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Abstract 41 
Intermuscular adipose tissue (IMAT) is negatively related to insulin sensitivity, but a 42 
causal role of IMAT in the development of insulin resistance is unknown. IMAT was 43 
sampled in humans to test for the ability to induce insulin resistance in vitro, and 44 
characterize gene expression to uncover how IMAT may promote skeletal muscle 45 
insulin resistance. Human primary muscle cells were incubated with conditioned media 46 
from IMAT, visceral (VAT), or subcutaneous adipose tissue (SAT) to evaluate changes 47 
in insulin sensitivity. RNAseq analysis was performed on IMAT with gene expression 48 
compared to skeletal muscle and SAT, and relationships to insulin sensitivity 49 
determined in men and women spanning a wide range of insulin sensitivity measured 50 
by hyperinsulinemic-euglycemic clamp. Conditioned media from IMAT and VAT 51 
decreased insulin sensitivity similarly compared to SAT. Multidimensional scaling 52 
analysis revealed distinct gene expression patterns in IMAT compared to SAT and 53 
muscle. Pathway analysis revealed IMAT expression of genes in insulin signaling, 54 
oxidative phosphorylation, and peroxisomal metabolism related positively to donor 55 
insulin sensitivity, while expression of macrophage markers, inflammatory cytokines, 56 
and secreted extracellular matrix proteins were negatively related to insulin sensitivity. 57 
Perilipin 5 gene expression suggested greater IMAT lipolysis in insulin resistant 58 
individuals. Combined, these data show that factors secreted from IMAT modulate 59 
muscle insulin sensitivity, possibly via secretion of inflammatory cytokines and 60 
extracellular matrix proteins, and by increasing local FFA concentration in humans. 61 
These data suggest IMAT may be an important regulator of skeletal muscle insulin 62 
sensitivity, and could be a novel therapeutic target for skeletal muscle insulin resistance. 63 
 64 
 65 
Keywords: Insulin sensitivity, myosteatosis, EMCL, adipose tissue distribution 66 
 67 
 68 
 69 
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Introduction 71 

Intermuscular adipose tissue (IMAT) is marbled within skeletal muscle and 72 

accounts for less than 5% of total thigh fat, but directly relates to insulin resistance, 73 

subclinical atherosclerosis, and metabolic syndrome (18, 20, 49). The first report 74 

showing IMAT content was negatively related to insulin sensitivity was published in 75 

2000 (20), and has been reinforced by nearly every investigation in this area across a 76 

wide range of muscle groups and individuals (6, 15, 18, 19, 35, 46, 48). IMAT content is 77 

negatively related to insulin sensitivity in many populations, including in men 78 

compared to women (6), African-Americans compared to Caucasians (15), and older 79 

compared to younger individuals (48). Unlike intramuscular triglyceride, IMAT is low 80 

in insulin sensitive endurance trained athletes (26), consistent with a negative 81 

relationship of IMAT to insulin sensitivity. Lifestyle interventions that increase insulin 82 

sensitivity either prevent IMAT accretion or reduce IMAT content while detraining 83 

increases IMAT content (11, 14, 21, 27, 37, 40).  Combined, these data suggest IMAT 84 

may influence muscle insulin sensitivity. Although IMAT is uniquely positioned to 85 

influence muscle metabolism and insulin sensitivity by bathing muscle with hormones, 86 

adipokines, proteins, and free fatty acids, little is known about potential mechanisms by 87 

which IMAT may influence adjacent tissues due to the difficulty of accessing it. 88 

Signaling and secretory properties of other adipose tissue depots such as 89 

subcutaneous and visceral fat play key roles in the induction of insulin resistance, 90 

inflammation, and tissue dysfunction (22, 30).   To date, we know adipose tissue 91 

secretes nearly 300 proteins, which act as endocrine, paracrine, and autocrine signals 92 
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(30). Because of its physical proximity to skeletal muscle, IMAT may be a key factor 93 

regulating muscle insulin resistance and metabolic dysfunction, without measurable 94 

changes in systemic blood concentrations. Such proximity also means that therapeutic 95 

interventions directed at IMAT may powerfully alter muscle insulin sensitivity, and 96 

metabolic dysfunction. To date, IMAT has not been characterized in detail, so how 97 

interventions could be directed at IMAT are not known. 98 

 The purpose of this study was to directly sample IMAT in humans with a wide 99 

range of insulin sensitivities to directly test if IMAT induces insulin resistance in vitro, 100 

and to characterize IMAT gene expression to gain insight into how IMAT may promote 101 

skeletal muscle insulin resistance. 102 

 103 

Methods 104 

Subjects 105 

Seven lean endurance trained athletes (athletes), 7 lean sedentary controls (lean), 106 

21 sedentary obese individuals (obese), and 6 individuals with type 2 diabetes (T2D) 107 

were included in this study for IMAT conditioned media and RNAseq analysis. Skeletal 108 

muscle biopsies were also used for RNAseq analysis from 12 lean individuals in this 109 

study.  In a separate cohort of 10 lean men and women that has been previously 110 

described (2), gluteal subcutaneous adipose tissue (SAT) was biopsied using needle 111 

aspiration after a 12-hour fast and used for RNAseq analysis (4). Conditioned media 112 

was generated from visceral (VAT) and SAT biopsies obtained from 7 obese individuals 113 

who were undergoing gastric bypass surgery.  Subjects gave written informed consent, 114 
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and were excluded if they: had a body mass index (BMI) < 20 kg/m2 or > 25 kg/m2 for 115 

lean and athletes, and BMI <30 for obese and T2D, or had fasting triglycerides 116 

