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Bergman BC. Intermuscular adipose tissue directly modulates skeletal
muscle insulin sensitivity in humans. Am J Physiol Endocrinol Metab
316: E866-E879, 2019. First published January 8, 2019; doi:10.1152/
ajpendo.00243.2018.—Intermuscular adipose tissue (IMAT) is nega-
tively related to insulin sensitivity, but a causal role of IMAT in the
development of insulin resistance is unknown. IMAT was sampled in
humans to test for the ability to induce insulin resistance in vitro and
characterize gene expression to uncover how IMAT may promote skel-
etal muscle insulin resistance. Human primary muscle cells were incu-
bated with conditioned media from IMAT, visceral (VAT), or subcuta-
neous adipose tissue (SAT) to evaluate changes in insulin sensitivity.
RNAseq analysis was performed on IMAT with gene expression com-
pared with skeletal muscle and SAT, and relationships to insulin sensi-
tivity were determined in men and women spanning a wide range of
insulin sensitivity measured by hyperinsulinemic-euglycemic clamp.
Conditioned media from IMAT and VAT decreased insulin sensitivity
similarly compared with SAT. Multidimensional scaling analysis re-
vealed distinct gene expression patterns in IMAT compared with SAT
and muscle. Pathway analysis revealed that IMAT expression of genes in
insulin signaling, oxidative phosphorylation, and peroxisomal metabo-
lism related positively to donor insulin sensitivity, whereas expression of
macrophage markers, inflammatory cytokines, and secreted extracellular
matrix proteins were negatively related to insulin sensitivity. Perilipin 5
gene expression suggested greater IMAT lipolysis in insulin-resistant
individuals. Combined, these data show that factors secreted from IMAT
modulate muscle insulin sensitivity, possibly via secretion of inflamma-
tory cytokines and extracellular matrix proteins, and by increasing local
FFA concentration in humans. These data suggest IMAT may be an
important regulator of skeletal muscle insulin sensitivity and could be a
novel therapeutic target for skeletal muscle insulin resistance.
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INTRODUCTION

Intermuscular adipose tissue (IMAT) is marbled within skel-
etal muscle and accounts for <5% of total thigh fat, but
directly relates to insulin resistance, subclinical atherosclerosis,
and metabolic syndrome (18, 20, 49). The first report showing
IMAT content was negatively related to insulin sensitivity was
published in 2000 (20) and has been reinforced by nearly every
investigation in this area across a wide range of muscle groups
and individuals (6, 15, 18, 19, 35, 46, 48). IMAT content is
negatively related to insulin sensitivity in many populations,
including in men compared with women (6), blacks compared
with Caucasians (15), and older compared with younger indi-
viduals (48). Unlike intramuscular triglyceride, IMAT is low in
insulin-sensitive, endurance-trained athletes (26), consistent
with a negative relationship of IMAT to insulin sensitivity.
Lifestyle interventions that increase insulin sensitivity either
prevent IMAT accretion or reduce IMAT content, whereas
detraining increases IMAT content (11, 14, 21, 27, 37, 40).
Combined, these data suggest IMAT may influence muscle
insulin sensitivity. Although IMAT is uniquely positioned to
influence muscle metabolism and insulin sensitivity by bathing
muscle with hormones, adipokines, proteins, and free fatty
acids, little is known about potential mechanisms by which
IMAT may influence adjacent tissues due to the difficulty of
accessing it.

Signaling and secretory properties of other adipose tissue
depots such as subcutaneous and visceral fat play key roles in
the induction of insulin resistance, inflammation, and tissue
dysfunction (22, 30). To date, we know adipose tissue secretes
nearly 300 proteins, which act as endocrine, paracrine, and
autocrine signals (30). Because of its physical proximity to
skeletal muscle, IMAT may be a key factor regulating muscle
insulin resistance and metabolic dysfunction, without measur-
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able changes in systemic blood concentrations. Such proximity
also means that therapeutic interventions directed at IMAT
may powerfully alter muscle insulin sensitivity and metabolic
dysfunction. To date, IMAT has not been characterized in
detail, so how interventions could be directed at IMAT are not
known.

The purpose of this study was to directly sample IMAT in
humans with a wide range of insulin sensitivities to directly test
if IMAT induces insulin resistance in vitro, and to characterize
IMAT gene expression to gain insight into how IMAT may
promote skeletal muscle insulin resistance.

METHODS

Subjects. Seven lean endurance trained athletes (athletes), 7 lean
sedentary controls (lean), 21 sedentary obese individuals (obese), and
6 individuals with type 2 diabetes (T2D) were included in this study
for IMAT-conditioned media and RNAseq analysis. Skeletal muscle
biopsies were also used for RNAseq analysis from 12 lean individuals
in this study. In a separate cohort of 10 lean men and women that has
been previously described (2), gluteal subcutaneous adipose tissue
(SAT) was biopsied using needle aspiration after a 12-h fast and used
for RNAseq analysis (4). Conditioned media was generated from
visceral (VAT) and SAT biopsies obtained from 7 obese individuals
who were undergoing gastric bypass surgery. Subjects gave written
informed consent and were excluded if they had a body mass index
(BMI) < 20 kg/m? or > 25 kg/m? for lean and athletes, and BMI <
30 kg/m? for obese and T2D individuals; or had fasting triglycerides
>150 mg/dl, liver, kidney, thyroid, or lung disease. Sedentary sub-
jects were engaged in planned physical activity <2 h/wk. Endurance
athletes were masters athletes training for cycling and triathlon com-
petitions. Individuals with type 2 diabetes were excluded from the
study if they used insulin and/or thiazolidinediones. All other medi-
cations were permissible, but washed out for 2 wk before metabolic
testing. Volunteers in other groups were not taking medications.
Subjects were weight stable in the 6 mo before the study. This study
was approved by the Colorado Multiple Institution Review Board at
the University of Colorado.

