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BACKGROUND. Accumulation of diacylglycerol (DAG) and sphingolipids is thought to promote skeletal muscle insulin
resistance by altering cellular signaling specific to their location. However,the subcellular localization of bioactive lipids in
human skeletal muscle is largely unknown.

METHODS. We evaluated subcellular localization of skeletal muscle DAGs and sphingolipids in lean individuals (n = 15),
endurance-trained athletes (n = 16), and obese men and women with (n = 12) and without type 2 diabetes (n = 15).
Muscle biopsies were fractionated into sarcolemmal, cytosolic, mitochondrial/ER, and nuclear compartments. Lipids were
measured using liquid chromatography tandem mass spectrometry, and insulin sensitivity was measured using
hyperinsulinemic-euglycemic clamp.

RESULTS. Sarcolemmal 1,2-DAGs were not significantly related to insulin sensitivity. Sarcolemmal ceramides were
inversely related to insulin sensitivity, with a significant relationship found for the C18:0 species. Sarcolemmal
sphingomyelins were also inversely related to insulin sensitivity, with the strongest relationships found for the C18:1,
C18:0, and C18:2 species. In the mitochondrial/ER and nuclear fractions, 1,2-DAGs were positively related to, while
ceramides were inversely related to, insulin sensitivity. Cytosolic lipids as well as 1,3-DAG, dihydroceramides, and
glucosylceramides in any compartment were not related to insulin sensitivity. All sphingolipids but only specific DAGs
administered to isolated mitochondria decreased mitochondrial state 3 respiration.

CONCLUSION. These data reveal previously unknown differences in subcellular localization of skeletal muscle DAGs
and sphingolipids that […]
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Introduction
Insulin resistance is a common feature in the development of  type 2 diabetes, yet the mechanisms for this 
phenomenon remain poorly understood. After a meal, skeletal muscle clears 80% of  ingested glucose, 
and thus insulin resistance in this tissue is a critical determinant of  whole-body insulin sensitivity. Excess 
lipid accumulation in skeletal muscle is associated with insulin resistance, with initial reports highlighting 

BACKGROUND. Accumulation of diacylglycerol (DAG) and sphingolipids is thought to promote 
skeletal muscle insulin resistance by altering cellular signaling specific to their location. 
However,the subcellular localization of bioactive lipids in human skeletal muscle is largely 
unknown.

METHODS. We evaluated subcellular localization of skeletal muscle DAGs and sphingolipids in lean 
individuals (n = 15), endurance-trained athletes (n = 16), and obese men and women with (n = 12) 
and without type 2 diabetes (n = 15). Muscle biopsies were fractionated into sarcolemmal, cytosolic, 
mitochondrial/ER, and nuclear compartments. Lipids were measured using liquid chromatography 
tandem mass spectrometry, and insulin sensitivity was measured using hyperinsulinemic-
euglycemic clamp.

RESULTS. Sarcolemmal 1,2-DAGs were not significantly related to insulin sensitivity. Sarcolemmal 
ceramides were inversely related to insulin sensitivity, with a significant relationship found for the 
C18:0 species. Sarcolemmal sphingomyelins were also inversely related to insulin sensitivity, with 
the strongest relationships found for the C18:1, C18:0, and C18:2 species. In the mitochondrial/ER 
and nuclear fractions, 1,2-DAGs were positively related to, while ceramides were inversely related 
to, insulin sensitivity. Cytosolic lipids as well as 1,3-DAG, dihydroceramides, and glucosylceramides 
in any compartment were not related to insulin sensitivity. All sphingolipids but only specific DAGs 
administered to isolated mitochondria decreased mitochondrial state 3 respiration.

CONCLUSION. These data reveal previously unknown differences in subcellular localization 
of skeletal muscle DAGs and sphingolipids that relate to whole-body insulin sensitivity and 
mitochondrial function in humans. These data suggest that whole-cell concentrations of lipids 
obscure meaningful differences in compartmentalization and suggest that subcellular localization 
of lipids should be considered when developing therapeutic interventions to treat insulin resistance.
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intramuscular triglyceride in the etiology of  insulin resistance. However, insulin-desensitizing effects of  
lipids are now thought to occur from accumulation of  lipids, such as diacylglycerols (DAGs) and cera-
mides, which attenuate insulin signaling via activation of  nontypical PKC isoforms, and decreased AKT 
phosphorylation, respectively (1–9). However, the relative importance of  these lipids is debated, as each has 
been dissociated from insulin resistance in both animals and humans (9–19).

