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Subcellular lipid accumulation and intermuscular adi
pose tissue (IMAT) accumulation are associated with in
sulin resistance, but the impact of combined weight loss 
and exercise training on localization of lipids and IMAT 
cellular composition is not known. Twenty-one adults 
with obesity (18 female and 3 male; 46 ± 2 years; 35.0 ± 
0.9 kg/m2) completed a 3-month supervised weight loss 
and exercise training intervention. Insulin sensitivity was 
measured using a hyperinsulinemic-euglycemic clamp, 
and basal and insulin-stimulated vastus lateralis biopsies 
were collected pre- and postintervention. After the inter
vention, body weight and body fat decreased (11 ± 1% 
and 9 ± 1%, respectively), while VO2 peak and insulin 
sensitivity increased (14 ± 3% and 68 ± 14%, respec
tively). Lipidomics revealed reduced sarcolemmal and 
nuclear triglycerides, with unchanged whole-muscle tri
glycerides. Whole-muscle diacylglycerols increased be
cause of increased nuclear 1,2-diacylglycerols without 
PKCε, PKCθ, or PKCδ activation. Whole-muscle sphingo
lipid levels increased because of cytosolic accumulation. 
Single-nuclei RNA sequencing showed altered IMAT cel
lular composition, including increased fibro-adipogenic 
progenitors, vascular cells, and macrophages, and de
creased preadipocytes. Bulk muscle RNA sequencing indi
cated upregulation of genes related to muscle remodeling 
and cellular respiration, and there were changes in the rela
tionship between nuclear diacylglycerols and gene ex
pression postintervention. These findings dissociate 

improvements in insulin sensitivity from total muscle 
diacylglycerol and sphingolipid levels and highlight 
roles for subcellular lipid redistribution and IMAT re
modeling in insulin sensitization.

Muscle lipid accumulation is linked with lower muscle in
sulin sensitivity in humans, except in athletes who have 
muscle lipid accumulation yet remain insulin-sensitive, a 
phenomenon known as the Athlete’s paradox (1). Muscle 
contains numerous classes of lipids with many molecular 
species, making the interpretation of muscle lipid accu
mulation complex. Evidence suggests that bioactive lipids 

ARTICLE HIGHLIGHTS
• Evaluation of subcellular fractionated muscle revealed 

decreases in sarcolemmal and nuclear triglycerides 
and increases in nuclear diacylglycerols and cytosolic 
sphingolipids postintervention.

• Weight loss revealed alteration in the cellular composition 
of intermuscular adipose tissue and upregulation of genes 
related to muscle remodeling and cellular respiration.

• These findings dissociate improvements in insulin sensi
tivity from total muscle 1,2-diacylglycerol and sphingoli
pid levels and highlight roles of intermuscular adipose 
tissue remodeling for enhanced insulin sensitivity.
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such as 1,2-diacylglycerol (1,2-DAG) and sphingolipids 
play an important role in decreasing insulin sensitivity 
in muscle, with some studies suggesting only specific 
species of 1,2-DAG and sphingolipids play a deleterious 
role (2–4). However, the total content and specific species 
of bioactive lipids do not always account for differences in 
insulin sensitivity between individuals or in response to in
terventions (5–7). Emerging evidence suggests that other 
factors, such as subcellular localization, may play an impor
tant role. Reports from several groups, including our labo
ratory, suggest that the intracellular localization of skeletal 
muscle lipids influences how specific lipid species affect in
sulin sensitivity (8–10). Overall, the literature supports the 
idea that intracellular lipid content, composition, and sub
cellular localization impact insulin sensitivity in muscle. In
sulin-sensitizing interventions are needed to clarify the 
role of subcellular lipid species and their distribution in al
tering insulin sensitivity.

Beyond intracellular lipids, the content of adipose tis
sue laced between and within skeletal muscles, called 
intermuscular adipose tissue (IMAT), directly relates to 
insulin resistance associated with sex, age, and race and 
ethnicity (11–13). The IMAT secretome decreases insu
lin sensitivity when administered to myotubes in vitro 
(14), which may be due to the inflammatory secretory 
profile of this unique adipose tissue depot (15). We re
cently published a single-nuclei RNA sequencing (snRNA- 
seq) analysis of IMAT that revealed a diverse array of cell 
types in IMAT, including immune cells (16) that impact 
inflammatory cytokine secretion. However, it is not known 
whether the IMAT cellular composition is fixed or whether 
insulin-sensitizing lifestyle interventions can alter the pro
portion of cell types in this depot.

The current study was designed to evaluate alterations 
in bioactive lipid localization and IMAT cellular composi
tion following a combined weight loss and exercise train
ing intervention. We aimed to test the hypothesis that 
decreased sarcolemmal 1,2-DAG and ceramide are re
quired for insulin sensitization in humans, and to evalu
ate whether the IMAT cellular composition is malleable.

