%−6.4% or fasting plasma 

glucose concentration 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, were taking medications that could affect metabolism, or consumed excessive 

amounts of alcohol (>21 units/wk for men and >14 units/wk for women) were excluded.

We evaluated whether plasma and SAAT-derived exosomes from the OB-NAFLD group can 

induce insulin resistance in human skeletal muscle myotubes and mouse hepatocytes by 

studying a subset of participants in whom there was an adequate amount of stored plasma 

to isolate exosomes (9 LEAN, 8 OB-NL and 7 OB-NAFLD) and by obtaining fresh SAAT 

for exosome isolation in an additional 9 OB-NL and 6 OB-NAFLD participants (participant 

characteristics are provided in Supplementary Tables 1 and 2).

Body composition analyses

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

absorptiometry. Intra-abdominal AT (IAAT) and SAAT volumes and IHTG content were 

assessed by using MRI.

Metabolic testing

Serial 24-h plasma cytokine concentrations and hyperinsulinemic-euglycemic 
clamp procedure.—Subjects were admitted to the CTRU at 1700 h for ~48 hours and 

consumed a standard meal between 1800 h and 1900 h. At 0630 h the next morning (day 

2), a catheter was inserted into an antecubital vein and blood samples were obtained every 

hour from 0700 h to 2300 h and at 0500 h and 0700 h the following day (day 3). Meals were 

provided at 0700 h, 1300 h, and 1900 h. Each meal contained one-third of the participant’s 
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energy requirements and were comprised of 50% carbohydrate, 35% fat, and 15% protein. 

A hyperinsulinemic-euglycemic clamp procedure, in conjunction with stable isotopically 

labeled glucose tracer infusion, was then conducted to assess hepatic and skeletal muscle 

insulin sensitivity. Subcutaneous abdominal AT was obtained from the periumbilical area 

during the basal period of the clamp procedure. Details of all procedures are provided in the 

Supplementary materials.

Sample analysis and calculations

Plasma glucose concentration was determined by using an automated glucose analyzer. 

Plasma insulin, HbA1c, liver enzymes and lipid profile were measured in the Washington 

University Core Laboratory for Clinical Studies. Plasma cytokine concentrations were 

determined by using a Luminex 200 analyzer (Luminex Corp., Austin, TX). Plasma 24-h 

cytokine concentration area under the curve (AUC) was calculated by using the trapezoidal 

method25 to provide a comprehensive assessment of daily plasma cytokine levels. Hepatic 

and skeletal muscle insulin sensitivity were determined as described in the Supplementary 

material.

Exosomes were isolated from plasma and SAAT explant cultures and incubated with human 

skeletal muscle myotubes and mouse primary hepatocytes to assess insulin-stimulated 

phosphorylation of serine 473 of Akt as described in the Supplementary materials. The 

studies in mice were approved by the Washington University Animal Studies Committee. 

Standard methods were used for AT RNA sequencing, AT stromal vascular fraction 

isolation, in vitro stimulation and intracellular cytokine staining of isolated AT immune 

cells, flow cytometry and mass cytometry, as described in the Supplementary materials.

Statistical Analysis

One-way analysis of variance was used to compare subject characteristics and outcomes 

measured at a single time point among LEAN, OB-NL and OB-NAFLD groups with 

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

differences where appropriate. Polynomial contrasts were performed for selected variables to 

describe the linear trend from the LEAN to the OB-NL to the OB-NAFLD group. Plasma 

cytokine profiles over 24-h were analyzed by using linear mixed model analysis with time 

and group as fixed factors. Outliers in plasma cytokine concentrations in the 24-h profiles 

(defined as >3 standard deviations from the mean) were winsorized, and those values were 

adjusted to match the next less extreme value26; this occurred in <2% of values for each 

cytokine. Relationships among insulin sensitivity and the proportion of proinflammatory and 

anti-inflammatory macrophages and proinflammatory T cells were evaluated by using linear 

and nonlinear regression analysis with the best fit to the data reported. Data are reported as 

means ± SEM unless otherwise noted. Statistical analyses were performed by using SPSS 

(version 25, IBM, Armonk, NY).

Based on the previously reported inter-individual variability in total macrophage number per 

gram of SAAT and the proportion of total SAAT macrophages that are proinflammatory,27 

we estimated that 28 subjects per group would be needed to detect differences in total 

macrophage number of 10,900 cells/gram SAAT and percent proinflammatory macrophages 
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of 12.3% between the OB-NL and OB-NAFLD groups using a two-sided test with ≥90% 

power and an α value of <.05.