Preliminary testing. Subjects reported to the Clinical Translational
Research Center (CTRC) for screening procedures following a 12-h
overnight fast, where they were given a health and physical exami-
nation, followed by a fasting blood draw. Volunteers underwent a
standard 75-g oral glucose tolerance test to verify glucose tolerance.
Percent body fat and leg lean mass were determined using DEXA
analysis (Lunar DPX-IQ, Lunar, Madison, WI).

Exercise control. Subjects were asked to refrain from planned
physical activity for 48 h before the metabolic study.

Insulin clamp study. Volunteers spent the night on the CTRC to
ensure compliance with the overnight fast. After a 12-h overnight fast,
an antecubital vein was cannulated in one arm for infusions of insulin,
[6,6-2Hz]glucose, and dextrose, and a retrograde dorsal hand vein was
catheterized in the contralateral side for blood sampling via the heated
hand technique. A primed continuous infusion of [6,6->Hx]glucose
was initiated at 0.04 mg-kg™'-min~! and continued throughout a 2-h
equilibrium period and the 3-h insulin clamp. After 2 h of tracer
equilibration, a percutaneous needle biopsy was taken from midway
between the greater trochanter of the femur and the patella. In a subset
of obese individuals, IMAT sampled from the vastus lateralis was
immediately washed in PBS and saved to generate conditioned media.
In all other subjects, muscle was immediately flash frozen in liquid
nitrogen and stored at —80°C until IMAT dissection described below.
A hyperinsulinemic-euglycemic clamp was then initiated and contin-
ued for the next 3 h using the method of DeFronzo et al. (10) as
previously described for this cohort (39). Briefly, a primed continuous
infusion of insulin was administered at 40 mU-m ™ 2-min~ ! for 3 h. A
variable infusion of 20% dextrose was infused to maintain blood
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glucose ~90 mg/dl. The dextrose infusion used to maintain euglyce-
mia was labeled with [6,6-*H>]glucose (Cambridge Isotope Labora-
tories, Tewksbury, MA) to maintain stable enrichment of plasma
glucose. Glucose rate of disappearance (glucose Rd) was calculated as
previously described (12).

Conditioned media experiments. IMAT was sampled from the
vastus lateralis while obtaining muscle biopsies in seven obese indi-
viduals, immediately dissected away from skeletal muscle on ice
using a dissecting microscope, washed in PBS, and cultured in
DMEM (1 ml media/50 mg IMAT) for 48 h at 37°C in 5% CO, to
generate conditioned media. Conditioned media was generated in the
same way from VAT and SAT collected from individuals undergoing
gastric bypass surgery. For this comparison, patients with similar
fasting glucose, HbAlc, and age were chosen to minimize potential
confounding variables. IMAT, VAT, and SAT conditioned media was
administered to primary myotubes from a separate group of insulin-
resistant obese donors (n = 5; age 36.2 = 2.1 yr; BMI 37.0 = 1.7
kg/m?; sex: 3 men and 2 women; 3.8 = 0.9 mg-kg™"-min~! glucose
infusion rate (GIR) during a 40 mU-m~2-min "~ ! insulin clamp) during
days 5-7 of differentiation at 5% of total media volume for 3.5 h.
Myotubes were grown using standard techniques (16), while insulin
sensitivity was determined using an insulin-stimulated glycogen syn-
thesis assay using a final insulin concentration of 100 nM (45), and
myotube lipid accumulation and conditioned media FFA content were
measured as previously described (23). Data were normalized to the
control condition to account for differences in donor insulin sensitiv-
ity.

Biopsy processing. Flash-frozen muscle biopsies were cut into
smaller 20- to 30-mg pieces and dissected on ice for 1-1.5 min to
separate IMAT from skeletal muscle using a dissection microscope.
IMAT and skeletal muscle samples were not contaminated by other
tissues as observed under a dissecting scope before RNA extraction
described below. No attempt was made to separate adipocytes from
stromal vascular cells in the isolated IMAT as our goal was to
examine IMAT as a complete tissue.

RNAseq. Total RNA was prepared from IMAT, skeletal muscle,
and subcutaneous adipose tissue biopsies using the RNeasy Lipid
Tissue Kit (QIAGEN) according to the manufacturer’s instructions.
The quality of the isolated RNA was determined with the Agilent
2100 Bioanalyzer (RNA 6000 Nano Kit, Agilent). All samples had a
RNA integrity number (RIN) value > 7. Samples were handled in a
blinded fashion during the library preparation and sequencing process.

For library preparation, 300 wg of total RNA per sample was used.
RNA molecules were poly(A) selected, fragmented, and reverse
transcribed with the Elute, Prime, Fragment Mix (Illumina, San
Diego, CA). End-repair, A-tailing, adaptor ligation, and library en-
richment were performed as described in the Low-Throughput Proto-
col of the TruSeq RNA Sample Prep Guide (Illumina) using the Bravo
Automated Liquid Handling Platform (Agilent Technologies, Santa
Clara, CA). RNA libraries were assessed for quality and quantity with
the Agilent 2100 Bioanalyzer and the Quant-iT PicoGreen dsDNA
Assay Kit (Thermo Fisher, Waltham, MA). RNA libraries were
sequenced as 100-bp paired-end runs on an Illumina HiSeq2500
platform. Primary analysis for base calling and quality scorning was
performed using the Real-Time Analysis software (Illumina). Se-
quences were aligned against the hgl9 genome and UCSC known-
Gene annotation assembly (GTF file) with GEM mapper (version
1.7.1) using standard parameters (except mismatches = 0.04 and
min-decoded-strata = 2). Read counts were calculated using HTSeq-
count (version 0.6.0) with the same annotation files as for mapping.