RESEARCH DESIGN AND METHODS

Participants
Twenty-one individuals with class I or II obesity, with and 
without prediabetes or newly diagnosed type 2 diabetes, 
were recruited for this study. Participants gave written in
formed consent and were excluded if they had a BMI <30 
or >40 kg/m2; had fasting triglycerides >150 mg/dL; or 
had liver, kidney, thyroid, or lung disease. The age range of 
participants was 32–60 years old. Newly diagnosed individu
als with type 2 diabetes were individuals that were known 
to have prediabetes but had fasting and 2-h post–oral glu
cose tolerance test glucose concentrations consistent with 
type 2 diabetes during preliminary testing. All individuals 
were sedentary and engaged in planned physical activity 
<2 h/week. Participants were weight stable in the 6 months 

prior to the study. This study was approved by the Colorado 
Multiple Institution Review Board at the University of 
Colorado Denver.

Overall Study Design
Participants were recruited into a 12-week combined 
weight loss and exercise training intervention. After initial 
preliminary testing, food was provided for 1 week before 
completing a hyperinsulinemic/euglycemic clamp study. 
Participants spent the night at the research center and, 
the next morning, underwent a muscle biopsy followed 
by a standard 3-h insulin clamp with another muscle biopsy 
1 h into the insulin infusion. Participants then completed a 
supervised 12-week combined weight loss and exercise train
ing intervention. After 2 weeks of weight stabilization, all of 
the preintervention testing was repeated.

Preliminary Testing
Following a 12-h overnight fast, participants reported to 
the Clinical Translational Research Center for screening 
procedures, where they were given a health and physical 
examination, fasting blood draw, standard 75-g oral glu
cose tolerance test, and DEXA analysis (Lunar DPX-IQ; 
Lunar Corporation, Madison, WI).

Exercise and Dietary Control
Participants were asked to refrain from planned physical 
activity for 48 h before the insulin clamp. Food was pro
vided for 7 days prior to the insulin clamp before and af
ter the intervention. Energy requirement was estimated 
based on DEXA-determined fat-free mass (FFM) according 
to the previously published equation (daily energy intake = 
1.4 × [372 + (23.9 × FFM)]) with the macronutrient intake 
at 55% carbohydrate, 15% protein, and 30% fat (17). Af
ter the first insulin clamp, participants began the com
bined weight loss and exercise training intervention as 
described below. When appropriate based on menopausal 
status, women were tested during the midfollicular phase 
of the menstrual cycle to control for potential effects on 
insulin sensitivity.

Hyperinsulinemic-Euglycemic Clamp and Skeletal 
Muscle Biopsy
After a 12-h supervised overnight fast, a percutaneous 
vastus lateralis muscle biopsy and hyperinsulinemic- 
euglycemic clamp with [6,6-2H2]glucose infusion (Cambridge 
Isotope Laboratories, Tewksbury, MA) was performed as 
previously described (8). Muscle was immediately flash fro
zen in liquid nitrogen. Muscle biopsies were later dissected 
on ice using a dissection scope at 30× to isolate IMAT from 
muscle as previously described (18). Contamination of 
IMAT with small pieces of muscle is expected, and there
fore changes in myonuclei gene expression were not eval
uated in subsequent snRNA-seq analysis. One hour into 
the insulin clamp, another muscle biopsy was taken from 
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the contralateral leg using identical procedures to mea
sure insulin-stimulated insulin signaling.

Weight Loss and Exercise Training Intervention
Volunteers were provided a low-calorie diet consisting of a 
meal replacement product (HealthOne; Nutrition Technol
ogy Inc., Carmel, CA). Participants were asked to consume 
2 teaspoons (10 g) per day of vegetable oil, provided pow
dered HealthOne formula, and instructed to consume five 
portions per day providing 890 kcal/d, 75 g protein, 15 g 
fat, and 110 g of carbohydrate, and 100% of the dietary 
reference intake of all vitamins, minerals, and micronu
trients. Participants were allowed to consume noncaloric 
beverages, but no other food intake was allowed. Partici
pants were seen weekly for sessions with a registered die
titian for nutritional counseling.

Participants also underwent four sessions per week 
of supervised endurance exercise training by the Nutri
tion Obesity Research Center energy balance core. Each 
session lasted 60 min and included a short warm-up, 
40 to 50 min of endurance exercise, and a cooldown. 
The exercise program consisted primarily of brisk walk
ing or jogging supplemented with rowing, stepping, or 
elliptical exercise. These exercises were chosen to en
sure feasibility and comfort for participants. There is 
variable recruitment of the vastus lateralis during these 
exercises; for example, there is less recruitment during 
walking and jogging compared with cycling (19). As a 
result, variability on the modality of training may have 
impacted the training adaptations observed from the 
vastus lateralis biopsy. Individualized exercise prescrip
tions considered the fitness level of the participant, 
preferences with regard to type of exercise, and ortho
pedic limitations. The initial exercise prescription was 
30 min at 65% of maximal heart rate (HR), based on 
the highest HR attained during the baseline maximal 
exercise test, which was repeated after 6 weeks of train
ing. During the first 2–3 weeks of training, exercise du
ration and intensity was gradually increased to 45 min 
at 80% to 85% of maximal HR. The exercise intensity 
was updated every 2 weeks and was carefully geared to 
the participant’s exercise capacity.

Weight Stability
After the intervention, participants transitioned to a 
supervised 2-week weight maintenance diet consisting 
of three servings of meal replacement per day along with 
one meal of typical foods to stabilize weight. Volunteers 
continued to exercise during the weight stabilization pe
riod and were tested 48 h after the last exercise bout.