>150mg/dl, liver, kidney, thyroid, or lung disease. Sedentary subjects were engaged in 117 

planned physical activity < 2 hours/week. Endurance athletes were masters athletes 118 

training for cycling and triathlon competitions. Individuals with type 2 diabetes were 119 

excluded from the study if they used insulin and/or thiazolidinediones. All other 120 

medications were permissible, but washed out for two weeks prior to metabolic testing. 121 

Volunteers in other groups were not taking medications.  Subjects were weight stable in 122 

the 6 months prior to the study. This study was approved by the Colorado Multiple 123 

Institution Review Board at the University of Colorado. 124 

 125 

Preliminary Testing 126 

Subjects reported to the Clinical Translational Research Center (CTRC) for 127 

screening procedures following a 12-hour overnight fast, where they were given a 128 

health and physical examination, followed by a fasting blood draw. Volunteers 129 

underwent a standard 75g oral glucose tolerance test to verify glucose tolerance. 130 

Percent body fat and leg lean mass was determined using DEXA analysis (Lunar DPX-131 

IQ, Lunar Corporation, Madison, WI).  132 

 133 

Exercise Control 134 

 Subjects were asked to refrain from planned physical activity for 48 hours before the 135 

metabolic study. 136 
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 137 

Insulin Clamp Study 138 

Volunteers spent the night on the CTRC to ensure compliance with the overnight 139 

fast. After a 12-hour overnight fast, an antecubital vein was cannulated in one arm for 140 

infusions of insulin, [6,6-2H2]glucose, and dextrose, and a retrograde dorsal hand vein 141 

was catheterized in the contralateral side for blood sampling via the heated hand 142 

technique. A primed continuous infusion of [6,6-2H2]glucose was initiated at 0.04 143 

mg/kg/min and continued throughout a 2-hour equilibrium period and the 3-hour 144 

insulin clamp. After 2 hours of tracer equilibration, a percutaneous needle biopsy was 145 

taken from midway between the greater trochanter of the femur and the patella. In a 146 

subset of obese individuals, IMAT sampled from the vastus lateralis was immediately 147 

washed in PBS and saved to generate conditioned media. In all other subjects, muscle 148 

was immediately flash frozen in liquid nitrogen and stored at -80ºC until IMAT 149 

dissection described below. A hyperinsulinemic-euglycemic clamp was then initiated 150 

and continued for the next 3 hours using the method of DeFronzo et al (10) as previously 151 

described for this cohort (39). Briefly, a primed continuous infusion of insulin was 152 

administered at 40 mU/m2/min for 3 hours.  A variable infusion of 20% dextrose was 153 

infused to maintain blood glucose ~90 mg/dl. The dextrose infusion used to maintain 154 

euglycemia was labeled with [6,6-2H2]glucose (Cambridge Isotope Labs, Tewksbury, 155 

MA) to maintain stable enrichment of plasma glucose. Glucose rate of disappearance 156 

(glucose Rd) was calculated as previously described (12). 157 

 158 
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Conditioned media experiments 159 

 IMAT was sampled from the vastus lateralis while obtaining muscle biopsies in 7 160 

obese individuals, immediately dissected away from skeletal muscle on ice using a 161 

dissecting microscope, washed in PBS, and cultured in DMEM (1ml media/50mg 162 

IMAT) for 48 hours at 37°C in 5% CO2 to generate conditioned media. Conditioned 163 

media was generated in the same way from VAT and SAT collected from individuals 164 

undergoing gastric bypass surgery.  For this comparison, patients with similar fasting 165 

glucose, HbA1c, and age were chosen to minimize potential confounding variables. 166 

IMAT, VAT, and SAT conditioned media was administered to primary myotubes from 167 

a separate group of insulin resistant obese donors (n=5, Age: 36.2±2.1 yrs, BMI: 37.0±1.7 168 

kg/m2, sex:3M/2F, 3.8±0.9 mg/kg/min GIR during a 40mU/m2/min insulin clamp) 169 

during day 5-7 of differentiation at 5% of total media volume for 3.5 hours. Myotubes 170 

were grown using standard techniques (16), while insulin sensitivity was determined 171 

using an insulin stimulated glycogen synthesis assay using a final insulin concentration 172 

of 100nM (45), and myotube lipid accumulation and conditioned media FFA content 173 

measured as previously described (23). Data were normalized to the control condition 174 

to account for differences in donor insulin sensitivity. 175 

 176 

Biopsy processing 177 

Flash frozen muscle biopsies were cut into smaller 20-30mg pieces and dissected 178 

on ice for 1-1.5 minutes to separate IMAT from skeletal muscle using a dissection 179 

microscope. IMAT and skeletal muscle samples were not contaminated by other tissues 180 
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as observed under a dissecting scope prior to RNA extraction described below. No 181 

attempt was made to separate adipocytes from stromal vascular cells in the isolated 182 

IMAT as our goal was to examine IMAT as a complete tissue.  183 

 184 

RNAseq 185 

Total RNA was prepared from IMAT, skeletal muscle, and subcutaneous adipose 186 

tissue biopsies using the RNeasy Lipid Tissue Kit (QIAGEN®) according to the 187 

manufacture’ s instructions. The quality of the isolated RNA was determined with the 188 

Agilent 2100 Bioanalyzer (RNA 6000 Nano Kit, Agilent). All samples had a RNA 189 

integrity number (RIN) value greater than 7. Samples were handled in a blinded fashion 190 

during the library preparation and sequencing process.  191 

For library preparation, 300μg of total RNA per sample was used. RNA 192 

molecules were poly(A) selected, fragmented, and reverse transcribed with the Elute, 193 