Results

Body composition and metabolic characteristics of LEAN, OB-NL and OB-NAFLD groups

Body mass index, percent body fat and SAAT volume were not different in the OB-NL 

and OB-NAFLD groups, but IAAT volume and IHTG content were much greater in the 

OB-NAFLD than in the OB-NL group (Table 1). Although IAAT volumes were greater in 

the OB-NL than the LEAN group, there was no difference in IHTG content between groups. 

Fasting plasma glucose, plasma glucose 2 hours after glucose ingestion, plasma TG, and 

HbA1c were higher in the OB-NAFLD group than in both the OB-NL and LEAN groups, 

without any differences between the two groups with normal IHTG content (Table 1). 

Plasma alanine aminotransferase and aspartate aminotransferase concentrations were higher 

in the OB-NAFLD than in the OB-NL group (Table 1). Fasting plasma insulin concentration 

progressively increased and both hepatic insulin sensitivity (assessed as the Hepatic Insulin 

Sensitivity Index [HISI], which is the reciprocal of the product of basal endogenous 

glucose production rate and basal plasma insulin concentration) and skeletal muscle insulin 

sensitivity (assessed as the glucose disposal rate relative to plasma insulin concentration 

during the hyperinsulinemic-euglycemic clamp procedure) progressively decreased from the 

LEAN to the OB-NL to the OB-NAFLD group (Table 1). Hepatic and skeletal muscle 

insulin sensitivity were lower in the OB-NL group than the LEAN group, even though both 

groups had normal IHTG content.

Proinflammatory macrophages are increased in subcutaneous abdominal adipose tissue 
in people with obesity

To help characterize ATMs as either proinflammatory (“M1-like”) or anti-inflammatory 

(“M2-like”) subsets, we used mass cytometry to assess the expression of macrophage-related 

proteins on the surface of SVF cells from four participants (2 LEAN and 2 OB-NAFLD). 

Consistent with a previous study,13 ATMs were classified into two subsets: i) CD206+ 

CD11c− macrophages; and ii) CD206+ CD11c+ macrophages (Supplementary Figure 2A). 

We also identified a third subset of CD64 positive cells, but did not categorize those 

cells as macrophages because they either did not express or expressed very low levels 

of markers that are characteristic of known macrophage subsets (CD206, HLA-DR, CD9, 

and CD163) (Supplementary Figure 2B) and have been characterized as monocytes, not 

macrophages.13 The CD206+ CD11c− subset tended to express higher levels of markers 

associated with antiinflammatory macrophages (CD206 and CD163), whereas the CD206+ 

CD11c+ subset tended to express higher levels of the co-stimulatory marker CD86 and 

contained a population of CD9+ cells, which is a marker associated with crown-like structure 

macrophages.28 Within each macrophage subset, cells from LEAN and OB-NAFLD 

participants tended to express similar levels of the other surface markers. Based on this 

analysis, we defined CD206+ CD11c− ATMs as being anti-inflammatory (M2-like) and 

CD206+ CD11c+ ATMs as being proinflammatory (M1-like), and used these markers for all 

subsequent flow cytometric analyses. Nonetheless, it is likely that the M1-like and M2-like 
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ATM subsets comprise heterogeneous mixtures of cells with both M1-like and M2-like 

features.

The number of total, M1-like and M2-like macrophages increased progressively from the 

LEAN to the OB-NL to the OB-NAFLD group, and the number of total macrophages 

and M1-like macrophages were greater in the OB-NAFLD than the OB-NL group (Figure 

1A). In addition, the proportion of total macrophages that were M1-like progressively 

increased, whereas the proportion that were M2-like progressively decreased, from the 

LEAN to the OB-NL to the OB-NAFLD group, and the mean values in the OB-NAFLD 

group were significantly different than the mean values in the OB-NL group (Figure 1B, 

Supplementary Figure 3A). Accordingly, the ratio of M1-like to M2-like macrophages 

increased progressively from the LEAN to the OB-NL to the OB-NAFLD group. The 

proportion of M1-like macrophages and the M1-like:M2-like ratio among all subjects 

were negatively associated, whereas the proportion of M2-like macrophages was positively 

associated, with both hepatic (Figure 1C) and muscle (Figure 1D) insulin sensitivity. 