Postintervention Testing
After completing the weight stability period of the proto
col, individuals repeated the DEXA and VO2max tests, as 
well as the 7-day dietary control, prior to repeating the in
sulin clamp visit.

Skeletal Muscle Fractionation
Muscle biopsies (45–65 mg wet weight) were homoge
nized on ice using a Teflon-glass homogenizer in fraction
ation buffer (250 mmol/L sucrose; 5 mmol/L MgCl2; 
1 mmol/L EDTA; 20 mmol/L Tris-HCl; 40 mmol/L 
KCl; pH 7.4) and centrifuged at 100,000g for 1 h, and 
pellets were resuspended in fractionation buffer with DNAse 
(6.25 mg/mL) as previously described (8). Samples were reho
mogenized, layered onto an Optiprep gradient (12–30%), 
and centrifuged at 60,000g for 3 h at 4°C. Sarcolemmal, cy
tosolic, mitochondrial, and nuclear fractions were collected 
and analyzed for protein content.

Lipidomics Analysis
Whole-muscle samples (10–15 mg) were homogenized us
ing a bead mill homogenizer for 2 min at 25 Hz, internal 
standard cocktail was added, and lipid was extracted with 
3 mL methyl tert-butyl ether. The cytosolic, sarcolemmal, 
mitochondrial, and nuclear compartments were extracted 
similarly without homogenization. Triglycerides, DAGs, 
sphingolipids, and acylcarnitines were analyzed following 
previously established methods (20).

snRNA-seq Analysis
Nuclei were extracted from 100–125 mg of pooled pre- 
IMAT (n = 8) and pooled post-IMAT (n = 5) samples using 
a previously established protocol (21). Full-length snRNA- 
seq libraries were generated with the iCELL8 system (Takara 
Bio) (22). Libraries were sequenced to 250 million reads, 
yielding ∼150,000 barcoded reads and ∼9,000 genes per nu
cleus (22). Demultiplexing, mapping, alignment, and count
ing of the snRNA-seq libraries was performed used the 
CogentAP Analysis Pipeline (Takara Bio) and GRCh38 as a 
reference genome. Nuclei were initially filtered if they had 
<500 genes, >20,000 genes, <10,000 counts, or >10% mi
tochondrial reads or if cell complexity was <0.75. Genes 
with low expression (average count less than 0.1) were fil
tered prior to clustering analyses. Data were normalized in 
Seurat (V4.4.0) with SCTransform. Data were adjusted for 
ambient RNA with decontx (23) with cell cluster labels used 
as the Z parameter before batch integration with har
mony (24). Differential gene expression analysis between 
pre-IMAT and post-IMAT samples was performed using a 
Wilcoxon rank sum test with Seurat’s “FindMarkers” func
tion with a false discovery rate cutoff of <0.05, log2 fold 
change >0.1 or less than −0.1 and expressed in >10% of 
nuclei in that cluster. Enrichment analyses on differentially 
expressed genes was conducted with TMsig using Gene- 
Ontology:Biological Pathways.

Bulk RNA-seq Analysis
Whole muscle (∼15 mg) was pulverized at the tempera
ture of liquid nitrogen, homogenized in Trizol (Invitrogen, 
Carlsbad, CA), RNA isolated using the RNAeasy Isolation 
Kit (Qiagen, Hilden, Germany), and then tested for concen
tration and quality, with samples where the RNA integrity 
number was >7.0 used in downstream applications. Libraries 
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were prepared using Lexogen 3′ QuantSeq kits with dual in
dex adapters. A total of 200–1,000 ng of RNA was used for li
brary preparation. Individual libraries were pooled and 
sequenced using a NovaSeq 6000 (Novagene) following 
in-house established protocols. Raw RNA-seq reads were 
inspected for quality using FastQC v0.11.9 (Barbraham 
Institute, Barbraham, U.K.). Gene expression was quanti
fied using kallisto and aligned to the current human tran
scriptome build (GRCh38). Lowly expressed genes (less 
than a sum of 20 transcripts per million across all sam
ples) were removed. Samples were analyzed for differen
tial expression using DeSeq2 v1.28.0.

Western Blotting
Protein expression and phosphorylation were measured 
using Western blots as previously described by our labora
tory (8). Details of the primary and secondary antibodies 
used for western blots are listed in Supplementary Table 1. 
Signal values of the protein bands were normalized to the 
corresponding total or pan values, or β-actin.

PKC Activation
PKC activity was estimated using membrane-to-cytosol ra
tio of PKC isoforms as previously described (25). Details 
of the primary and secondary antibodies used for Jess are 
listed in Supplementary Table 1.

Plasma Glucose Enrichment Analysis
Glucose isotopic enrichment was measured using gas 
chromatography–mass spectrometry (Thermo ISQ) as pre
viously described (26).

Substrate and Hormone Analyses
Standard enzymatic assays were used to measure glucose 
(Olympus AU400e Chemistry Analyzer; Olympus America 
Inc., Center Valley, PA), glycerol (r-Biopharm, Darmstadt, 
Germany), and free fatty acids (FFA) (NEFA Kit; FUJIFILM 
Wako Chemicals, Wako, TX). Plasma insulin and glucagon 
were measured using a radioimmunoassay (Diagnostic 
Systems Laboratories, Inc., Webster, TX).