Statistical analysis. Differences between groups and tissues were
analyzed using a 1-way ANOVA (SPSS, Chicago, IL). When signif-
icant differences were detected, individual means were compared
using Student’s z-tests to determine differences between groups. For
RNAseq analysis, we followed the recently published workflow de-
scribed by Law et al. to analyze data including the “edgeR” and
“limma” package in R. Specifically, for the analysis of RNAseq data
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comparing SAT, muscle, and IMAT, raw counts were filtered using
edgeR (raw counts = 25 in =8 samples). The raw counts of the
remaining 15,550 genes were converted to counts per million (CPM)
and log,-counts per million (log-CPM) values using edgeR (43).
Values were normalized by the method of trimmed mean of M-values
(TMM) (44). Limma was used to make multidimensional (MDS)
plots (42).

To correlate gene expression and glucose Rd during the clamp for
the IMAT RNAseq data, one sample was excluded as no glucose Rd
was available. We used genes with more than 25 counts = 70% of the
IMAT samples; 13,476 genes passed the criteria and were used for
downstream analyses. All genes significantly correlated to glucose Rd
were evaluated within the GAGE package in R (34). We used the
“pathview” package to visualize the correlation coefficients within the
pathways in R (33). A priori hypotheses for genes representing
macrophages, cytokines, extracellular matrix, and perilipins were
corrected for multiple comparisons using the Benjamini-Hochberg
method. An «a level of 0.05 was used for statistical significance.

RESULTS

Demographic information for obese donors used in condi-
tioned media experiments for IMAT, VAT, and SAT are
shown in Table 1. Individuals in the SAT/VAT group were
significantly more obese than the IMAT group (P < 0.05).
Demographics for lean individuals used to compare gene
expression patterns of IMAT, skeletal muscle, and SAT are
shown in Table 2. All of the female and male subjects in this
comparison were lean with similar BMI and percent body fat
between groups. The age of individuals from which SAT
biopsies were obtained was significantly lower than the other
groups (P < 0.05). Demographic information for individuals
used to compare differences in IMAT gene expression across a
range of insulin sensitivities are shown in Table 3. There were
a roughly equal number of men and women in this study
(17/18), with a similar proportion of each sex in all groups. The
mean age was not significantly different between groups, with
BMI and body fat significantly lower in lean controls and
athletes by design. Glucose Rd during the insulin clamp was
significantly different between each group except for the com-
parison between lean individuals and endurance-trained ath-
letes which was of borderline significance (P = 0.06).

IMAT conditioned media decreases myotube insulin sens-
itivity. Conditioned media from IMAT, VAT, and SAT of
obese patients was administered separately to primary myo-
tubes from obese donors to evaluate if IMAT influences insulin
sensitivity in skeletal muscle through secreted factors. In the
control condition 100 nM of insulin for 1 h resulted in a
104 = 15% increase in insulin-stimulated glycogen storage.

Table 1. Subject demographics for conditioned media
analysis

Variable IMAT SAT/VAT
Sex, M/W 2/5 1/6
n 7 7
BMI, kg/m? 348 = 1.3 43.6 + 2.5%
Age, yr 433 2.1 47.6 3.8
HbAlc, % 59*+04 62=*04
Fasting glucose, mg/dl 93 £ 12 101 =13

Values are means = SE. M, men; W, women; BMI, body mass index;
HbAlc, hemoglobin Alc; IMAT, intermuscular adipose tissue; SAT, subcu-
taneous adipose tissue; VAT, visceral adipose tissue. *Significantly different
from IMAT conditioned media group.

IMAT IN HUMANS

IMAT and VAT conditioned media significantly decreased
insulin sensitivity compared with conditioned media from SAT
(P = 0.002) and DMEM control (P = 0.003, Fig. 1A4). The
decrease in insulin sensitivity was not significantly different
between IMAT and VAT. Conditioned media from SAT did
not change insulin sensitivity compared with DMEM control.
Effects of conditioned media on insulin sensitivity in vitro are
not due to a “non-self” immune response because there are no
immune cells in this primary culture model. These data indi-
cate that factors secreted from IMAT decrease insulin sensi-
tivity in vitro with a potency similar to VAT.

IMAT conditioned media increases myotube 1,2-diacylglyc-
erol concentration. To evaluate mechanisms explaining the
induction of insulin resistance in vitro, we administered con-
ditioned media to myotubes to evaluate if SAT, VAT, and
IMAT conditioned media altered bioactive lipid accumulation.
We found that VAT and IMAT conditioned media significantly
increased myotube 1,2-diacylglycerol (DAG) content, but did
not result in significant changes in ceramides, dihydrocera-
mides, sphingomyelins, glucosylceramides, or lactosylcer-
amides (Fig. 1, B-G). These data suggest that the VAT and
IMAT secretome promote insulin resistance by inducing 1,2-
DAG accumulation in skeletal muscle.

Basal lipolytic rates of SAT, VAT, and IMAT. Conditioned
media from SAT, VAT, and IMAT were lipid extracted and
analyzed for free fatty acids (FFA) using lipidomics, with FFA
release rates normalized to dry tissue weight. We found similar
rates of basal lipolysis in VAT and IMAT, which were both
significantly greater than SAT (Fig. 1H). Composition analysis
revealed the majority of the increased rates of lipolysis in VAT
and IMAT could be explained by release of 16:0 and 18:0, with
significantly greater rates of 18:1 and 18:2 release also found in
VAT compared with SAT (Fig. 11).