An advance that provides some clarity to this debate is the realization that localization of  both DAG and 
ceramide in muscle may be an important determinant of  the ability of  these lipids to promote insulin resis-
tance (20–24). This is logical given the diverse ways in which individual organelles impact insulin sensitivity. 
For example, the sarcolemmal membrane is the primary site of  insulin signaling and PKC activation and is 
susceptible to direct regulation by membrane lipid signaling. Mitochondrial lipids can alter mitochondrial 
function and reactive oxygen species production, which may have secondary consequences on insulin sen-
sitivity(25). Nuclear lipids alter gene transcription that can effect all aspects of  cellular function, including 
regulation of  insulin action (26, 27). Therefore, lipids are expected to influence a diverse range of  cellular sig-
nals affecting insulin sensitivity that are specific to their cellular location. Despite the potential importance 
of  subcellular localization of  lipids in human skeletal muscle, this area remains largely unexplored.

Identifying the subcellular localization of  key bioactive lipids is the first step in the discovery of  their 
trafficking, cellular signaling, and metabolic function for the purpose of  insulin sensitization and therapeu-
tics. Major aims of  the current study were to determine relationships between subcellular localized DAGs 
and sphingolipids and whole-body insulin sensitivity in humans and to evaluate if  cross-sectional relation-
ships could be explained by mechanistic studies in vitro.

Results
We performed a cross-sectional comparison of  skeletal muscle lipid localization in 4 groups of  individ-
uals spanning a wide range of  insulin sensitivities, including (a) endurance-trained athletes (athletes), 
(b) a sedentary lean control group (lean), (c) sedentary obese people (obese), and (d) individuals with 
type 2 diabetes (T2D). Individuals were screened, muscle biopsies were performed, and insulin sen-
sitivity was measured using the hyperinsulinemic-euglycemic clamp technique. Muscle biopsies were 
separated into subcellular fractions using differential centrifugation, with lipidomics performed on 
each fraction.

Demographics and plasma metabolic markers. Demographic information for individuals in this study 
is shown in Table 1. There were 25 women and 33 men in this study, with a similar proportion of  each 
sex in all groups. The mean age was not significantly different among the groups; BMI and percentage 
body fat were significantly lower in lean and athletes by design. Glucose concentrations after fasting 
and 2 hours after an oral glucose tolerance test were in the normal range for all individuals other than 
T2D. Fasting insulin concentrations were significantly greater in obese and T2D compared with lean 
and athletes. There were no differences in basal TNF-α or free fatty acid (FFA) concentration among 
the groups. Basal triglyceride and IL-6 concentrations were greater in T2D compared with lean and 
athletes and greater in obese compared with athletes. The concentration of  IL-6 was significantly lower 
in athletes compared with lean.

Insulin sensitivity. Insulin sensitivity was measured using a standard 3-hour 40 mU/m2/min hyperin-
sulinemic-euglycemic clamp. The rates of  glucose disappearance and nonoxidative glucose disposal, each 
measured by 6,6 D2-glucose during the insulin clamp, were significantly different among each group and 
largely reflected differences in muscle disposal (P < 0.001, Figure 1, A and B). Suppression of  hepatic 
glucose production during the clamp was significantly attenuated in T2D compared with all other groups, 
suggesting hepatic insulin resistance (P = 0.004, Figure 1C). Our 4 groups of  volunteers generated a data 
set with individuals spanning the physiological range of  insulin sensitivity.

Total lipid content. Whole-cell concentrations of  lipids are commonly reported; therefore, we have 
provided these data for direct comparison (Figure 2, A and B). Athletes and T2D had the highest con-
centration of  total DAGs, which is similar to previously published data showing greater DAG content 
in athletes compared with lean and obese volunteers (13). DAGs exist as several isomers based on the 
acyl-chain configuration, with only 1,2-DAG thought to decrease insulin sensitivity by activating PKC. 
However, DAG isomers have not been reported previously in human skeletal muscle. We found that 
roughly two-thirds of  muscle DAGs were the 1,2-isomer, with the remainder being 1,3- and 2,3-DAGs. 
Only 1,2-DAGs were significantly (P = 0.007) different among groups, which corroborates the idea that 
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only 1,2-DAGs are related to insulin sensitivity in humans. Ceramide and sphingomyelin content were 
greatest in T2D compared with the other groups (P = 0.01 and P = 0.05, respectively). There were no 
significant differences in dihydroceramide, glucosylceramide, or lactosylceramide among groups.