Adipose tissue monocytes, which can differentiate into macrophages, were not different 

between the LEAN, OB-NL and OB-NAFLD groups (Supplementary Figure 4). However, 

the number of classical dendritic cells, which are another myeloid cell subset that has 

important functions in initiating immune responses via antigen presentation to T cells, were 

lower in the LEAN group than the OB-NL and OB-NAFLD groups, without a difference 

between the two obese groups (Supplementary Figure 4).

Increase in memory T cells in adipose tissue from OB-NAFLD participants

There were no differences in the total number of cells within T cell subsets (CD4 T cells, 

CD8 T cells, naïve CD4 T cells, memory CD4 T cells, naïve CD8 T cells, and memory 

CD8 T cells) or NK cells per gram of SAAT among the LEAN, OB-NL and OB-NAFLD 

groups (Figure 2A, Supplementary Figure 4). However, when analyzed as proportions within 

T cell subgroups, the percentage of memory CD4 and CD8 T cells were greater in the 

OB-NAFLD than in the OB-NL and LEAN groups, without a difference between the LEAN 

and OB-NL groups, whereas the percentage of naïve CD4 and CD8 T cells were lower in 

the OB-NAFLD than in the OB-NL and LEAN groups (Figure 2A, Supplementary Figure 

3B). Among memory CD4 T cells, we found progressive increases in the number of Th1 

cells and the proportion of Th1 cells within CD4 T cells from the LEAN to the OB-NL 

to the OB-NAFLD groups, and both the number and proportion of Th1 cells were greater 

in the OB-NAFLD than in the OB-NL and LEAN groups (Figure 2B). Consistent with 

these findings, the proportion of CD4 T cells that produced IFN-γ, the signature cytokine 

of Th1 cells, progressively increased from the LEAN to the OB-NL to the OB-NAFLD 

groups, and was greater in the OB-NAFLD than the OB-NL and LEAN groups (Figure 2C, 

Supplementary Figure 3C). There were no differences in the total number of Th17 cells or 

the proportion of CD4 T cells that were Th17 cells among the three groups (Figure 2B). 

However, the proportion of CD4 T cells that produced IL-17 was lower in the OB-NL and 

OB-NAFLD than in the LEAN group (Figure 2C, Supplementary Figure 5B). Within CD8 

T cells, the proportion that produced IFN-γ progressively increased from the LEAN to the 

OB-NL to the OB-NAFLD group and was greater in the OB-NAFLD than the OB-NL and 

LEAN groups (Figure 2C). A very small percentage of stimulated CD8 T cells produced 
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IL-17 and the proportion that produced IL-17 was lower in the OB-NAFLD than in the 

LEAN group (Figure 2C). The number of AT CD69+ CD4 T cells, which are comprised of 

recently activated and tissue-resident memory T cells, was greater in the OB-NAFLD group 

than in the OB-NL and LEAN groups (Figure 2D). The number of CD69+ CD8 T cells and 

CD69+ NK cells increased progressively from the LEAN to the OB-NL to the OB-NAFLD 

group and were significantly greater in the OB-NAFLD than in the LEAN group, without a 

difference between the two obese groups (Figure 2D).

We then evaluated the relationship between insulin sensitivity and the subgroups of 

proinflammatory T cells that showed significantly greater numbers or percentages in the 

OB-NAFLD than the OB-NL group (i.e. % memory CD4 T cells, % memory CD8 T cells, 

total and % Th1 T cells, % IFN-γ+ CD4 and CD8 T cells, and total CD69+ CD4 T cells). 

There were statistically significant, but weak, inverse correlations between muscle insulin 

sensitivity and these T cell subgroups (Supplementary Figure 6).

No significant differences were identified among the three groups of participants in the 

numbers of AT neutrophils, B cells, eosinophils, or mast cells (Supplementary Figure 4). 

There were also no differences among groups in the number or proportion of Th2 cells 

(Supplementary Figure 5A), the proportion of CD4 T cells that produced IL-22 alone or in 

combination with IL-17, or in the proportion of CD4 and CD8 T cells that produced TNF-α 
or IL-10 (Supplementary Figure 5B).

Adipose tissue gene expression of markers of inflammation are increased 
in OB-NAFLD—Adipose tissue expression of genes that encode for proinflammatory 

proteins, SERPINE1, TNF, IL6, CCL2, CCL3, CCL5, and CXCL16, macrophage (CD68 
and MRC1) and lipid-associated macrophage (TREM2) markers, and an anti-inflammatory 

protein (IL10) progressively increased from the LEAN to the OB-NL to the OB-NAFLD 

group, but no difference in IL1B expression among groups (Figure 3). Moreover, the 

expression of genes that encode for SERPINE1, CCL3, CCL5, CXCL16, CD68, MRC1 
and TREM2 were greater in the OB-NAFLD than in the OB-NL group and greater in 

the OB-NL than in the LEAN group (Figure 3). The expression of genes that encode for 

several other proinflammatory proteins (TNF, IL-6 and CCL2) were greater in the OB-NL 

and OB-NAFLD groups than in the LEAN group, but not different between the two obese 

groups.