IMAT has a gene expression pattern distinct from skeletal
muscle and subcutaneous fat. A multidimensional scaling
(MDS) plot in Fig. 2 shows differences in gene expression
between IMAT, muscle, and SAT based on the 1,500 most
divergent genes. All three tissues showed clearly separated
expression profiles with all samples from one depot clustering
together, with further grouping within adipose tissues based on
sex. These results indicate that IMAT has a unique transcrip-
tome, which is different from that of muscle and subcutaneous
fat.

IMAT gene expression correlates with insulin sensitivity.
The schematic of the workflow is depicted in Fig. 3. Within the
IMAT transcriptome, 988 genes correlated negatively and
1,234 genes correlated positively with glucose Rd. We used
significantly correlated genes to find enriched pathways using
the KEGG database (24a). Fifty-four pathways were identified
containing at least 10 significantly enriched correlated genes
(Table 4). Among these pathways, there were eight pathways
directly linked to the immune system and four pathways related
to the extracellular matrix and local fibrosis.

Analysis of IMAT signaling pathways associated with insu-
lin sensitivity. Pathway analysis showed the insulin signaling
pathway for IMAT was positively related to insulin sensitivity,
with relationship of individual genes to glucose Rd shown in
Fig. 4A. The JAK/STAT and MAPK signaling pathways in
IMAT were negatively related to insulin sensitivity with the
relationship of individual genes to glucose Rd shown in Fig. 4,
B and C. These data suggest that IMAT insulin signaling
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Table 2. Subject demographics for skeletal muscle versus IMAT versus SAT RNAseq comparison

Skeletal Muscle IMAT SAT
Variable Men Women Men Women Men ‘Women
n 6 6 3 5 5 4
BMI, kg/m? 227 +14 21.7 0.5 21.0 = 2.1 214 +04 234 +0.7 22.6 =09
Age, yr 432 £ 4.1 425%25 447 £ 4.7 39.6 2.6 28.4 £ 3.1%F 27.5 + 3.5%F
% Fat 15.1 £2.6 29.0 = 2.1 18.1 £ 4.0 29.7 26 18.8 £3.6 29.0 = 4.5

Values are means * SE. BMI, body mass index; OGTT, oral glucose tolerance test; IMAT, intermuscular adipose tissue; SAT, subcutaneous adipose tissue;
VAT, visceral adipose tissue. *Significantly different from skeletal muscle group, fsignificantly different from IMAT group: P < 0.05.

parallels whole body insulin sensitivity, and could be nega-
tively influenced by inflammation through the JAK/STAT and
MAPK pathways. Insulin normally inhibits lipolysis in adipose
tissue, so insulin-resistant IMAT could increase local release of
free fatty acids into interstitial fluid surrounding muscle. Path-
way analysis revealed a positive relationship of IMAT oxida-
tive phosphorylation to insulin sensitivity (Fig. 4D). These data
suggest insulin-resistant IMAT may have decreased mitochon-
drial function and lipid oxidation, which could also contribute
to enhanced release of free fatty acids into interstitial fluid
surrounding muscle.

Macrophage marker and inflammatory cytokine gene expr-
ession. Common macrophage marker genes were evaluated in
IMAT, and we found colony stimulating factor 1 (CSFI),
cluster of differentiation 163 (CD163), monocyte chemotactic
protein 1 (MCP1), integrin subunit alpha M (ITGAM), colony
stimulating Factor 1 Receptor (CSFIR), integrin subunit alpha
X (ITGAX), and C-type lectin domain family 7 member A
(CLEC7A) were negatively correlated to insulin sensitivity
(Fig. 5A). We found significant negative relationships between
insulin sensitivity and several inflammatory cytokines such as
plasminogen activator inhibitor 1 (PAI-1) and MCP]I (Fig. 5B),
whereas there were no significant relationships between IMAT
anti-inflammatory gene expression and insulin sensitivity. TNF
alpha-induced protein 3 (TNFAIP3) codes for a protein that
limits TNFa-induced NFkB inflammation (9), and was also
significantly related to glucose Rd. These data not only indicate
that IMAT contains macrophages proportional to insulin sen-
sitivity, but also suggests that macrophage cytokine secretion
within IMAT is negatively related to insulin sensitivity.

Extracellular matrix gene expression. Among the IMAT
genes that strongly correlated with glucose Rd, the expression
of extracellular matrix genes collagen type XXIV alpha 1
(COL24A1), discoidin domain receptor family, member 1

(DDR1), and connective tissue growth factor (CTGF) scaled to
insulin sensitivity (Fig. 5C). There are many cell types in
adipose tissue, including fibroblasts, that may also contribute to
extracellular matrix protein secretion (13). Therefore, we eval-
uated the relationship of fibroblast markers fibroblast speci-
fic protein 1 (FSPI), prolyl 4-hydroxylase subunit alpha 2
(P4HA2), fibroblast activation protein alpha (FAP), prolyl
4-hydroxylase subunit alpha 1 (P4HAI), and prolyl 4-hydrox-
ylase subunit beta (P4HB) to insulin sensitivity and only found
FSPI was significantly related to insulin sensitivity after cor-
recting for multiple comparisons (Fig. 5C).