Subcellular lipid localization. To evaluate the lipid content of  different cellular compartments, muscle 
biopsies were fractionated using differential centrifugation. Enrichment of  subcellular fractions was 
evaluated using Western blots (Figure 3). We achieved separation and enrichment of  sarcolemmal, 
mitochondrial/ER, nuclear, and cytosolic fractions, with a small amount of  nuclear contamination of  
sarcolemmal and mitochondrial/ER fractions. The majority of  lipid droplet localization was found in 
the cytosolic fraction, with some lipid droplet protein in the sarcolemmal fraction.

Sarcolemma. In the sarcolemma, 1,2-DAGs were significantly greater in athletes, obese, and T2D 
compared with lean, while the distribution of  1,3- and 2,3-DAGs was not significantly different among 
groups (Figure 4A). Total sarcolemmal DAG was greater in athletes and T2D compared with lean. 
Excluding athletes, there was an inverse relationship between sarcolemmal disaturated 1,2-DAGs and 
insulin sensitivity (R2 = 0.39, P = 0.02), which was no longer significant when athletes were includ-
ed. This suggests that there could be subsarcolemmal compartmentalization of  DAGs in athletes that 
differs compared with other groups and/or suggests the proportion of  sarcolemmal DAGs relative to 
other lipids plays an important role. Ceramide and lactosylceramide content was greatest in the sar-
colemma in T2D compared with all other groups, while sarcolemmal sphingomyelin content in T2D 
was greater than that in lean and athletes (Figure 4B). In the sarcolemma, C18:0 ceramide and specific 
species of  sphingomyelin were significantly inversely related to insulin sensitivity, with the strength of  
these relationships as well as the 95% confidence intervals shown in Figure 4C and the relationship for 
C18:0 ceramide shown in Figure 4D. Differences among individual species of  1,2-DAGs, ceramides, 
sphingomyelins, and lactosylceramides in the sarcolemmal fraction are shown in Figure 4, E–H. To 
evaluate conversion of  sphingomyelin to ceramide via sphingomyelinases, we examined relationships 
between individual species of  these two lipids. In the sarcolemma only, there were significant relation-
ships between C16:0 sphingomyelin and ceramide (P = 0.01) and C18:0 sphingomyelin and ceramide (P 
= 0.002), consistent with ceramide generation from sphingomyelin degradation.

Mitochondria/ER. In the mitochondrial/ER fraction, 1,2-DAGs were significantly greater in lean com-
pared with T2D and in athletes compared with obese and T2D (Figure 5A). There were greater total mito-
chondrial/ER DAGs in lean and athletes compared with obese. There were no significant differences in 
mitochondrial/ER sphingolipids among groups (Figure 5B), yet mitochondrial/ER C18:0 ceramide was 
inversely related to insulin sensitivity (Figure 5, C and D). Despite the positive relationships between mito-
chondrial/ER 1,2-DAGs and insulin sensitivity (Figure 5C), there was an inverse relationship between the 
proportion of  disaturated 1,2-DAGs and insulin sensitivity (R2 = 0.34, P = 0.01), highlighting the poten-
tial importance of  these specific lipid species. Individual species of  1,2-DAGs, ceramides, sphingomyelin, 
and lactosylceramides in the mitochondrial/ER compartment are shown in Figure 5, E–H.

Table 1. Subject demographics

Variable Athletes Lean controls Obese controls Type 2 diabetes
n (W/M) 16 (6/10) 14 (6/8) 15 (7/8) 12 (5/7)
Age (yr) 42.5 ± 1.3 42.6 ± 1.9 42.0 ± 1.5 45.3 ± 1.7

BMI (kg/m2) 23.1 ± 0.5 22.4 ± 0.7 35.4 ± 1.1A,B 34.8 ± 1.8A,B

Body fat (%) 16.9 ± 1.4 22.8 ± 2.4 36.7 ± 2.0A,B 35.9 ± 2.6A,B

2-h OGTT glucose (mg/dl) 71.8 ± 5.2 93.8 ± 4.5 105.6 ± 6.3 305 ± 21.6A,B,C

Fasting glucose (mg/dl) 88.1 ± 2.4 90.2 ± 1.6 93.3 ± 2.1 173.7 ± 12.8A,B,C

Fasting insulin (μU/ml) 6.7 ± 0.7 8.8 ± 1.3 18.1 ± 2.1A,B 21.5 ± 2.7A,B

Free fatty acids (μEq/l) 554 ± 53 599 ± 73 537 ± 44 593 ± 45
Triglyceride (mg/dl) 66 ± 5 102 ± 17 124 ± 17B 164 ± 19A,B