Concentrations of plasma PAI-1 but not cytokines, are greater in the OB-
NAFLD than the OB-NL group—To provide a more comprehensive assessment of 

circulating cytokines than would be obtained by fasting samples only, we evaluated plasma 

cytokine concentrations serially for 24-h (every hour from 0700 h to 2300 h and then at 0500 

h and 0700 h the next day). With the exception of the diurnal variation in plasma PAI-1 

concentrations, plasma TNF-α, IL-6, IFN-γ, CCL2, CCL5, IL-1β, and IL-17 concentrations 

were stable throughout the 24-h blood sampling study and were not affected by meals 

(consumed at 0700 h, 1300 h, and 1900 h) (Figure 4). The 24-h plasma TNF-α and CCL2 

concentration AUCs were greater in the OB-NL and OB-NAFLD groups than in the LEAN 

group, without differences between the two obese groups. The 24-h plasma IL-6, IFN-γ, 

CCL5, IL-1β, and IL-17 concentration AUCs were not significantly different between 

Fuchs et al. Page 8

Gastroenterology. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



groups. Plasma PAI-1 progressively increased from the LEAN to the OB-NL to the OB-

NAFLD group and the 24-h AUC was greater in the OB-NAFLD than in both OB-NL and 

LEAN groups (Figure 4). Because of the unique differences in plasma PAI-1 concentration 

among the three groups of participants, which was not observed with the other plasma 

cytokines, we evaluated the relationship between 24-h plasma PAI-1 AUC and insulin 

sensitivity among all participants. There was an inverse curvilinear correlation between 24-h 

plasma PAI-1 AUC and both hepatic and skeletal muscle insulin sensitivity (Figure 5A). In 

addition, there was a positive correlation between markers of ATMs (expression of CD68 
and percentage of M1-like ATMs) and both adipose tissue expression of SERPINE1 and 

24-h plasma PAI-1 AUC (Figures 5B and 5C).

Plasma and adipose tissue exosomes from OB-NAFLD induce insulin 
resistance in myotubes and hepatocytes—Exosomes isolated from plasma and 

SAAT explant cultures were used to assess their effects on insulin action in myotubes 

and hepatocytes. The reliability of our isolation procedure was verified by measuring 

particle size (Supplementary Figure 7A) and the expression of exosome-specific protein 

markers (Supplementary Figures 7B and 7C). Plasma exosome concentration was three-fold 

higher in the OB-NAFLD group than in the OB-NL and LEAN groups (7.0 ± 1.5 vs 

2.5 ± 0.3 and 2.0 ± 0.3 1010 particles/mL, respectively; P < .01). We detected protein 

markers of AT-derived exosomes in plasma exosome samples (Supplementary Figure 7D), 

demonstrating that the plasma exosomes originated, at least in part, from AT. Compared with 

exosomes derived from the LEAN and OB-NL groups, plasma and SAAT-derived exosomes 

from the OB-NAFLD group caused insulin resistance in both myotubes and hepatocytes, 

demonstrated by impaired insulin signaling (phosphorylation of Akt) (Figures 6A and 6B). 

Equal concentrations of exosomes were used to treat myotubes and hepatocytes ex vivo in 

order to evaluate the concentration-independent effects of exosomes on insulin action across 

study groups. Therefore, it is possible the adverse effects of plasma exosomes on insulin 

action in the OB-NAFLD group might be more pronounced in vivo because of their higher 

plasma exosome concentrations. The effects of both plasma and SAAT-derived exosomes 

on insulin signaling in myotubes and hepatocytes ex vivo correlated directly with skeletal 

muscle and hepatic insulin sensitivity, respectively, measured in vivo by using the clamp 

procedure and stable isotopically labeled glucose tracer infusion (Figures 6C and 6D).