Lipolytic and peroxisome gene expression. Expression of
genes involved in regulating lipolysis was analyzed to evaluate
potential regulation of lipid droplet lipolysis in IMAT. Other
than a significant relationship between PLIN5 and glucose
Rd, there were no other significant relationships to insulin
sensitivity for genes regulating lipolysis (Fig. 6A). Addition-
ally, there was a positive relationship of the KEGG “Peroxi-
some” pathway to insulin sensitivity (Fig. 6B). We did not find
significant differences between groups in gene expression for
pathways of beta-oxidation or triglyceride reesterification. Al-
though we cannot exclude alterations in protein content or
activity to these pathways, these data suggest reduced peroxi-
some pathway expression may contribute to greater IMAT
FFA release in insulin-resistant individuals.

Figure 7 is a summary figure showing potential mechanisms
by which IMAT may promote decreased skeletal muscle insu-
lin sensitivity implicated in this study.

DISCUSSION

Due to its physical proximity, secreted FFA, proteins, and
cytokines from IMAT are likely particularly potent for regu-
lating muscle insulin sensitivity and metabolic function. Such

Table 3. Subject demographics for IMAT RNAseq comparisons to insulin sensitivity

Variable Athletes Lean Controls Obese Controls Type 2 Diabetes
n (W/M) 7 (3/4) 7 (4/3) 14 (6/8) 6 (3/3)
Age, yr 43323 415*+24 40.1 = 1.9 45725
BMI, kg/m? 22.0 £0.7 212 £0.7 36.4 = 1.47% 34.8 £ 1.7%
Body fat, % 17.0 £ 3.1% 25329 37.5 £ 2.57% 354 = 2.57%
Fasting glucose, mg/dl 84 £2 84 £3 89 £3 177 = 154§
2-h OGTT, mg/dl 77 =10 95 *5 9 *+6 329 *£ 267%§
HbAlc, % 54 *0.07 5.2 = 0.0671§ 54 *0.07 8.0 = 0.57%§
Glucose rate of disappearance, mg-kg™!-min~! 12.2 £ 0.7%§ 9.9 = 0.7*§ 5.1 £ 0.7%F% 2.3 £0.57%8
Proportion of parent group with sampled IMAT, % 62 73 71 83
IMAT weight, mg 27 %5 56 =13 71 =17 63 =20

Values are means = SE. W, women; M, men; BMI, body mass index; OGTT, oral glucose tolerance test; IMAT, intermuscular adipose tissue; SAT,
subcutaneous adipose tissue; VAT, visceral adipose tissue. *Significantly different from Type 2 diabetes; fsignificantly different from athletes; #significantly

different from lean; §significantly different from obese: P < 0.05.
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proximity also means that therapeutic interventions directed at
IMAT may powerfully alter muscle insulin sensitivity and
metabolic dysfunction. However, specific components of
IMAT signaling in humans that modify muscle metabolism are
not known and, therefore, cannot be targeted by a therapeutic
intervention. To our knowledge, this is the first publication to
directly sample IMAT in humans to reveal how IMAT may
impact muscle metabolism and insulin resistance. Key findings

IMAT IN HUMANS

from this study include: conditioned media from IMAT de-
creased insulin sensitivity in primary human myotubes with a
potency similar to VAT; administration of conditioned media
from IMAT and VAT increased myotube 1,2-DAG content;
VAT and IMAT have greater rates of basal lipolysis compared
with SAT; expression of macrophage markers, inflammatory
cytokines, and connective tissue markers in IMAT were sig-
nificantly greater in insulin-resistant individuals; and, finally,
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Fig. 1. Intermuscular adipose tissue (IMAT) conditioned media decreases insulin sensitivity. Conditioned media was generated from subcutaneous adipose tissue
(SAT), visceral adipose tissue (VAT), and IMAT, and administered along with DMEM-only control to primary myotubes from obese donors for 3.5 h at 5%
of total media volume. Insulin sensitivity was measured (A), along with changes in the content of 1,2-diacyl glycerol (1,2-DAG) (B), ceramides (C),
dihydroceramides (D), sphingomyelin (E), glucosylceramides (F), and lactosylceramides (G). The free fatty acid (FFA) content of conditioned media was
measured to calculate basal lipolytic rates (H) as well as the composition of individual FFA species (/) from SAT, VAT, and IMAT in culture. Values are
means * SE. ¥Significantly different from SAT, #significantly different from control: P < 0.05.
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Fig. 2. Intermuscular adipose tissue (IMAT) has a unique
transcriptome compared with muscle and subcutaneous
adipose tissue. Multidimensional scaling (MDS) plot of
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adipose tissue (SAT) samples from RNAseq analyses over
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genes. Red = IMAT; blue = muscle; purple = SAT.
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IMAT RNA expression in insulin-resistant individuals was
consistent with increased rates of IMAT lipolysis and intersti-
tial FFA concentration leading to muscle lipid accumulation.
These data provide the first direct evidence that factors secreted
from IMAT contribute to the development of insulin resis-
tance.

To date, studies in humans have been limited to associations
between IMAT accumulation and metabolic outcomes due to
the difficulty in sampling this tissue depot. To determine if
skeletal muscle or SAT was collected in our IMAT samples,
we compared gene expression patterns in skeletal muscle,
IMAT, and SAT from lean individuals. Our analyses revealed
distinct gene expression patterns between these tissue depots,
suggesting contamination between tissues was unlikely. Simi-
lar to what has been previously reported in livestock (8, 29), we
interpret these data to suggest that IMAT is a separate tissue
depot with a unique gene expression signature that differs
markedly from skeletal muscle and subcutaneous adipose tis-
sue in humans.