Prime, Fragment Mix (Illumina Inc., San Diego, CA). End repair, A-tailing, adaptor 194 

ligation, and library enrichment were performed as described in the Low Throughput 195 

protocol of the TruSeq RNA Sample Prep Guide (Illumina Inc., San Diego, CA) using 196 

the Bravo Automated Liquid Handling Platform (Agilent Technologies, Santa Clara, 197 

CA). RNA libraries were assessed for quality and quantity with the Agilent 2100 198 

Bioanalyzer and the Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher, Waltham, 199 

MA). RNA libraries were sequenced as 100 bp paired-end runs on an Illumina 200 

HiSeq2500 platform. Primary analysis for base calling and quality scorning was 201 

performed using the Real-Time Analysis software (Illumina Inc., San Diego, CA). 202 
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Sequences were aligned against the hg19 genome and UCSC knownGene annotation 203 

assembly (GTF file) with GEM mapper (version 1.7.1) using standard parameters 204 

(except mismatches=0.04 and min-decoded-strata=2). Read counts were calculated 205 

using HTSeq-count (version 0.6.0) with the same annotation files as for mapping.  206 

 207 

Statistical Analysis 208 

Differences between groups and tissues were analyzed using a 1-way ANOVA 209 

(SPSS, Chicago, IL). When significant differences were detected, individual means were 210 

compared using Students t-tests to determine differences between groups. For RNAseq 211 

analysis, we followed the recently published workflow described by Law et al. to 212 

analyze data including the ‘edgeR’ and ‘limma’ package in R.  Specifically, for the 213 

analysis of RNAseq data comparing SAT, muscle, and IMAT, raw counts were filtered 214 

using edgeR (raw counts ≥25 in ≥8 samples). The raw counts of the remaining 15,550 215 

genes were converted to counts per million (CPM) and log2-counts per million (log-216 

CPM) values using edgeR (43). Values were normalized by the method of trimmed 217 

mean of M-values (TMM) (44). Limma was used to make multidimensional (MDS) plots 218 

(42). 219 

To correlate gene expression and glucose Rd during the clamp for the IMAT 220 

RNAseq data, one sample was excluded as no glucose Rd was available. We used genes 221 

with more than 25 counts ≥70% of the IMAT samples. 13476 genes passed the criteria 222 

and were used for down-stream analyses. All genes significantly correlated to glucose 223 

Rd were evaluated within the GAGE package in R (34). We used the ‘pathview’ package 224 
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to visualize the correlation coefficients within the pathways in R (33). A priori 225 

hypotheses for genes representing macrophages, cytokines, extracellular matrix, and 226 

perilipins were corrected for multiple comparisons using the Benjamini-Hochberg 227 

method. An alpha level of 0.05 was used for statistical significance.   228 

 229 
 230 
Results 231 
 232 

Demographic information for obese donors used in conditioned media 233 

experiments for IMAT, VAT, and SAT from are shown in Table 1a. Individuals in the 234 

SAT/VAT group were significantly more obese than the IMAT group (p<0.05). 235 

Demographics for lean individuals used to compare gene expression patterns of IMAT, 236 

skeletal muscle, and SAT are shown in Table 1b. All of the female and male subjects in 237 

this comparison were lean with similar BMI and % body fat between groups. The age of 238 

individuals from which SAT biopsies were obtained was significantly lower than the 239 

other groups (p<0.05).  Demographic information for individuals used to compare 240 

differences in IMAT gene expression across a range of insulin sensitivities are shown in 241 

Table 1c. There were a roughly equal number of men and women in this study (17/18), 242 

with a similar proportion of each sex in all groups.  The mean age was not significantly 243 

different between groups, with BMI and body fat significantly lower in lean controls 244 

and athletes by design. Glucose Rd during the insulin clamp was significantly different 245 

between each group except for the comparison between lean individuals and endurance 246 

trained athletes which was of borderline significance (p=0.06).  247 

 248 
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IMAT conditioned media decreases myotube insulin sensitivity 249 

 Conditioned media from IMAT, VAT, and SAT of obese patients were 250 

administered separately to primary myotubes from obese donors to evaluate if IMAT 251 

influences insulin sensitivity in skeletal muscle through secreted factors. In the control 252 

condition 100nM of insulin for 1 hour resulted in a 104±15% increase in insulin 253 

stimulated glycogen storage. IMAT and VAT conditioned media significantly decreased 254 

insulin sensitivity compared to conditioned media from SAT (p=0.002) and DMEM 255 

control (p=0.003, Figure 1A). The decrease in insulin sensitivity was not significantly 256 

different between IMAT and VAT. Conditioned media from SAT did not change insulin 257 

sensitivity compared to DMEM control. Effects of conditioned media on insulin 258 

sensitivity in vitro are not due to a “non-self” immune response because there are no 259 

immune cells in this primary culture model.  These data indicate that factors secreted 260 

from IMAT decrease insulin sensitivity in vitro with a potency similar to VAT. 261 

 262 

IMAT conditioned media increases myotube 1,2-diacylglycerol concentration 263 

 To evaluate mechanisms explaining the induction of insulin resistance in vitro, 264 

we administered conditioned media to myotubes to evaluate if SAT, VAT, and IMAT 265 

conditioned media altered bioactive lipid accumulation. We found that VAT and IMAT 266 

conditioned media significantly increased myotube 1,2-diacylglycerol (DAG) content, 267 

but did not result in significant changes in ceramides, dihydroceramides, 268 

sphingomyelins, glucosylceramides, or lactosylceramides (Figures 1B-1G). These data 269 
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suggest that the VAT and IMAT secretome promote insulin resistance by inducing 1,2-270 