DISCUSSION

We conducted in vivo and ex vivo studies to assess the potential importance of SAAT 

inflammation and exosomes in the pathogenesis of insulin resistance in people with obesity 

and NAFLD. The immune cell profile and expression of genes involved in inflammation in 

SAAT, plasma cytokine concentrations and the effect of both plasma and SAAT-derived 

exosomes on insulin action were evaluated in three rigorously characterized cohorts 

stratified by adiposity, metabolic health and IHTG content. Our data demonstrate that most 

proinflammatory immune cells and the expression of proinflammatory genes in SAAT 

progressively increased from the LEAN to the OB-NL to the OB-NAFLD group. Moreover, 

these markers of inflammation were often significantly greater in the OB-NAFLD than 

in the OB-NL group, including: i) the number of total and proinflammatory (M1-like) 
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macrophages and the percentage of macrophages that were M1-like; ii) the number or 

percentage of activated and memory T cell subsets (memory CD4 and CD8 T cells, IFN-γ-

producing CD4 and CD8 T cells, and CD69+ CD4 T cells); and iii) gene expression of 

proinflammatory cytokines (SERPINE 1, CCL3, CCL5, and CXCL16) and macrophage 

markers (CD68 and MRC1) and lipid-associated macrophage (TREM2) markers. However, 

the absolute mean differences in immune cells and gene expression between the OB-NL 

and the OB-NAFLD groups were small, and there was considerable overlap in individual 

participant values between the two obese groups. There were no differences in the 24-h 

plasma cytokine AUCs between the OB-NL and OB-NAFLD groups with the exception 

of PAI-1, which was much greater in the OB-NAFLD than in the OB-NL and LEAN 

groups and was inversely correlated with measures of both hepatic and skeletal muscle 

insulin sensitivity. Both plasma and SAAT exosomes isolated from the OB-NAFLD group 

impaired insulin action in myotubes and hepatocytes ex vivo. In addition, the percentage 

of macrophages that were proinflammatory, which are an important source of plasma and 

AT-derived exosomes, was inversely correlated with both hepatic and skeletal muscle insulin 

sensitivity. Together, these results demonstrate it is unlikely that SAAT inflammation causes 

systemic insulin resistance by increasing the release of classical inflammatory cytokines 

into the circulation. Instead, our data suggest SAAT production and secretion of PAI-1 and 

exosomes are involved in the pathogenesis of insulin resistance associated with obesity and 

NAFLD, but we are unable to precisely determine whether these relationships are causal or 

simply an association.

We found a greater number of total ATMs and M1-like ATMs per gram of SAAT in 

the OB-NAFLD than the OB-NL group, even though the two groups were matched on 

body fat mass. Therefore, other factors, independent of fat mass itself, are involved in the 

accumulation of SAAT ATMs in people with obesity and NAFLD. The factors responsible 

for the infiltration and polarization of immune cells in AT have been studied in rodent 

models. Macrophage infiltration increases in response to hypoxia29 and increased rates 

of lipolysis of adipocyte triglycerides.30 Moreover, increased intra-adipocyte free fatty 

acid (FFA) flux can cause adipocyte hypoxia by adenine nucleotide translocase (ANT)-2-

dependent uncoupling of mitochondrial respiration.31 In addition, increases in CD8 T cells 

and CD4 Th1 cells in obese rodents increase the secretion of chemokines that recruit 

circulating monocytes to AT and promote their differentiation into macrophages12, 32, 

which are then polarized toward a proinflammatory state by IFN-γ.33 The release of 

cytokines from M1-like macrophages also increases macrophage number in a positive, 

feed-forward manner by increasing monocyte infiltration and stimulating the proliferation of 

tissue-resident macrophages.34–36 Together, these data suggest a complex interplay among 

AT FFA flux, oxygenation, and immune cells that drive the recruitment and accumulation of 

proinflammatory ATMs.

Both hepatic and skeletal muscle insulin sensitivity were lower in the OB-NAFLD than 

the OB-NL group. Although the number and percentage of M1-like macrophages and 

many proinflammatory T cell subsets and SAAT expression of proinflammatory genes were 

greater in the OB-NAFLD than the OB-NL group, these differences did not translate into 

differences in classical plasma cytokine concentrations. Instead, SAAT gene expression 

of SERPINE1, which encodes for PAI-1, progressively increased from the LEAN to the 
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OB-NL to the OB-NAFLD groups, and plasma PAI-1 24-h AUC was inversely associated 

with hepatic and muscle insulin sensitivity. These findings are consistent with the results 

from previous studies that found plasma PAI-1 concentrations are increased in people with 