Our functional in vitro experiments show IMAT and VAT
secreted factors that decreased muscle insulin sensitivity rela-
tive to SAT. The components of IMAT conditioned media
causing insulin resistance are not known. However, the tran-
scriptomic signature of IMAT suggests it may contain macro-
phages that secrete inflammatory cytokines and could promote
local inflammation in skeletal muscle. These data also support
the idea that IMAT may secrete proteins that influence the
extracellular matrix, and could increase local FFA concentra-
tion, both of which are known to impact muscle insulin
sensitivity (50). Our data show that IMAT and VAT condi-
tioned media increased muscle cell accumulation of 1,2-DAG,
which is known to decrease insulin signaling and sensitivity
through activation of novel PKC isoforms, and may help
explain the insulin resistance observed in vitro. These ideas are
supported by a recent study showing conditioned media from
fibroadipogenic precursors differentiated into adipocytes de-
creased insulin sensitivity and signaling in primary muscle cell
cultures (28). Together, these data indicate that secretions from

IMAT can decrease muscle insulin sensitivity similar to VAT,
and suggest that the IMAT secretome bathes the muscle in
factors that attenuate insulin sensitivity.

Although exact mechanisms by which IMAT promotes in-
sulin resistance are unknown, the initial report by Goodpaster
et al. (20) suggested IMAT may induce insulin resistance by
impairing muscle blood flow or insulin diffusion capacity, or
increasing local FFA concentration. Our data support the
concept that IMAT triglyceride lipolysis may increase intersti-
tial FFA concentration, leading to insulin resistance. This idea
is supported by human microdialysis studies showing that
obese compared with lean individuals have greater interstitial
glycerol concentrations (5, 47), and that individuals with type
2 diabetes compared with normal glucose-tolerant controls
have less inhibition of muscle and IMAT lipolysis in response
to insulin (24). Additionally, when compared with SAT, lipol-

28472 genes in total

‘ (25 counts >=70% of samples)/gene ‘

13476 genes

' Correlation with glucose Rd |

}

‘ 2222 significant correlated genes (p < 0.05) ‘

)

988 genes 1234 genes 54 KEGG pathways
correlated negatively correlated positively correlating with glucose Rd

Fig. 3. Schematic workflow of correlating gene expression with glucose rate of
disappearance (Rd). From the initial 28,472 genes we only used genes with at
least 25 counts in 70% of the intermuscular adipose tissue (IMAT) samples.
This left 13,476 genes, from which 2,222 genes were significantly correlated
with glucose Rd (P < 0.05). Of these genes, 988 genes correlated negatively
and 1,234 genes correlated positively with glucose Rd. Additionally, we found
54 KEGG pathways which showed a correlation with glucose Rd. For more
details, see text and METHODS.
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Table 4. Complete list of the 54 identified enriched KEGG pathways using all 2,222 genes significantly correlated to Rd

with a P value < 0.05

KEGG ID Pathway Gene Set Level Change Gene (n)
hsa03010 Ribosome 5.541 52
hsa00190 Oxidative phosphorylation 4.295 31
hsa00280 Valine. leucine and isoleucine degradation 3.689 18
hsa00240 Pyrimidine metabolism 2.702 15
hsa00640 Propanoate metabolism 2.537 10
hsa00230 Purine metabolism 2.113 17
hsa04146 Peroxisome 1.807 13
hsa04910 Insulin signaling pathway 1.304 25
hsa03040 Spliceosome 1.291 22
hsa04150 mTOR signaling pathway 1.168 15
hsa04141 Protein processing in endoplasmic reticulum 0.838 19
hsa04920 Adipocytokine signaling pathway 0.637 11
hsa04012 ErbB signaling pathway 0.605 11
hsa04142 Lysosome 0.529 14
hsa04530 Tight junction 0.418 14
hsa03008 Ribosome biogenesis in eukaryotes 0.332 13
hsa04114 Oocyte meiosis 0.315 11
hsa00564 Glycerophospholipid metabolism 0.167 14
hsa04914 Progesterone-mediated oocyte maturation 0.146 15
hsa03013 RNA transport —0.118 22
hsa04960 Aldosterone-regulated sodium reabsorption —0.202 10
hsa04722 Neurotrophin signaling pathway —-0.222 16
hsa04110 Cell cycle —0.278 17
hsa04144 Endocytosis —0.311 30
hsa04370 VEGF signaling pathway —0.374 13
hsa04120 Ubiquitin mediated proteolysis —0.465 24
hsa04912 GnRH signaling pathway —0.483 11
hsa04620 Toll-like receptor signaling pathway —0.532 19
hsa04730 Long-term depression —0.567 10
hsa03015 mRNA surveillance pathway —0.619 10
hsa04010 MAPK signaling pathway —0.766 33
hsa04916 Melanogenesis —0.907 10
hsa04310 Wnat signaling pathway —0.955 23
hsa04510 Focal adhesion —0.986 18
hsa04210 Apoptosis —1.068 16
hsa04630 Jak-STAT signaling pathway —1.140 17
hsa04360 Axon guidance —1.225 13
hsa04115 p53 signaling pathway —1.457 12
hsa04070 Phosphatidylinositol signaling system —1.488 11
hsa04660 T cell receptor signaling pathway —1.535 20
hsa04664 Fc epsilon RI signaling pathway —1.759 18
hsa04810 Regulation of actin cytoskeleton —2.065 28
hsa04020 Calcium signaling pathway —2.393 16
hsa04621 NOD-like receptor signaling pathway —2.457 12
hsa04662 B cell receptor signaling pathway —2.388 22
hsa04062 Chemokine signaling pathway —2.398 35
hsa04514 Cell adhesion molecules (CAMs) —2.618 18
hsa04145 Phagosome —=2.707 18
hsa04640 Hematopoietic cell lineage —3.747 11
hsa04666 Fc gamma R-mediated phagocytosis —3.125 21
hsa04610 Complement and coagulation cascades —3.828 12
hsa04670 Leukocyte transendothelial migration —3.453 15
hsa04650 Natural killer cell mediated cytotoxicity —3.269 23
hsa04380 Osteoclast differentiation —3.335 32