Statistical Analysis
Data are presented as mean ± SEM. Differences in nor
mally distributed data between groups were analyzed us
ing a one-way ANOVA (SPSS, Chicago, IL). Significant 
differences in individual lipid species for each type of lipid 
within a compartment before and after the intervention 
were adjusted for multiple comparisons using the Holm- 
Sidak method. Adjusted P values are presented. Signifi
cant relationships between muscle lipids were determined 
using Pearson correlation coefficient and were adjusted 
for multiple comparisons using the Benjamini-Hochberg 
procedure. A P value of <0.05 was considered significant. 
Because this cohort was mostly women, sex was not con
sidered as a factor in the statistical analysis of this data.

Data and Resource Availability
The data sets generated in this study are available upon 
request from the corresponding author. No applicable re
sources were generated during the study.

RESULTS

Demographic data for those completing the intervention 
are shown in Table 1. Participants included 3 men and 
18 women with an average age of 46 years. After the weight 
loss by caloric restriction and exercise training interven
tion, the cohort significantly decreased body weight (kg) by 
11% (Cohen’s d = −2.4, mean of differences = −10.52, 
95% CI [−12.5, −8.5]), increased in VO2peak (L/min) by 
13% (Cohen’s d = 1.09, mean of differences = 0.30, 95% CI 
[0.17, 0.41]) and insulin sensitivity (mg/mU/kg/min) by 
68% (Cohen’s d = 0.96, mean of differences = 0.02996, 
95% CI [0.0154, 0.044]). Percent body fat decreased by 
8%, and FFM decreased by 6%, along with decreases in 
fasting insulin, glucagon, FFA, glycerol, and TNFα (P < 
0.05). Participants maintained body weight during the 
1-week dietary control before and after the interven
tion, with an average change in body weight of −0.9 ± 
0.2% before and −0.6 ± 0.5% after the intervention. 
We achieved steady-state conditions during the insulin 
clamp (Supplementary Fig. 1).

Intramuscular Lipids
Our muscle fractionation protocol was successful in en
riching protein markers of sarcolemmal (Na/K ATPase), 
mitochondrial (voltage-dependent anion channels), nu
clear (lamin A–C), and cytosolic fractions (GAPDH) 
(Supplementary Fig. 2). We achieved 85% enrichment 
of sarcolemmal fraction, 91% for the mitochondrial 
fraction, 87% for the nuclear fraction, and 92% of the 
cytosolic fraction. Perilipin 2 is lipid droplet protein to 
show that lipid droplets are collected in the cytosolic 
fraction.

Triglycerides
Significant changes in whole-muscle total triglyceride concen
tration after the intervention were not observed (Fig. 1A). 
Significant decreases in both sarcolemmal (P = 0.04) (Fig. 1B) 
and nuclear total triacylglycerol (TAG) content (P = 0.04) 
(Fig. 1D) were observed without changes in mitochondrial 
or cytosolic total TAG (Fig. 1C and 1E). Species-level de
tail for sarcolemmal and nuclear triglyceride revealed 
greater changes in shorter-chain triglycerides compared with 
longer-chain species in both compartments (Supplementary 
Fig. 3).

DAG
Whole-muscle concentration of DAGs revealed significant 
increases in 1,2-DAG (P = 0.01) and total DAG (1,2- + 1,3- 
DAG, P = 0.008) after the intervention (Fig. 2A). How
ever, the increase was confined to 1,2-DAG in the nuclear 
compartment (P = 0.003), with no significant changes in 
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1,3-DAG (Fig. 2B–E). Nuclear unsaturated 1,2-DAG spe
cies increased, including C16:0/18:2 (P = 0.04), C16:0/ 
20:4 (P = 0.002), C18:0/18:1 (P = 0.01), and C18:0/18:2 
(P = 0.01) (Supplementary Fig. 4).

Sphingolipids
Whole-muscle concentrations of sphingosine (P = 0.009), to
tal ceramides (P = 0.007), and sphingomyelin (P = 0.0001) 
increased after the intervention (Fig. 3A). There were no 
changes in the subcellular distribution of total sphingolipids 
in the sarcolemmal and mitochondrial compartments 
(Fig. 3B and 3C). Increased whole-muscle concentration 
was due to increases in the nuclear and cytosolic com
partments (Fig. 3D and 3E). We found increased nuclear 
sphingosine (P = 0.003), along with increased concentra
tion of all sphingolipids in the cytosolic compartment 
(sphingosine, P = 0.0001; ceramide, P = 0.0002; dihydro
ceramide, P = 0.005; glucosylceramide, P = 0.003; lactosyl
ceramide, P < 0.0001; sphingomyelin, P = 0.0002) 
(Fig. 3). Significant changes in individual cytosolic 
sphingolipid species are shown in Supplementary Fig. 5. 
We found significant correlations between C16:0 and 
C18:0 species of sphingomyelin and ceramide in the sar
colemma preintervention (C16:0 R2 = 0.78, P < 0.001; 
C18:0 R2 = 0.92, P < 0.001) and postintervention (C16:0 
R2 = 0.87, P < 0.001; C18:0 R2 = 0.84, P < 0.001), with 
stronger relationships than observed for dihydroceramide 
and ceramide for the same species preintervention (C16:0 
R2 = 0.66, P < 0.001; C18:0 R2 = 0.11, P = 0.16) and post
intervention (C16:0 R2 = 0.34, P = 0.007; C18:0 R2 = 
0.39, P = 0.004) (Supplementary Fig. 6). We found no 

significant differences in the sarcolemmal ratio of sphin
gomyelin and ceramide, reflecting sphingomyelinase activ
ity (27), before or after the intervention (preintervention: 
29.2 ± 1.6; postintervention: 27.6 ± 1.6).