DAG accumulation in skeletal muscle. 271 

 272 

Basal lipolytic rates of SAT, VAT, and IMAT 273 

Conditioned media from SAT, VAT, and IMAT were lipid extracted and analyzed for 274 

free fatty acids (FFA) using lipidomics, with FFA release rates normalized to dry tissue 275 

weight. We found similar rates of basal lipolysis in VAT and IMAT, which were both 276 

significantly greater than SAT (Figure 1H). Composition analysis revealed the majority 277 

of the increased rates of lipolysis in VAT and IMAT could be explained by release of 278 

16:0 and 18:0, with significantly greater rates of 18:1 and 18:2 release also found in VAT 279 

compared to SAT (Figure 1I). 280 

 281 

IMAT has a gene expression pattern distinct from skeletal muscle and subcutaneous fat 282 

A multi-dimensional scaling (MDS) plot in Figure 2 shows differences in gene 283 

expression between IMAT, muscle, and SAT based on the 1500 most divergent genes. 284 

All three tissues showed clearly separated expression profiles with all samples from one 285 

depot clustering together, with further grouping within adipose tissues based on sex. 286 

These results indicate that IMAT has a unique transcriptome, which is different from 287 

that of muscle and subcutaneous fat. 288 

 289 

IMAT gene expression correlates with insulin sensitivity  290 
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The schematic of the workflow is depicted in Figure 3. Within the IMAT 291 

transcriptome, 988 genes correlated negatively and 1234 genes correlated positively 292 

with glucose Rd. We used significantly correlated genes to find enriched pathways 293 

using the KEGG database. 54 pathways were identified containing at least 10 294 

significantly enriched correlated genes (Table 2). Among these pathways, there were 8 295 

pathways directly linked to the immune system and 4 pathways related to the 296 

extracellular matrix and local fibrosis.  297 

 298 

Analysis of IMAT signaling pathways associated with insulin sensitivity: 299 

Pathway analysis showed the insulin signaling pathway for IMAT was positively 300 

related to insulin sensitivity, with relationship of individual genes to glucose Rd shown 301 

in Figure 4A. The JAK/STAT and MAPK signaling pathways in IMAT were negatively 302 

related to insulin sensitivity with the relationship of individual genes to glucose Rd 303 

shown in Figures 4B-C. These data suggest that IMAT insulin signaling parallels whole 304 

body insulin sensitivity, and could be negatively influenced by inflammation through 305 

the JAK/STAT and MAPK pathways. Insulin normally inhibits lipolysis in adipose 306 

tissue, so insulin resistant IMAT could increase local release of free fatty acids into 307 

interstitial fluid surrounding muscle. Pathway analysis revealed a positive relationship 308 

of IMAT oxidative phosphorylation to insulin sensitivity (Figure 4D). These data 309 

suggest insulin resistant IMAT may have decreased mitochondrial function and lipid 310 

oxidation, which could also contribute to enhanced release of free fatty acids into 311 

interstitial fluid surrounding muscle.   312 
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 313 

Macrophage marker and inflammatory cytokine gene expression: 314 

Common macrophage marker genes were evaluated in IMAT, and we found 315 

colony stimulating factor 1 (CSF1), cluster of differentiation 163 (CD163), monocyte 316 

chemotactic protein 1 (MCP1), integrin subunit alpha M (ITGAM), colony stimulating 317 

Factor 1 Receptor (CSF1R), integrin subunit alpha X (ITGAX), and C-type lectin domain 318 

family 7 member A (CLEC7A) were negatively correlated to insulin sensitivity (Figure 319 

5A). We found significant negative relationships between insulin sensitivity and several 320 

inflammatory cytokines such as plasminogen activator inhibitor type 1 (PAI-1) and 321 

MCP1 (Figure 5B), while there were no significant relationships between IMAT anti-322 

inflammatory gene expression and insulin sensitivity. TNF alpha induced protein 3 323 

(TNFAIP3) codes for a protein that limits TNFα induced NFκB inflammation(9), and 324 

was also significantly related to glucose Rd. These data not only indicate that IMAT 325 

contains macrophages proportional to insulin sensitivity, but also suggests that 326 

macrophage cytokine secretion within IMAT is negatively related to insulin sensitivity. 327 

 328 

Extracellular matrix gene expression: 329 

Among the IMAT genes that strongly correlated with glucose Rd, the expression 330 

of extracellular matrix genes collagen type XXIV alpha 1 (COL24A1), discoidin domain 331 

receptor family, member 1 (DDR1), and connective tissue growth factor (CTGF) scaled 332 

to insulin sensitivity (Figure 5C). There are many cell types in adipose tissue, including 333 

fibroblasts, that may also contribute to extracellular matrix protein secretion (13). 334 
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Therefore, we evaluated the relationship of fibroblast markers fibroblast specific protein 335 

1 (FSP1), prolyl 4-hydroxylase subunit alpha 2 (P4HA2), fibroblast activation protein 336 

alpha (FAP), prolyl 4-hydroxylase subunit alpha 1 (P4HA1), and prolyl 4-hydroxylase 337 

subunit beta (P4HB) to insulin sensitivity and only found FSP1 was significantly related 338 

to insulin sensitivity after correcting for multiple comparisons (Figure 5C). 339 

 340 

Lipolytic and peroxisome gene expression: 341 

Expression of genes involved in regulating lipolysis were analyzed to evaluate 342 

potential regulation of lipid droplet lipolysis in IMAT. Other than a significant 343 

relationship between PLIN5 and glucose Rd, there were no other significant 344 

relationships to insulin sensitivity for genes regulating lipolysis (Figure 6A). 345 