A gene set level change > 0 implies a positive change of genes within the pathway to insulin sensitivity and vice versa. Gene (n) indicates the number of genes

used in the gene set test by gage().

ysis in muscle and IMAT is less inhibited in response to insulin
(7, 36, 47) and increases more in response to fasting (17).
IMAT mRNA expression of genes controlling lipolysis did not
reveal coordinated changes suggestive of increased capacity
for IMAT lipolysis in insulin-resistant individuals. However,
basal lipolytic rates were significantly greater in VAT and
IMAT compared with SAT. These data suggest that regulation
of lipolysis, rather than capacity for lipolysis, may explain
differences in basal lipolytic rates measured between tissues in

vitro. IMAT’s high lipolytic activity and close proximity to
muscle mean that it likely plays an important role in regulating
local FFA concentration, and the increase in muscle interstitial
glycerol found in insulin-resistant individuals.

Similar to a report on fibroadipogenic precursors from hu-
man skeletal muscle (1), our data suggest IMAT insulin sen-
sitivity parallels whole body insulin sensitivity. Similar to
reports of adipose tissue insulin resistance in other studies (3,
24), decreased IMAT insulin sensitivity would attenuate insu-
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Fig. 4. Pathway analysis of human intermuscular adipose tissue (IMAT) revealed a downregulation of key pathways associated with insulin resistance.

Green

indicates a positive correlation whereas red indicates a negative correlation between the patient’s gene expression and insulin sensitivity. Key genes like the

insulin receptor (INSR), the serine-threonine protein kinase (AKT), and the glucose transporter GLUT4 (SLC2A4) were positively associated with

insulin

sensitivity, and therefore were downregulated in patients with low insulin sensitivity (A). The MAPK (B) and JAK/STAT (C) signaling pathways were inversely
related to insulin sensitivity. Oxidative phosphorylation (D) was associated with insulin sensitivity, and therefore is consistent with mitochondrial dysfunction

in insulin-resistant individuals. [KEGG pathways (24a) in panels A—D redrawn with permission. Copyright 2018 Kanehisa Laboratories.]

AJP-Endocrinol Metab - doi:10.1152/ajpendo.00243.2018 - www.ajpendo.org
Downloaded from journals.physiology.org/journal/ajpendo at Helmholtz Zentrum Muenchen 8146 107. 159 017) on April 27, 2020.



>

relative mRNA expression

w

relative mRNA expression

(@)

relative mRNA expression

10

Macrophage markers in IMAT

IMAT IN HUMANS

§ [ Athlete
—_— [] Lean T
Il Obese §
f T2D 8
} . e |
s I
5
L 1l | L1 bl | L1 1l | 1l Ll {1 |
oo} - - @© e S 14 le) < @ < = © - =
© e o = by 3 < o = © % < < o =
a »n o z o L Q = Q 9} <
° ° = 3 £ g 9 g °© 8 g é ° g 8
e o 9
s & 5 £
e = o 8
a
Inflammatory cytokine gene expression in IMAT
[ Athlete -+
] Lean
r B Obese
21 T2D 7
i
L o
_5
L § § H*%
1 1 1 1 1
i e by 2 o it
£ = g = 3 8
g O
IMAT Extracellular Matrix gene expression
[] Athletes
L Fei [] Lean
3 . Obese §
{J{k i ol 7 T2D -
S
i
s 4
i
S
Ll 1 L {11l Ll {1l ] Ll 1 il 11l | Ll {1l ] 1]
- - - - - - = o o - I\ I - [ > - o -
=T fE gz Eiisiiitigsgp
2 2 & & o & S =S £ £E £ a 0o g E B L
6o O O O 8 8