Acylcarnitines
Whole-muscle acylcarnitine concentration increased after the 
intervention (P = 0.0005) (Fig. 4A), with significant increases 
explained by changes only in the nuclear compartment (P = 
0.03) (Fig. 4B–E). Only nuclear 14:0 acylcarnitine species in
creased after the intervention (Supplementary Fig. 7).

IMAT Cell Composition
snRNA-seq of IMAT revealed eight cell populations includ
ing fibro-adipogenic progenitor cell populations (FAPs), 
two populations of preadipocytes, adipocytes, vascular and 
immune cells, and the presence of myonuclei (Fig. 5A) that 
were annotated with known marker genes (Fig. 5B). Cell 
composition was compared without myonuclei, as these 
nuclei are considered an artifact in IMAT processing. 
An increased proportion of FAPs (+9.94%), vascular 
cells (+12.5%), and immune cells (+4.45%) and a de
crease in a population of Pre_Ad_2 (−25.5%) was ob
served after the intervention (Fig. 5C). Differential 
gene expression analyses revealed Pre_Ad_2 were en
riched in genes related to γ-aminobutyric acid signaling 
(Supplementary Table 2). We found the most overlap 
with markers of resident macrophages rather than lipid- 
associated macrophages (Fig. 5D), suggesting remodel
ing of adipose tissue rather than proinflammatory state (28). 

Table 1—Subject demographics
Preintervention Postintervention

Sex (M/F) (3/18) -

Age (years) 46.0 ± 1.9 -

BMI (kg/m2) 35 ± 0.9 31.4 ± 0.9*

Weight (kg) 98.5 ± 2.4 87.9 ± 2.4*

Percent fat 41.4 ± 1.3 38.1 ± 1.5*

FFM (kg) 56.9 ± 1.5 53.4 ± 1.4*

VO2peak (L/min) 2.25 ± 0.1 2.55 ± 0.12*

Insulin sensitivity (clamp glucose Rd normalized to  
insulin [mg/mU/kg/min])

0.0478 ± 0.004 0.0789 ± 0.008*

Fasting glucose (mg/dL) 101.1 ± 6.6 91.9 ± 2.3

Fasting insulin (mU/mL) 15.1 ± 1.2 10.6 ± 1.1*

Fasting glucagon (pg/mL) 79.3 ± 3.6 70 ± 3.3*

Fasting FFA (mmol/L) 584 ± 26 508 ± 19*

Fasting glycerol (mmol/L) 107.3 ± 6.3 91.7 ± 4.3*

Fasting IL-6 (pg/mL) 1.69 ± 0.15 1.59 ± 0.18

Fasting TNFα (pg/mL) 0.90 ± 0.15 0.68 ± 0.14*

Values are means ± SEM. *Significantly different from preintervention, P < 0.05. Rd = rate of disposal.
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The numbers of upregulated and downregulated genes for 
each nuclei type are presented in Fig. 5E and are listed in 
Supplementary Table 2 and highlight FAPs as the most 
transcriptionally active, followed by vascular cells and 
adipocytes (Fig. 5E). Enrichment analyses revealed adi
pocytes had a downregulation of G protein–coupled glu
tamate receptor signaling pathway, while cytoplasmic 
translation was upregulated across multiple nuclei types 
(Fig. 5F and Supplementary Table 2). We detected se
creted factors identified by the human protein atlas 
(2,502 total) that were related to cytokines and identi
fied which of those genes were differentially expressed pre- 
and postintervention for each cell type (228 total) (Fig. 5G). 
The majority of cytokines decreased after the intervention 
in each cell type, which would be consistent with a less in
flammatory IMAT secretome after the intervention.