NAFLD.37 PAI-1 is produced by adipocytes38, 39 and ATMs38, 40. The correlations we 

observed between ATMs and both adipose tissue expression of SERPINE1 and 24-h plasma 

PAI-1 AUC support the notion that the increase in plasma PAI-1 concentrations in the OB-

NAFLD group was, at least in part, caused by the production of PAI-1 by ATMs. In rodent 

models, adipocyte-specific PAI-1 overexpression causes insulin resistance41 whereas whole-

body and adipocyte-specific knockouts of PAI-1 improve insulin action.42, 43 These findings 

suggest the production of most cytokines by SAAT might have local paracrine effects, but 

do not have direct effects on systemic metabolic function. In fact, it is unlikely that changes 

in circulating TNF-α, IL-1β, and IL-6 cause systemic insulin resistance in people because: 

i) biological treatments that decrease TNF-α and IL-1β plasma concentrations or activity do 

not affect insulin sensitivity44–47; ii) TNF-α concentrations that impair glucose uptake or 

insulin signaling in cell systems are orders of magnitude higher than plasma concentrations 

found in people48, 49; iii) the infusion of IL-6 that results in a 25–160-fold increase in 

plasma IL-6 concentrations in healthy lean people has either no effect50, 51 or a small 

beneficial effect on insulin sensitivity52; and iv) TNF-α infusions that cause about a 10-fold 

increase in plasma concentrations (from 1–2 pg/ml to ~16 pg/ml) reduce insulin-stimulated 

glucose uptake by only 10%−15%.51, 53 Together, these data suggest PAI-1 secreted from 

AT, but not other adipokines, contributed to hepatic and muscle insulin resistance observed 

in our OB-NAFLD participants.

The marked increase in plasma exosomes observed in our OB-NAFLD group than 

in the OB-NL and LEAN groups extends the findings from previous studies that 

demonstrated plasma exosome concentrations were higher in people with obesity and 

metabolic syndrome54 and in people with obesity and type 2 diabetes55 than in healthy 

lean subjects. Incubating human skeletal muscle myotubes and mouse hepatocytes with 

plasma and SAAT-derived exosomes obtained from the OB-NAFLD group, but not from 

the LEAN or OB-NL groups, impaired insulin-stimulated Akt phosphorylation. Moreover, 

the effects of both plasma and SAAT-derived exosomes on insulin signaling in myotubes 

and hepatocytes correlated directly with skeletal muscle and hepatic insulin sensitivity, 

respectively, measured in vivo during the clamp procedure. In mouse models, injecting ATM 

exosomes isolated from lean mice into obese mice improves systemic insulin sensitivity, 

whereas injecting exosomes isolated from ATMs from obese mice induces insulin resistance 

in lean mice.21, 22 It is likely that exosome-mediated regulation of insulin action is mediated 

by the transfer of specific miRNAs; studies conducted in mice and cell culture systems have 

shown exosomal miR-29a and miR-155 decrease21, 22 and exosomal miR-690 increase56 

insulin sensitivity. Our results support the notion that circulating exosomes derived from 

SAAT contribute to systemic insulin resistance in people with obesity and NAFLD, but does 

not preclude the possibility that exosomes produced by other organs are also involved.

The results from the present study demonstrate statistically significant, but small, differences 

in SAAT immune cell populations and SAAT expression of most proinflammatory cytokines 

in people with obesity and NAFLD than in those with obesity and normal IHTG content. 

Although it has been proposed that the secretion of proinflammatory cytokines cause 
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systemic insulin resistance, this seems unlikely because 24-h plasma concentrations of many 

classical cytokines were not greater in the OB-NAFLD than the OB-NL group. Instead, 

our data, in conjunction with the results from previous studies conducted in mouse models, 

suggest SAAT-derived PAI-1 and exosomes are involved in the pathogenesis of insulin 

resistance in people with obesity and NAFLD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGEMENTS

The authors thank the staff of the Center for Human Nutrition, the Clinical and Translational Research Unit 
and the Center for Clinical Imaging Research for their help in performing this study, and the study subjects for 
their participation. Technical support for the mass cytometry analysis was provided by Washington University’s 
Immunomonitoring Laboratory, which is supported by the Andrew M. and Jane M. Bursky Center for Human 
Immunology and Immunotherapy Programs. This study was supported by National Institutes of Health grants 
R01DK101578, T32DK007296, P30DK56341 (Nutrition Obesity Research Center), DK20579 (Diabetes Research 
Center), DK052574 (Digestive Disease Research Center) and UL1TR002345 (Clinical and Translational Science 
Award) and support from the Longer Life Foundation, the Foundation for Barnes-Jewish Hospital, and the Centene 
Corporation contract (P19-00559) for the Washington University-Centene ARCH Personalized Medicine Initiative.