Additionally, there was a positive relationship of the KEGG ‘Peroxisome’ pathway to 346 

insulin sensitivity (Figure 6B). We did not find significant differences between groups in 347 

gene expression for pathways of beta-oxidation or triglyceride re-esterification. While 348 

we cannot exclude alterations in protein content or activity to these pathways, these 349 

data suggest reduced peroxisome pathway expression may contribute to greater IMAT 350 

FFA release in insulin resistant individuals.  351 

A summary figure showing potential mechanisms by which IMAT may promote 352 

decreased skeletal muscle insulin sensitivity implicated in this study are shown in 353 

Figure 7. 354 

 355 

Discussion 356 
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 Due to its physical proximity, secreted FFA, proteins, and cytokines from IMAT 357 

are likely particularly potent for regulating muscle insulin sensitivity and metabolic 358 

function. Such proximity also means that therapeutic interventions directed at IMAT 359 

may powerfully alter muscle insulin sensitivity and metabolic dysfunction. However, 360 

specific components of IMAT signaling in humans that modify muscle metabolism are 361 

not known and, therefore, cannot be targeted by a therapeutic intervention. To our 362 

knowledge, this is the first publication to directly sample IMAT in humans in order to 363 

reveal how IMAT may impact muscle metabolism and insulin resistance. Key findings 364 

from this study include: conditioned media from IMAT decreased insulin sensitivity in 365 

primary human myotubes with a potency similar to VAT, administration of 366 

conditioned media from IMAT and VAT increased myotube 1,2-DAG content, VAT and 367 

IMAT have greater rates of basal lipolysis compared to SAT,  expression of macrophage 368 

markers, inflammatory cytokines, and connective tissue markers in IMAT were 369 

significantly greater in insulin resistant individuals, and finally IMAT RNA expression 370 

in insulin resistant individuals was consistent with increased rates of IMAT lipolysis 371 

and interstitial FFA concentration leading to muscle lipid accumulation. These data 372 

provide the first direct evidence that factors secreted from IMAT contribute to the 373 

development of insulin resistance.  374 

 To date, studies in humans have been limited to associations between IMAT 375 

accumulation and metabolic outcomes due to the difficulty in sampling this tissue 376 

depot. To determine if skeletal muscle or SAT were collected in our IMAT samples, we 377 

compared gene expression patterns in skeletal muscle, IMAT, and SAT from lean 378 

Downloaded from www.physiology.org/journal/ajpendo at Helmholtz Zentrum Muenchen (146.107.003.004) on March 1, 2019.



individuals. Our analyses revealed distinct gene expression patterns between these 379 

tissue depots, suggesting contamination between tissues was unlikely. Similar to what 380 

has been previously reported in livestock (8, 29), we interpret these data to suggest that 381 

IMAT is a separate tissue depot with a unique gene expression signature that differs 382 

markedly from skeletal muscle and subcutaneous adipose tissue in humans.  383 

Our functional in vitro experiments show IMAT and VAT secreted factors that 384 

decreased muscle insulin sensitivity relative to SAT. The components of IMAT 385 

conditioned media causing insulin resistance are not known. However, the 386 

transcriptomic signature of IMAT suggests it may contain macrophages that secrete 387 

inflammatory cytokines and could promote local inflammation in skeletal muscle. 388 

These data also support the idea that IMAT may secrete proteins that influence the 389 

extracellular matrix, and could increase local FFA concentration, both of which are 390 

known to impact muscle insulin sensitivity (50). Our data show that IMAT and VAT 391 

conditioned media increased muscle cell accumulation of 1,2-DAG, which is known to 392 

decrease insulin signaling and sensitivity through activation of novel PKC isoforms, 393 

and may help explain the insulin resistance observed in vitro. These ideas are supported 394 

by a recent study showing conditioned media from fibro-adipogenic precursors 395 

differentiated into adipocytes decreased insulin sensitivity and signaling in primary 396 

muscle cell cultures (28). Together, these data indicate that secretions from IMAT can 397 

decrease muscle insulin sensitivity similar to VAT, and suggest that the IMAT 398 

secretome bathes the muscle in factors that attenuate insulin sensitivity.  399 
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While exact mechanisms by which IMAT promotes insulin resistance are 400 

unknown, the initial report by Goodpaster et al. suggested IMAT may induce insulin 401 

resistance by impairing muscle blood flow, insulin diffusion capacity, or increasing 402 

local FFA concentration (20). Our data support the concept that IMAT triglyceride 403 

lipolysis may increase interstitial FFA concentration leading to insulin resistance. This 404 

idea is supported by human microdialysis studies showing that obese compared to lean 405 

individuals have greater interstitial glycerol concentrations (5, 47), and that individuals 406 

with Type 2 Diabetes compared with normal glucose tolerant controls have less 407 

inhibition of muscle and IMAT lipolysis in response to insulin (24). Additionally, when 408 

compared to SAT, lipolysis in muscle and IMAT is less inhibited in response to insulin 409 

(7, 36, 47) and increases more in response to fasting (17).  IMAT mRNA expression of 410 

genes controlling lipolysis did not reveal coordinated changes suggestive of increased 411 

capacity for IMAT lipolysis in insulin resistant individuals. However, basal lipolytic 412 

rates were significantly greater in VAT and IMAT compared to SAT. These data suggest 413 

that regulation of lipolysis, rather than capacity for lipolysis, may explain differences in 414 

basal lipolytic rates measured between tissues in vitro. IMAT’s high lipolytic activity 415 

and close proximity to muscle mean that it likely plays an important role in regulating 416 

local FFA concentration, and the increase in muscle interstitial glycerol found in insulin 417 

resistant individuals. 418 

Similar to a report on fibro-adipogenic precursors from human skeletal muscle 419 