Skeletal Muscle Bulk RNA-seq
The differential expressions of 605 genes were observed 
to change significantly over the course of the intervention 
and were related to insulin sensitivity (P < 0.05) (Fig. 6A). 
Genes were further compared with their correlation with 
changes with relevant outcomes (glucose infusion rate 
[GIR], body weight, VO2peak, or BMI) either before or 
after intervention, where the largest overlap with post
intervention traits was observed for GIR (Fig. 6B). Next, 
individuals were partitioned into participants with either 
low or high GIR following the intervention, with a cut 
point of 5 mg/kg/min. This cut point was chosen because 
it was the average glucose disposal during an insulin 
clamp in sedentary obese individuals previously reported 
by our group (29) (Supplementary Fig. 8). Intervention 
changes associated with high GIR were observed with 
core muscle pathways and adaption, and low GIR changes 
were enriched in diverse metabolic pathways (Fig. 6C). 
There were more genes that were significantly correlated 
with GIR following intervention (Fig. 6D) that were en
riched in remodeling and apoptosis (Fig. 6E). Genes that 
correlated with GIR only prior to intervention showed 
enrichments in TOR signaling (Fig. 6F), and genes that 
persisted in their correlation with GIR both pre- and 
postintervention showed enrichments in mitochondrial 
pathways (Fig. 6G). Given the large changes of nuclear 
lipids associated with intervention, the association of 
the change of specific genes with nuclear lipids during 
the intervention was evaluated. These changes showed 
distinct pathways associated with alterations in nuclear 
lipidomes. For example, nuclear DAG expression was 
related to many genes enriched with cell stress and fi
ber organization at baseline (Fig. 6H), while a positive 
correlation with phosphofructokinase enzymes and nega
tive enrichment with vitamin D metabolism was observed 
after the intervention (Fig. 6I).

Protein Expression
Before and after the intervention, muscle biopsies during 
the hyperinsulinemic-euglycemic clamp revealed signifi
cant increases in phosphorylation of AKTSer473/total AKT 
and AS160Thr642/total AS160, without differences in insu
lin signaling after the intervention compared with before 
(Fig. 7A and B). Phosphorylation of inflammatory marker 
ERK1/2Thr202/Tyr204 decreased significantly after the inter
vention (Fig. 7C), with a trend for a decrease in p38 
MAPKThr180/Tyr182 (P = 0.067) (Fig. 7E), without a sig
nificant change in the phosphorylation of inflammatory 
marker STAT3Tyr705 (Fig. 7D) in the basal samples.

PKC Activation
PKC membrane-to-cytosol ratios, a surrogate for PKC 
activation, did not change for PKCδ, PKCε, and PKCθ 
isoforms (Supplementary Fig. 9).

Figure 1—Whole-muscle triacylglycerol (TAG) concentration be
fore and after the intervention (A). TAG concentrations are shown 
for sarcolemmal (B), mitochondrial (C), nuclear (D), and cytosolic 
(E) fractions. Data are mean ± SEM. *P < 0.05. 
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DISCUSSION

Several reports have shown that the localization of bioactive 
lipids in muscle is related to insulin resistance in rodents 
and humans (8–10,25,30–32). Importantly, sarcolem
mal 1,2-DAG accumulation and sarcolemmal and mito
chondrial ceramide accumulation have been associated 

with lower insulin sensitivity and appear to be important 
players in cross-sectional comparisons (8,9,30). These 
cross-sectional comparisons are reinforced by a recent 
longitudinal study that showed changes in mitochon
drial and endoplasmic reticulum ceramide content after 
weight loss alone (10). Further, administration of IMAT 

Figure 2—Whole-muscle DAG concentration for 1,2-DAG and 1,3-DAG isomers as well as the sum of all DAG isomers before and after 
the intervention (A). DAG concentrations are shown for sarcolemmal (B), mitochondrial (C), nuclear (D), and cytosolic (E) fractions. Data 
are mean ± SEM. *P < 0.05, **P < 0.01. 
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Figure 3—Whole-muscle sphingolipid concentrations for sphingosine, dihydroceramide, ceramide, glucosylceramide, lactosylceramide, 
and sphingomyelin before and after the intervention (A). Sphingolipids concentrations are shown for sarcolemmal (B), mitochondrial (C), 
nuclear (D), and cytosolic (E) fractions. Data are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. 
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tissue conditioned media can decrease myotube insulin 
sensitivity in vitro, with an inflammatory cytokine se
cretome driven by resident immune cells, the composi
tion of which scales to insulin resistance across a 
spectrum of metabolic health (14,15). This project was 
designed to evaluate changes in bioactive lipid localization 
and IMAT cellular composition after combined weight loss 
and exercise training intervention in individuals with 
class I and II obesity. Contrary to our hypothesis, we did 
not find significant changes in sarcolemmal or mitochon
drial content of 1,2-DAG or sphingolipids after the inter
vention, despite a significant increase in insulin sensitivity, 
yet we did find changes in IMAT composition of FAP, 
vascular cells, and immune cells, and the composition of 
preadipocyte populations. Combined, these data suggest 
that changes in sarcolemmal and mitochondrial 1,2-DAG and 
ceramide are not required for muscle insulin sensitization in 

people with obesity but that changes in IMAT composition 
and transcriptional profiles occur concomitantly with 
increased muscle insulin sensitivity after an intensive 
lifestyle intervention.

Most insulin signaling is thought to occur in the plasma 
membrane (sarcolemma) of muscle cells. It is therefore 
likely that sarcolemmal 1,2-DAG and sphingolipids are 
most closely related to alterations in insulin signaling. 
This idea is consistent with known mechanisms by 
which 1,2-DAG and ceramides impact insulin signaling 
(33–35). Our data are consistent with this idea, as we 
found no changes in both sarcolemmal lipids and insu
lin signaling before and after the intervention, and that 
sphingomyelinase degradation is more important than 
de novo ceramide synthesis for sarcolemmal ceramide 
accumulation. Thus, sarcolemmal lipids may negatively 
impact muscle insulin sensitivity, but decreased sarco
lemmal lipids do not appear to be required for insulin 
sensitization.