TNF-α (pg/ml) 0.8 ± 0.1 1.1 ± 0.2 1.3 ± 0.2 1.2 ± 0.1
IL-6 (pg/ml) 0.7 ± 0.1 1.5 ± 0.2B 1.9 ± 1.0B 2.3 ± 1.2A,B

Values represent mean ± SEM. OGTT, oral glucose tolerance test; W, women; M, men. AP < 0.05, compared with lean, BP < 0.05, compared with athletes, CP 
< 0.05, compared with obese,DP < 0.05, compared with T2D, analyzed with 1-way ANOVA.

https://doi.org/10.1172/jci.insight.96805
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Nucleus. In the nuclear fraction, total DAGs were greater in athletes compared with lean and obese 
(Figure 6A). Ceramide content was greatest in the nuclear fraction in T2D compared with all other 
groups, while lactosylceramide content was greatest in lean individuals compared with obese and T2D 
(Figure 6B). Relationships between nuclear lipids and insulin sensitivity were similar to those observed 
in the mitochondria/ER, with an inverse relationship found for C18:0 ceramide and positive relation-
ships found for DAGs, as shown in Figure 6, C and D. Individual species of  1,2-DAGs, ceramides, 
sphingomyelin, and lactosylceramides in the nuclear fraction are shown in Figure 6, E–H.

Cytosol. There were no significant differences among groups for cytosolic lipids and no relationships 
between cytosolic lipids and insulin sensitivity (Figure 7, A and B). Individual species data for 1,2-
DAGs, ceramides, sphingomyelin, and lactosylceramides are shown in Figure 7, C–F.

De novo DAG synthesis. The etiology of  DAG accumulation in insulin resistance is not known, but 
dogma suggests that a mismatch between fatty acid uptake and oxidation is a culprit. We used a [U13Cglu-
cose] isotope infusion to determine if  increased de novo DAG synthesis could explain DAG accumulation 
(28). We found no significant differences in enrichment of  the glycerol backbone of  DAGs in membrane 
or cytosolic compartments or membrane and cytosolic de novo DAG synthesis rates among groups (Table 
2). These data suggest that alterations in de novo DAG synthesis do not explain 1,2-DAG accumulation, 
which implicates other pathways, such as phospholipid degradation, and/or alterations in the rate of  
interconversion between sphingomyelin and ceramide.

Protein expression. To further investigate differences in the generation of  compartment specific 

Figure 1. Hyperinsulinemic-euglycemic clamp measurements in endurance-trained athletes, lean controls, obese individuals, and individuals with type 2 
diabetes. Hyperinsulinemic-euglycemic clamp measurements of insulin sensitivity (A), nonoxidative glucose disposal (B), and percentage suppression of hepatic 
glucose production (C) in endurance-trained athletes, lean controls, obese individuals, and individuals with type 2 diabetes. The box plot shows the median and 
25th and 75th percentiles, and the whiskers represent the 10th and 90th percentiles. n = 16 athletes, 14 lean, 15 obese, and 12 T2D. ¥P < 0.05, compared with lean, 
#P < 0.05, compared with athletes, §P < 0.05, compared with obese,*P < 0.05, compared with T2D, analyzed with 1-way ANOVA.

https://doi.org/10.1172/jci.insight.96805
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lipids, we evaluated enzymes regulating lipid metabolism. We found no differences among groups 
in enzymes responsible for triglyceride lipolysis (ATGL, CGI58), sphingomyelinases (SMPD3 and 
SMPD4), or interconversion between phosphatidic acid and DAG (lipin 1, DGKδ). Lipid compo-
sition may be influenced by desaturases; one such enzyme, stearoyl-CoA desaturase 1 (SCD1), was 
significantly greater in athletes compared with the other groups (Figure 8, P = 0.04) and may help 
explain decreased abundance of  saturated lipid species in athletes. The 78-kDa glucose-regulated pro-
tein (GRP78) is a marker of  ER stress and was significantly greater in obese compared with lean and 
athletes (P = 0.04). Ceramide can be transported within cells by a transport protein (CERT) that was 
significantly greater in obese compared with athletes (P = 0.007). The mitochondrial reticulum is 
dynamic, undergoing constant reorganization that is regulated by fission and fusion events. The con-
tent of  a mitochondrial fission protein (FIS1) was significantly greater in athletes compared with all 
3 other groups (P = 0.04). FIS1 protein content was significantly related to total mitochondrial/ER 
DAGs (r = 0.41, P = 0.004) as well as other DAG species containing 1 monounsaturated acyl group. 
These relationships suggest that specific species of  mitochondrial DAGs may promote mitochondrial 
fission and mitochondrial dynamics and may help explain the positive relationship between mitochon-
drial/ER DAGs and insulin sensitivity.