(1), our data suggest IMAT insulin sensitivity parallels whole body insulin sensitivity. 420 

Similar to reports of adipose tissue insulin resistance in other studies (3, 24), decreased 421 
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IMAT insulin sensitivity would attenuate insulin-inhibition of lipolysis and also 422 

contribute to increased interstitial FFA concentration.  Moreover, we found key genes of 423 

the peroxisomal beta-oxidation pathway to be down-regulated in obesity and T2D. If 424 

there were no adaptive increases in mitochondrial beta-oxidation or re-esterification, 425 

this could contribute to increased interstitial FFA concentration (32). Together, these 426 

findings suggest IMAT may explain increased muscle lipolytic rates found in obese 427 

individuals that promote increased interstitial FFA concentration, leading to muscle 428 

lipid accumulation, and ultimately decreased muscle insulin sensitivity.  429 

Visceral adipose tissue is thought to be uniquely deleterious towards insulin 430 

sensitivity (41). Importantly, the relationship between IMAT and insulin resistance is 431 

almost equally as strong as for VAT (51), and our conditioned media data revealed that 432 

the secretome of IMAT and VAT have a similar ability to decrease insulin sensitivity. 433 

Animal studies found low expression of mRNA for oxidative metabolism, and high 434 

expression of inflammatory cytokines in IMAT (29), as well as similar DNA methylation 435 

in VAT and IMAT with increased expression of IL-6, TNFα, and PAI-1 compared to 436 

subcutaneous adipose tissue (31). Therefore, it appears that IMAT is a uniquely 437 

regulated tissue which is functionally similar to VAT, and is capable of secreting 438 

cytokines known to influence tissue inflammation and function. We found that PAI-1 439 

and MCP1 gene expression scaled to insulin resistance, as did TNFAIP3, which codes 440 

for a protein that limits TNFα induced NFκB inflammation (9). Therefore, IMAT may be 441 

both a target and a source of inflammation in insulin resistant humans. 442 
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The ability of IMAT to expand is limited by the morphology of muscle, and we 443 

reasoned may also be limited by the extracellular matrix (ECM), which is known to 444 

influence insulin sensitivity in adipose tissue, liver, and skeletal muscle (25, 50). It is 445 

possible that IMAT, being contained with the muscle fascia, may also be an example of 446 

adipose tissue with limitations for expansion with negative effects on insulin sensitivity. 447 

Our data indicate IMAT may secrete proteins that modify muscle ECM and decrease 448 

insulin sensitivity in humans. Therefore, IMAT may increase muscle fibrosis, and could 449 

influence the development of sarcopenia, age-related metabolic dysfunction, as well as 450 

the greater declines in these parameters in individuals with type 2 diabetes (38).   451 

There are several limitations to this work. Individuals in our SAT group were 452 

significantly younger compared to the IMAT and skeletal muscle cohort making it 453 

possible that the differences shown in Figure 2 could be influenced by age. We do not 454 

have any measurements of total IMAT content in these volunteers, and therefore cannot 455 

determine if IMAT gene expression was related to IMAT content to understand the 456 

biology of this tissue. Flash frozen skeletal muscle biopsies from which IMAT was 457 

isolated for RNAseq analysis were thawed and quickly dissected on ice, which may 458 

have influenced the gene expression profile. We did not separate IMAT into various cell 459 

types as we wanted to study the tissue as a whole. It would have been ideal to measure 460 

stimulated IMAT lipolysis to evaluate the potential impact on muscle lipid delivery.  461 

Unfortunately, fresh tissue was not available for these measurements.  Every attempt 462 

was made to prevent muscle contamination of IMAT, but it is possible that muscle was 463 

also measured along with IMAT in these analyses.  464 
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These data represent the first direct sampling and analysis of IMAT in humans. 465 

IMAT conditioned media decreased insulin sensitivity and caused accumulation of 1,2-466 

DAG in primary myotubes with a potency similar to VAT. These data indicate that 467 

factors secreted by IMAT can contribute to the development of muscle insulin 468 

resistance. We found IMAT mRNA expression consistent with macrophage infiltration, 469 

cytokine and extracellular matrix secretion, and decreased insulin signaling. 470 

Collectively, these data indicate that IMAT may be an important regulator of skeletal 471 

muscle insulin sensitivity whose importance we are just starting to appreciate. 472 
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Figure Legends 685 
 686 
Figure 1. IMAT conditioned media decreases insulin sensitivity. Conditioned media 687 
was generated from SAT, VAT, and IMAT, and administered along with DMEM only 688 
control to primary myotubes from obese donors for 3.5 hours at 5% of total media 689 
volume. Insulin sensitivity was measured (A), along with changes in the content of 1,2-690 
DAG (B), ceramides (C), dihydroceramides (D), sphingomyelin (E), glucosylceramides 691 
(F), and lactosylceramides (G). The FFA content of conditioned media was measured to 692 
calculate basal lipolytic rates (H) as well as the composition of individual FFA species 693 
(I) from SAT, VAT, and IMAT in culture. Values are means ± SEM. ¥ = significantly 694 
different than SAT, # = significantly different than control, p<0.05. 695 
 696 
Figure 2: IMAT has a unique transcriptome compared to muscle and subcutaneous 697 
adipose tissue. MDS plot of logCPM for IMAT, skeletal muscle, and subcutaneous 698 
adipose tissue (SAT) samples from RNAseq analyses over dimensions 1 and 2 based on 699 
the 1500 most divergent genes. Red = IMAT; blue = muscle; purple = SAT. 700 