Mitochondrial ceramides have been linked to decreased 
mitochondrial function and insulin resistance in human 
studies (8,9), and a previous study found mitochondrial 
ceramides decreased after an insulin-sensitizing weight 
loss intervention (10). Mitochondria contain sphingomye
linases that produce compartment-specific ceramide in re
sponse to inflammation and can inhibit complexes I and 
III of the electron transport chain (36). This can induce 
mitochondrial dysfunction and reactive oxygen species 
production and therefore contribute to insulin resistance 
(36). These relationships were recently proven experimen
tally in cell culture with mitochondrial-targeted changes 
in ceramide content that altered mitochondrial function 
and insulin sensitivity (30). We did not observe changes 
in mitochondrial sphingolipids in this study, which was 
surprising, considering exercise training is known to in
crease mitochondrial content. These data could be ex
plained by a weight loss–induced decreased inflammation 
after the intervention, as shown by decreased plasma 
TNFα concentration and muscle ERK1/2 and p38 MAPK 
phosphorylation, along with a presumed increase in mito
chondrial content after training and associated membrane 
ceramides that counteracted each other’s effects. Previ
ously, we found that mitochondrial/ER 1,2-DAGs were 
greater in insulin-sensitive athletes and lean individuals, 
yet we found no differences after the intervention in this 
study, similar to what was recently reported after weight 
loss alone (10). After exercise training, our participants 
were not as insulin-sensitive and active as athletes or lean 
individuals, which may explain the lack of change. How
ever, it is most likely that combined weight loss and exer
cise training could confound one another, as weight loss 
typically reduces many muscle lipids, including TAGs and 
DAGs, while exercise training consistently increases mus
cle TAG, with greater DAG reported in endurance-trained 
athletes (5). Combined, these data suggest that alterations 

Figure 4—Whole-muscle acylcarnitine concentration before and 
after the intervention (A). Acylcarnitine concentrations are shown 
for sarcolemmal (B), mitochondrial (C), nuclear (D), and cytosolic 
(E) fractions. Data are mean ± SEM. *P < 0.05, ***P < 0.001. 
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in mitochondrial lipids are not required for improved in
sulin sensitivity.

One of the most unexpected and exciting findings of 
this study were the changes in nuclear lipids after the 
combined weight loss and exercise training intervention. 
There is a considerable amount of lipid in the nucleus of 
muscle, likely because of the fact that the nuclear mem
brane is a double lipid bilayer. Additionally, nuclear lipids 
exist outside the nuclear envelope, as nuclear lipid drop
lets have been described, nuclear DAG can regulate cell 
growth, and nuclear sphingolipids can impact chromatin 
assembly and dynamics (37–39). Very little is known re
garding changes in nuclear lipids after insulin-sensitizing 

interventions. Importantly, nuclear localized 1,2-DAG ac
cumulation was not related to alterations in PKC signal
ing. One intriguing idea is that alterations in nuclear lipids 
may alter gene transcription, because specific lipid species 
such as glycerophospholipids, long chain acyl-CoA, leukotri
ene B4, and polyunsaturated fatty acids are known to be nu
clear ligands regulating gene transcription (40–43). Further, 
TAG degradation generated ligands for peroxisome proliferator–
activated receptor activation, implicating FFA or DAG as 
possible lipid ligands (44). We previously reported greater 
nuclear TAG content in individuals with type 2 diabetes 
that was inversely related to insulin sensitivity (45), consis
tent with the current data showing a decrease in nuclear 
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TAG content after the intervention. Previous data from our 
laboratory also reported greater nuclear 1,2-DAG in ath
letes, which is consistent with the current finding of greater 
nuclear 1,2-DAG after the intervention (8). While specula
tive, it is possible that changes in nuclear lipid accumulation 
may impact muscle gene transcription. Consistent with 
this idea, we found that nuclear 1,2-DAGs were related to 
cellular response to stress before the intervention, includ
ing MAP kinases involved in insulin signaling (MAP4K4, 
MAP3K4, BRAF), heat shock proteins (HSPA1, DNAJA1), 
and Toll-like receptor signaling (TLR3), which were not 
evident after the intervention. Nuclear 1,2-DAGs were re
lated to fewer genes after the intervention, suggesting in
creased nuclear 1,2-DAGs after combined weight loss and 
exercise could alter transcription of specific genes specifi
cally related to response to stress.

Inflammation is known to decrease muscle insulin sen
sitivity, in part by altering insulin signaling and transcrip
tion factor activation (46). Following the intervention, we 
observed reduced phosphorylation of ERK1/2 and a trend 

for reduced p38 MAPK, which aligns with the decrease in 
circulating TNFα, a known promoter of both ERK1/2 and 
p38 MAPK phosphorylation (47). However, despite the 
decrease in circulating TNFα and inflammatory signaling 
after the intervention, we did not find changes in insulin 
signaling. Similar disassociation between insulin sensitivity 
and signaling has been reported in humans and rodents 
and could be explained by only a portion of PI3K activa
tion required for full stimulation of AKT, total changes in 
insulin signaling possibly not reflecting changes in specific 
submembrane compartments, and alterations in insulin- 
stimulated translocation of AKT to the sarcolemma (48–51). 
Insulin resistance can also occur in the microvascula
ture, resulting in attenuated insulin-induced vasodila
tion, delivery of insulin and glucose to muscle, and 
insulin-stimulated muscle glucose uptake independent of 
changes in myofiber insulin sensitivity (52,53). Our data 
suggest that changes in chronic activation of ERK1/2 and 
p38 MAPK signaling, which can decrease GLUT4 and PGC1α 
expression and contribute to mitochondrial dysfunction and 
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oxidative stress (54,55), may help explain improvements in 
insulin sensitivity after the intervention.