E875

Fig. 5. Intermuscular adipose tissue (IMAT) macrophage, cyto-
kine, and extracellular matrix gene expression correlates to
insulin sensitivity. IMAT mRNA expression of macrophage
markers (A), inflammatory cytokines (B), and extracellular ma-
trix proteins (C). Values are means = SE. CDG68, cluster of
differentiation 68; CSF1, colony stimulating factor 1; MCPI,
monocyte chemotactic protein 1; ADAMS, ADAM metallopep-
tidase domain 8; ITGAM, integrin subunit alpha M; MSRI,
macrophage scavenger receptor 1; CSFIR, colony stimulating
factor 1 receptor; MARCO, Macrophage Receptor With Collag-
enous Structure; CDI14, CDI14 molecule; CD163, Cluster of
Differentiation 163; ITGAX, integrin subunit alpha X; CLEC7A,
C-type lectin domain family 7 member A; IFNGRI, interferon
gamma receptor 1; SIGLECI, sialic acid binding Ig like lectin 1;
PAI-1, plasminogen activator inhibitor type 1; /L8, interleukin
18; TNFAIP3, TNF alpha induced protein 3; CXCLI2, stromal
cell-derived factor 1; CCLS5, C-C motif chemokine ligand 5.
COLI1AL, collagen type I alpha 1; COL4Al, collagen type IV
alpha 1; COL5AI, collagen type V alpha 1; COL6AI, collagen
type VI alpha 1; COL2IAI, collagen type XXI alpha 1;
COL24A1, collagen type XXIV alpha 1; FNI, fibronectin 1;
MMP2 and MMP9, matrix metalloproteinases 2 and 9, respec-
tively; TIMPI-3, tissue inhibitor of metalloproteinases 1-3;
DDRI, discoidin domain receptor family, member 1; CTGF,
connective tissue growth factor; ITGAYV, integrin alpha chain 5;
ITGAL, integrin alpha L; FBLN2, fibulin 2; FSPI, fibroblast
specific protein. §Significantly correlated to insulin sensitivity.
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Fig. 6. Intermuscular adipose tissue (IMAT) may influ-
ence interstitial free fatty acid (FFA) concentration pro-
mote muscle lipid accumulation. IMAT mRNA expres-
sion of genes involved in lipolytic regulation and their
relationship to insulin sensitivity (A), and a positive
relationship between the KEGG peroxisome pathway and
insulin sensitivity (B). PLINI encodes perilipin 1, PLIN2,
perilipin 2; PLIN3, perilipin 3; PLIN4, perilipin 4,
PLINS, perilipin 5, ATGL, adipose triglyceride lipase,
CGI-58, comparative gene identification-58, HSL, hor-
mone sensitive lipase, MAGL, monacylglycerol lipase,
FABP4, fatty acid binding protein 4, GOS2, G0/Gl
switch 2. §Significantly correlated to insulin sensitivity.
Green indicates a positive correlation between the gene
expression and insulin sensitivity. Key genes like the
sterol carrier protein 2 (SCP2), enoyl-CoA hydratase 1
(ECH]I), and ATP binding cassette subfamily D member
1 (ABCDI) were downregulated in insulin-resistant pa-
tients. [KEGG pathway (24a) in panel B redrawn with
permission. Copyright 2018 Kanehisa Laboratories. ]
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Fig. 7. Conceptual model for intermuscular adipose tissue (IMAT)-induced
insulin resistance. Potential mechanisms by which IMAT decreases insulin
sensitivity in neighboring skeletal muscle. FFA, free fatty acids; PAI-1,
plasminogen activator inhibitor 1; MCP-1, monocyte chemotactic protein
1.

lin inhibition of lipolysis and also contribute to increased
interstitial FFA concentration. Moreover, we found key genes
of the peroxisomal beta-oxidation pathway to be downregu-
lated in obesity and T2D. If there were no adaptive increases in
mitochondrial beta-oxidation or reesterification, this could con-
tribute to increased interstitial FFA concentration (32). To-
gether, these findings suggest IMAT may explain increased
muscle lipolytic rates found in obese individuals that promote
increased interstitial FFA concentration, leading to muscle
lipid accumulation, and ultimately decreased muscle insulin
sensitivity.

Visceral adipose tissue is thought to be uniquely deleterious
toward insulin sensitivity (41). Importantly, the relationship
between IMAT and insulin resistance is almost equally as
strong as for VAT (51), and our conditioned media data
revealed that the secretome of IMAT and VAT have a similar
ability to decrease insulin sensitivity. Animal studies found
low expression of mRINA for oxidative metabolism, and high
expression of inflammatory cytokines in IMAT (29), as well as
similar DNA methylation in VAT and IMAT with increased
expression of /L-6, TNFa, and PAI-1 compared with subcuta-
neous adipose tissue (31). Therefore, it appears that IMAT is a
uniquely regulated tissue that is functionally similar to VAT,
and is capable of secreting cytokines known to influence tissue
inflammation and function. We found that PAI-/ and MCPI
gene expression scaled to insulin resistance, as did TNFAIP3,
which codes for a protein that limits TNFa-induced NF«kB
inflammation (9). Therefore, IMAT may be both a target and a
source of inflammation in insulin-resistant humans.

The ability of IMAT to expand is limited by the morphology
of muscle, and we reasoned may also be limited by the
extracellular matrix (ECM), which is known to influence insu-
lin sensitivity in adipose tissue, liver, and skeletal muscle (25,
50). It is possible that IMAT, being contained with the muscle
fascia, may also be an example of adipose tissue with limita-
tions for expansion with negative effects on insulin sensitivity.

E877

Our data indicate IMAT may secrete proteins that modify
muscle ECM and decrease insulin sensitivity in humans.
Therefore, IMAT may increase muscle fibrosis, and could
influence the development of sarcopenia, age-related metabolic
dysfunction, as well as the greater declines in these parameters
in individuals with type 2 diabetes (38).

There are several limitations to this work. Individuals in our
SAT group were significantly younger compared with the
IMAT and skeletal muscle cohort, making it possible that the
differences shown in Fig. 2 could be influenced by age. We do
not have any measurements of total IMAT content in these
volunteers and therefore cannot determine if IMAT gene ex-
pression was related to IMAT content to understand the biol-
ogy of this tissue. Flash-frozen skeletal muscle biopsies from
which IMAT was isolated for RNAseq analysis were thawed
and quickly dissected on ice, which may have influenced the
gene expression profile. We did not separate IMAT into vari-
ous cell types as we wanted to study the tissue as a whole. It
would have been ideal to measure stimulated IMAT lipolysis to
evaluate the potential impact on muscle lipid delivery. Unfor-
tunately, fresh tissue was not available for these measurements.
Every attempt was made to prevent muscle contamination of
IMAT, but it is possible that muscle was also measured along
with IMAT in these analyses.

These data represent the first direct sampling and analysis of
IMAT in humans. IMAT conditioned media decreased insulin
sensitivity and caused accumulation of 1,2-DAG in primary
myotubes with a potency similar to VAT. These data indicate
that factors secreted by IMAT can contribute to the develop-
ment of muscle insulin resistance. We found IMAT mRNA
expression consistent with macrophage infiltration, cytokine,
and extracellular matrix secretion, and decreased insulin sig-
naling. Collectively, these data indicate that IMAT may be an
important regulator of skeletal muscle insulin sensitivity whose
importance we are just starting to appreciate.
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