Figure 3: Schematic workflow of correlating gene expression with glucose Rd. From 701 
the initial 28472 genes we only used genes with at least 25 counts in 70% of the IMAT 702 
samples. This left 13476 genes, from which 2222 genes were significantly correlated 703 
with GIR (p < 0.05). Of these genes, 988 genes correlated negatively and 1234 genes 704 
correlated positively with GIR. Additionally, we found 54 KEGG pahtways which 705 
showed a correlation with GIR. For more details see text and Methods.  706 

Figure 4: Pathway analysis of human IMAT revealed a down-regulation of key 707 
pathways associated with insulin resistance. Green indicates a positive correlation 708 
while red indicates a negative correlation between the patient’s gene expression and 709 
insulin sensitivity. Key genes like the insulin receptor (INSR), the serine-threonine 710 
protein kinase (AKT), and the glucose transporter GLUT4 (SLC2A4) were positively 711 
associated with insulin sensitivity, and therefore were down-regulated in patients with 712 
low insulin sensitivity (A). The MAPK (B) and JAK/STAT (C), signaling pathways were 713 
inversely related to insulin sensitivity. Oxidative phosphorylation (D) was associated 714 
with insulin sensitivity, and therefore is consistent with mitochondrial dysfunction in 715 
insulin resistant individuals. 716 

Figure 5. IMAT macrophage, cytokine, and extracellular matrix gene expression 717 
correlates to insulin sensitivity. IMAT mRNA expression of macrophage markers (A), 718 
inflammatory cytokines (B), and extracellular matrix proteins (C). Values are means ± 719 
SEM. CD68, cluster of differentiation 68; CSF1, colony stimulating factor 1; MCP1, 720 
monocyte chemotactic protein 1; ADAM8, ADAM metallopeptidase domain 8; ITGAM, 721 
integrin subunit alpha M; MSR1, macrophage scavenger receptor 1; CSF1R, colony 722 
stimulating Factor 1 Receptor; MARCO, Macrophage Receptor With Collagenous 723 
Structure; CD14, CD14 molecule; CD163, Cluster of Differentiation 163; ITGAX, integrin 724 
subunit alpha X; CLEC7A, C-type lectin domain family 7 member A; IFNGR1, interferon 725 
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gamma receptor 1; SIGLEC1, sialic acid binding Ig like lectin 1; PAI-1, plasminogen 726 
activator inhibitor type 1; IL18, interleukin 18; TNFAIP3, TNF alpha induced protein 3; 727 
CXCL12, stromal cell-derived factor 1; CCL5, C-C motif chemokine ligand 5. COL1A1, 728 
collagen type I apha 1; COL4A1, collagen type IV alpha 1; COL5A1, collagen type V 729 
alpha 1; COL6A1, collagen type VI alpha 1; COL21A1, collagen type XXI alpha 1; 730 
COL24A1 = collagen type XXIV alpha 1; FN1, fibronectin 1; MMP2, 9, matrix 731 
metalloproteinase 2 and 9; TIMP1-3, tissue inhibitor of metalloproteinases 1-3; discoidin 732 
domain receptor family, member 1, DDR1; connective tissue growth factor, CTGF; 733 
integrin alpha chain 5, ITGAV; integrin alpha L, ITGAL; fibulin 2, FBLN2; fibroblast 734 
specific protein, FSP1. § = significantly correlated to insulin sensitivity.  735 
 736 
Figure 6. IMAT may influence interstitial FFA concentration promote muscle lipid 737 
accumulation. IMAT mRNA expression of genes involved in lipolytic regulation and 738 
their relationship to insulin sensitivity (A), and a positive relationship between the 739 
KEGG peroxisome pathway and insulin sensitivity (B). PLIN1 encodes perilipin 1, 740 
PLIN2, perilipin 2; PLIN3, perilipin 3; PLIN4, perilipin 4, PLIN5, perilipin 5, ATGL, 741 
adipose triglyceride lipase, CGI-58, comparative gene identification-58, HSL, hormone 742 
sensitive lipase, MAGL, monacylglycerol lipase, FABP4, fatty acid binding protein 4, 743 
GOS2, G0/G1 switch 2. § = significantly correlated to insulin sensitivity. Green 744 
indicates a positive correlation between the gene expression and insulin sensitivity. Key 745 
genes like the sterol carrier protein 2 (SCP2), enoyl-CoA hydratase 1 (ECH1), and ATP 746 
binding cassette subfamily D member 1 (ABCD1) were down-regulated in insulin 747 
resistant patients. 748 
 749 
Figure 7. Conceptual model for IMAT-induced insulin resistance. Potential 750 
mechanisms by which IMAT decreases insulin sensitivity in neighboring skeletal 751 
muscle.  752 
 753 
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Figure 1. IMAT conditioned media decreases insulin sensitivity. Conditioned 
media was generated from SAT, VAT, and IMAT, and administered along with 
DMEM only control to primary myotubes from obese donors for 3.5 hours at 5% of 
total media volume. Insulin sensitivity was measured (A), along with changes in 
the content of 1,2-DAG (B), ceramides (C), dihydroceramides (D), sphingomyelin 
(E), glucosylceramides (F), and lactosylceramides (G). The FFA content of 
conditioned media was measured to calculate basal lipolytic rates (H) as well as 
the composition of individual FFA species (I) from SAT, VAT, and IMAT in 
culture. Values are means ± SEM. ¥ = significantly different than SAT, # = 
significantly different than control, p<0.05. 
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Figure 2: IMAT has a unique transcriptome compared to muscle and subcutaneous adipose 
tissue. MDS plot of logCPM for IMAT, skeletal muscle, and subcutaneous adipose tissue (SAT) 
samples from RNAseq analyses over dimensions 1 and 2 based on the 1500 most divergent genes. 
Red = IMAT; blue = muscle; purple = SAT. 
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Correlation with glucose Rd 