Paracrine signaling from IMAT is an important player 
in muscle insulin sensitivity, as the IMAT secretome is 
more inflammatory than visceral adipose tissue (15) and 
can decrease muscle insulin sensitivity in vitro (14). The 
cellular composition of adipose tissue dictates its secre
tome, and IMAT is composed of multiple cell types, includ
ing immune cells and preadipocytes, which explains its 
inflammatory signature and metabolic potency (15,16). 
Preadipocytes are known to secrete extracellular matrix 
proteins, growth factors, and angiogenesis inhibitors 
(56) and correlate strongly with metabolic disease (57). 
The Pre_Ad_2 population that was characterized by 

γ-aminobutyric acid signaling gene signatures decreased 
after the intervention, which may help explain the increase 
in insulin sensitivity. Decreased preadipocytes may reduce 
the pool of adipocyte progenitors from which adipocytes 
form in favor of a less committed progenitor cell (FAPs) 
and partially explain reduced IMAT content with weight 
loss (58), or the ability of exercise to prevent IMAT accu
mulation (59). Intriguingly, γ-butyric acid signaling has 
been linked to decreased macrophage infiltration in subcu
taneous but not visceral adipose tissue in mice (60). In 
agreement with a reduced Pre_Ad_2 γ-butyric acid signal
ing and previous reports from our laboratory (28), we ob
served an increase in macrophage proportions after the 
intervention that had a more anti-inflammatory “M2” 

Figure 7—Western analysis of basal and insulin-stimulated skeletal muscle biopsies showing changes in AKTser473/total (A), and 
AS160Thr642/total (B) before and after the intervention. Changes in p44/p42 ERKThr202/204/total (C), p38 MAPKThr180/Tyr182/total (D), and 
STAT3Tyr705/total (E) in basal biopsies before and after the intervention. Data are mean ± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001. Sig
nal R.F.U., relative fluorescence units. 
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resident phenotype, which is associated with decreased in
flammation, lipid buffering, and regulation of immune cells 
and thus represents healthy IMAT remodeling (28). In
creased vascular cells in IMAT after the intervention may 
reflect an increase in capillarization and overall adipose tis
sue remodeling, which has been shown in subcutaneous ad
ipose tissue after exercise training interventions (61), and 
may reduce adipose tissue hypoxia that can lead to fibrosis, 
inflammation, and insulin resistance (62). Differentially ex
pressed genes within each of the IMAT cell types also re
vealed decreased expression of secreted cytokines and 
inflammatory proteins, consistent with a less inflamma
tory IMAT secretome with a less negative impact on mus
cle insulin sensitivity. Combined, significant changes in 
the IMAT cell composition may help explain the increase 
in insulin sensitivity following the combined weight loss 
and exercise training intervention.

There are several limitations to this work that are im
portant to recognize. We did not include a control weight 
stable, weight loss–only, or exercise training–only group 
in this study, which may have masked some lipid altera
tions following this intervention and prevents distin
guishing intervention effects from effects of time or 
biopsy sampling. Participants had obesity and insulin 
resistance prior to entering the study; therefore, we do 
not know whether the intervention returned these indi
viduals to a more insulin-sensitive state similar to a 
never-obese condition or whether our results reflect 
that the muscle first adapted to the obese condition be
fore the insulin-sensitizing intervention. It is possible 
that it takes longer than 12 weeks and more substantial 
weight loss to see changes in sarcolemmal and mito
chondrial DAG and ceramide content. Additionally, we 
controlled diet for 7 days prior to the muscle biopsy 
and insulin clamp days, and it is possible that this con
trolled diet altered muscle lipid species relative to their 
normal diet, which could have changed localized lipids. Our 
intervention was performed predominantly in women, and 
therefore our results may not be translatable to men. The 
age range of our participants likely included both pre- and 
postmenopausal women, which could have added variabil
ity to our results. We do not know the functional signifi
cance of changes in IMAT cellular composition, and so we 
are speculating on the physiological relevance of these 
changes on the IMAT secretome. The IMAT snRNA-seq 
was performed on pooled samples that did not permit 
subject-level analyses. Finally, it is likely that there are 
submembrane regions of the sarcolemma that may 
have localized differences in lipids, such as in caveoli or 
t-tubules, that are not captured and would be missed 
by this method.

These data indicate that changes in sarcolemmal cer
amide and DAG are not required for insulin sensitization 
after a combined weight loss and exercise training inter
vention in people with obesity, prediabetes, and type 2 di
abetes. However, this intervention dramatically changed 

IMAT cellular composition, and therefore the IMAT secre
tome, which is known to decrease muscle insulin sensitivity.
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