Grant Support:

This study was supported by National Institutes of Health grants T32DK007296, P30DK56341 (Nutrition Obesity 
Research Center), DK20579 (Diabetes Research Center), DK052574 (Digestive Disease Research Center) and 
UL1TR002345 (Clinical and Translational Science Award) and support from the Longer Life Foundation, the 
Foundation for Barnes-Jewish Hospital, and the Centene Corporation contract (P19-00559) for the Washington 
University-Centene ARCH Personalized Medicine Initiative.

Conflict of Interests:

S.K. receives research funding from Janssen Pharmaceuticals and serves on a Scientific Advisory Board for Merck 
Sharp & Dohme Corp. T.M.M. serves on the Advisory Board for Allergan Medical and RTI and received royalties 
for product development from RTI. The other authors have nothing to disclose.

Abbreviations:

ANT2 adenine nucleotide translocase 2
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FFM fat-free mass

HOMA-IR homeostasis model assessment of insulin resistance
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IAAT intra-abdominal adipose tissue

IHTG intrahepatic triglyceride

LEAN lean with normal intrahepatic triglyceride content

OB-NL obese with normal intrahepatic triglyceride content

MRI magnetic resonance imaging

OB-NAFLD obese with NAFLD

OGTT oral glucose tolerance test

PNPLA3 phospholipase domain-containing 3

Rd rate of disappearance from plasma during the hyperinsulinemic-

euglycemic clamp procedure

SAAT subcutaneous abdominal adipose tissue

SVF stromal vascular fraction
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What You Need to Know:

BACKGROUND AND CONTEXT

Insulin resistance is a common feature of obesity and is a critical factor in the 

pathogenesis of nonalcoholic fatty liver disease (NAFLD).

NEW FINDINGS

Adipose tissue pro-inflammatory immune cells and markers of inflammation are 

increased in people with obesity and NAFLD compared with people with obesity and 

normal intrahepatic triglyceride content. Adipose tissue-derived PAI-1 and exosomes are 

associated with insulin resistance in people with obesity and NAFLD.

LIMITATIONS

This clinical study demonstrates a link between insulin resistance and both adipose 

tissue-derived PAI-1 and exosomes in people with NAFLD, but is unable to determine 

whether this relationship is causal.

IMPACT

Our findings support the potential importance of alterations in adipose tissue biology in 

the pathogenesis of insulin resistance in people with obesity and NAFLD.
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Figure 1. 
Macrophages in subcutaneous abdominal adipose tissue. (A and B) Number of total, pro-

inflammatory (M1-like), and anti-inflammatory (M2-like) macrophages per gram of tissue 

(A) and M1-like and M2-like macrophages as a percentage of total macrophages and the 

M1-like:M2-like ratio (B) in SAAT in LEAN, OB-NL and OB-NAFLD groups. (C and D) 

Relationship between the hepatic (HISI; C) and skeletal muscle (Glucose Rd/I; D) insulin 

sensitivity and M1-like and M2-like macrophages as a proportion of total macrophages 

and the M1-like:M2-like ratio in LEAN (black circles), OB-NL (grey circles) and OB-

NAFLD (white circles) participants. The values in (A) and (B) are means ± SEM. *Value 

significantly different from the LEAN value, P < .05. †Value significantly different from the 

OB-NL value, P < .05. #linear trend, P < .05.
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Figure 2. 
T cells in subcutaneous abdominal adipose tissue. (A) Absolute numbers (top row) and 

proportions (bottom row) of naïve and memory CD4 and CD8 T cells. (B) Absolute Th1 

and Th17 cell numbers and proportions within total CD4 T cells. (C) Frequencies of IFN-γ 
and IL-17 positive cells within CD4 (left two graphs) and CD8 (right two graphs) T cells, 

following in vitro stimulation. (D) Absolute numbers of CD69+ CD4, CD8 and NK cells. 

Values are means ± SEM. *Value significantly different from the LEAN value, P < .05. 
†Value significantly different from the OB-NL value, P < .05. #linear trend, P < .05.
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Figure 3. 
Gene expression of markers of inflammation in subcutaneous abdominal adipose tissue. 