28472 genes in total 

(25 counts >= 70% of samples)/gene 

13476 genes 

988 genes  
correlated negatively 

1234 genes  
correlated positively 

2222 significant correlated genes (p < 0.05) 

54 KEGG pathways 
correlating with the GIR  

Figure 3: Schematic workflow of correlating gene expression with glucose Rd. From the initial 
28472 genes we only used genes with at least 25 counts in 70% of the IMAT samples. This left 
13476 genes, from which 2222 genes were significantly correlated with GIR (p < 0.05). Of these 
genes, 988 genes correlated negatively and 1234 genes correlated positively with GIR. 
Additionally, we found 54 KEGG pahtways which showed a correlation with GIR. For more 
details see text and Methods.  
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Figure 4: Pathway analysis of human IMAT revealed a down-regulation of 
key pathways associated with insulin resistance. Green indicates a positive 
correlation while 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 
down-regulated 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. 

 

 

Downloaded from www.physiology.org/journal/ajpendo at Helmholtz Zentrum Muenchen (146.107.003.004) on March 1, 2019.



 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

B 

A 

0

2

4

6

8

10

PA
I-
1

IL
18

M
CP
1

TN
FA
IP
3

CX
CL
12

CC
L5

Inflammatory cytokine gene expression in IMAT

Athlete
Lean
Obese
T2D

re
la

ti
ve

 m
R

N
A

 e
xp

re
ss

io
n

§

§ §

0

1

2

3

4

5

6

7

8

C
D

68

C
SF

1

M
C

P
1

A
D

A
M

8

IT
G

A
M

 (M
A

C
-1

)

M
SR

1 
(C

D
20

4)

C
SF

1R

M
A

R
C

O

C
D

14

C
D

16
3

C
D

11
c 

(I
TG

A
X

)

D
ec

ti
n 

(C
LE

C
7A

)

C
D

86

IF
N

G
R

1

IC
A

M
1

Macrophage markers in IMAT

Athlete
Lean
Obese
T2D

re
la

ti
ve

 m
R

N
A

 e
xp

re
ss

io
n

§

§

§

§

§

§

§

Downloaded from www.physiology.org/journal/ajpendo at Helmholtz Zentrum Muenchen (146.107.003.004) on March 1, 2019.



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
  

C 

Figure 5. IMAT macrophage, cytokine, and extracellular matrix gene expression correlates 
to insulin sensitivity. IMAT mRNA expression of macrophage markers (A), inflammatory 
cytokines (B), and extracellular matrix proteins (C). Values are means ± SEM. CD68, cluster of 
differentiation 68; CSF1, colony stimulating factor 1; MCP1, monocyte chemotactic protein 1; 
ADAM8, ADAM metallopeptidase domain 8; ITGAM, integrin subunit alpha M; MSR1, 
macrophage scavenger receptor 1; CSF1R, colony stimulating Factor 1 Receptor; MARCO, 
Macrophage Receptor With Collagenous Structure; CD14, CD14 molecule; CD163, Cluster of 
Differentiation 163; ITGAX, integrin subunit alpha X; CLEC7A, C-type lectin domain family 7 
member A; IFNGR1, interferon gamma receptor 1; SIGLEC1, sialic acid binding Ig like lectin 
1; PAI-1, plasminogen activator inhibitor type 1; IL18, interleukin 18; TNFAIP3, TNF alpha 
induced protein 3; CXCL12, stromal cell-derived factor 1; CCL5, C-C motif chemokine ligand 
5. COL1A1, collagen type I apha 1; COL4A1, collagen type IV alpha 1; COL5A1, collagen type 
V alpha 1; COL6A1, collagen type VI alpha 1; COL21A1, collagen type XXI alpha 1; COL24A1, 
collagen type XXIV alpha 1; FN1, fibronectin 1; MMP2, 9, matrix metalloproteinase 2 and 9; 
TIMP1-3, tissue inhibitor of metalloproteinases 1-3; discoidin domain receptor family, 
member 1, DDR1; connective tissue growth factor, CTGF; integrin alpha chain 5, ITGAV; 
integrin alpha L, ITGAL; fibulin 2, FBLN2; fibroblast specific protein, FSP1. § = significantly 
correlated to insulin sensitivity.  
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Figure 6. IMAT may influence interstitial FFA concentration promote muscle lipid 
accumulation. IMAT mRNA expression 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). PLIN1 encodes perilipin 1, PLIN2, perilipin 2; 
PLIN3, perilipin 3; PLIN4, perilipin 4, PLIN5, perilipin 5, ATGL, adipose triglyceride lipase, 
CGI-58, comparative gene identification-58, HSL, hormone sensitive lipase, MAGL, 
monacylglycerol lipase, FABP4, fatty acid binding protein 4, GOS2, G0/G1 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 (ECH1), and ATP binding cassette subfamily D member 1 (ABCD1) 
were down-regulated in insulin resistant patients. 
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Figure 7. Conceptual model for IMAT-induced insulin resistance. Potential mechanisms by 
which IMAT decreases insulin sensitivity in neighboring skeletal muscle.  
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