Expression of genes encoding for cytokines [PAI-1 (encoded by SERPINE1), TNF-α, 

IL-1β, IL-6, CCL2, CCL3, CCL5, CXCL16, IL-10] and for proteins highly expressed in 

macrophages (CD68 and CD206, encoded by MRC1) and lipid-associated macrophages 

(TREM2) in SAAT in LEAN, OB-NL and OB-NAFLD groups. Values are means ± SEM 

*Value significantly different from the LEAN value, P < .05. †Value significantly different 

from the OB-NL value, P < .05. #linear trend, P < .05.
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Figure 4. 
24-h plasma cytokine profiles. Plasma cytokine concentrations determined hourly between 

7 am and 11 pm on day 1 and at 5 am and 7 am on day 2 (left panels) and 24-h AUCs 

(right panels) in LEAN, OB-NL and OB-NAFLD groups. Values are means ± SEM. *Value 

significantly different from the LEAN value, P < .05. †Value significantly different from the 

OB-NL value, P < .05.
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Figure 5. 
Relationships among plasma PAI-1 24-h area-under-the-curve (AUC) and both hepatic 

(HISI) and skeletal muscle (Glucose Rd/I) insulin sensitivity (A), adipose tissue SERPINE1 
expression and both adipose tissue CD68 expression and M1-like macrophages (B), 

and plasma PAI-1 24-h AUC and both adipose tissue CD68 expression and M1-like 

macrophages (C) in LEAN (black circles), OB-NL (grey circles) and OB-NAFLD (white 

circles) participants.
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Figure 6. 
Exosomes and insulin action. (A and B) Insulin-stimulated phosphorylation of serine 

473 of Akt in human skeletal muscle myotubes (A) and mouse hepatocytes (B) treated 

with exosomes isolated from plasma from LEAN, OB-NL and OB-NAFLD participants 

and SAAT explants from OB-NL and OB-NAFLD participants. (C) Relationship between 

skeletal muscle insulin sensitivity (glucose Rd/I) and phosphorylation of serine 473 of 

Akt in myotubes treated with exosomes isolated from plasma and SAAT in LEAN (black 

circles), OB-NL (grey circles) and OB-NAFLD (white circles) participants. (D) Relationship 

between the hepatic insulin sensitivity index and phosphorylation of serine 473 of Akt in 

hepatocytes treated with exosomes isolated from plasma and SAAT in LEAN (black circles), 

OB-NL (grey circles) and OB-NAFLD (white circles) participants. Values are means ± 

SEM. *Value significantly different from the LEAN value, P < .05. †Value significantly 

different from the OB-NL value, P < .05.
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Table 1.

Body composition and metabolic characteristics of participants

LEAN (n=14) OB-NL (n=28) OB-NAFLD (n=28)

Body mass index (kg/m2) 22.9 ± 0.4
37.7 ± 0.9

a
39.2 ± 0.9

a

Body fat (%) 29.4 ± 1.6
48.0 ± 1.1

a
48.6 ± 0.8

a

IHTG content (%) 1.8 ± 0.2 2.4 ± 0.2
17.5 ± 1.7

ab

IAAT volume (cm3) 457 ± 53
938 ± 89

a
1,928 ± 141

ab

SAAT volume (cm3) 963 ± 94
3,701 ± 181

a
3,798 ± 237

a

Alanine aminotransferase (U/L) 15 ± 2 16 ± 1
37 ± 8

ab

Aspartate aminotransferase (U/L) 19 ± 2 17 ± 1
26 ± 3

b

Fasting triglyceride (mg/dL) 72 ± 8 69 ± 4
135 ± 8

ab

HbA1c (%) 5.0 ± 0.1 5.1 ± 0.1
5.5 ± 0.1

ab

Fasting insulin (μU/mL) 5.2 ± 0.5
12.3 ± 1.3

a
27.8 ± 3.0

ab

Fasting glucose (mg/dL) 86 ± 1 88 ± 1
97 ± 2

ab

Glucose at 2 h of OGTT (mg/dL) 98 ± 5 107 ± 3
158 ± 4

ab

HISI [1,000 / (μmol/kg FFM/min) × (μU/mL)] 10.9 ± 1.2
5.6 ± 0.4

a
2.9 ± 0.2

ab

Glucose Rd/Insulin (nmol/kg FFM/min)/(μU/mL) 683 ± 65
383 ± 33

a
206 ± 17

ab

Data are expressed as mean ± SEM.

a
P ≤ .05 value significantly different from the corresponding value in the LEAN group.

b
P ≤ .05 value significantly different from the corresponding value in the OB-NL group.
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