Muscle redox. Oxidative stress has been implicated in insulin resistance. We found no differences in oxi-
dative stress among groups measured via the GSH/GSSG ratio (P = 0.47; athletes: 47.4 ± 6.4; lean: 48.2 
± 4.8; obese: 43.4 ± 3.8; T2D: 38.2 ± 2.6). However, glutathione content was significantly higher in obese 
compared with athletes (P = 0.004) and T2D (P = 0.05).

PKC activation. DAGs are thought to promote insulin resistance by activating PKC, which leads to 
serine phosphorylation and inhibition of  insulin receptor substrate 1 in the insulin signaling cascade. We 
found significantly greater PKCε membrane/cytosol ratios in obese and T2D compared with lean and 
athletes (P = 0.03), without significant differences for PKCθ, PKCδ, or PKCβII (Figure 9). However, the 
relationship between localized DAGs and PKC activation is not known. We found a significant positive 
relationship between PKCε and sarcolemmal 1,2 DAG C16:0/C18:2 (P = 0.03). There were no significant 
relationships between 1,2-DAGs in any other compartment and PKCε. No significant relationships were 
found between sarcolemmal 1,2-DAGs and PKCθ, PKCδ, or PKCβII.

Lipids and mitochondrial respiration. We found mitochondrial/ER accumulation of  ceramide that cor-
related with insulin resistance, suggesting the two may be related. Ceramide can inhibit mitochondrial 
respiration by decreasing activity of  complex 1 and 3 in the electron transport chain as well as by altering 
membrane structure and permeability (25, 29). However, there are no data in the literature regarding 
whether this is a generalized ceramide effect or if  there are differences among specific species. Our lab 

Figure 2. Whole-cell skeletal muscle content in endurance-trained athletes, lean controls, obese individuals, and individuals with type 2 diabetes. 
Whole-cell skeletal muscle content of DAG isomers (A) and sphingolipids (B) in endurance-trained athletes, lean controls, obese individuals, and individ-
uals with type 2 diabetes. The box plot shows the median and 25th and 75th percentiles, and the whiskers represent the 10th and 90th percentiles. n = 16 
athletes, 14 lean, 15 obese, and 12 T2D. CER, ceramides; DHCER, dihydroceramides; SPM, sphingomyelins; GluCER, glucosylceramides; LacCER, lactosylcer-
amides. ¥P < 0.05, compared with lean, §P < 0.05, compared with obese,*P < 0.05, compared with T2D, analyzed with 1-way ANOVA.

https://doi.org/10.1172/jci.insight.96805
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and others have reported species-specific accumulation of  C16:0 and C18:0 ceramide and di-C18:0 DAG 
in insulin resistance, which drove us to evaluate whether there are species-specific effects on mitochon-
drial function (30–34). We found that administering any exogenous ceramide or dihydroceramide species 
to isolated rat mitochondria significantly decreased ADP-stimulated state 3 respiration (Figure 10A). 
The response to DAGs were variable, as di-C18:1 1,2-DAG significantly decreased state 3 respiration 
at moderate to high doses, while other DAG species had no effect (Figure 10A). Only C18:0 and C24:0 
ceramides increased state 4 respiration, suggestive of  increased proton leak (Figure 10B). All ceramide 
and dihydroceramide species, other than C18:0 dihydroceramide, as well as di-C18:1 and di-C18:2 DAG 
decreased ADP/O ratios, suggesting that they may enhance the leak rate of  protons and/or reduce cou-
pling between ATP synthesis and oxygen consumption (Figure 10C). These data suggest that even small 
amounts of  mitochondrial ceramide accumulation may decrease mitochondrial function, which may 
increase oxidative stress and decrease insulin sensitivity (35).

Discussion
The accumulation of  bioactive lipids such as DAG and sphingolipids have emerged as important medi-
ators of  insulin resistance. Recent data indicate lipids related to insulin resistance are located in mem-
branes; however, the exact membranes are unknown, which limits our ability to prevent and treat insulin 
resistance. We performed this study to measure subcellular skeletal muscle lipid localization to identify 
specific membranes, species, and isomers related to insulin resistance in humans spanning a wide range 
of  insulin sensitivity. When normalized to protein content, roughly 80%–90% of  DAGs and sphingolip-
ids were split between both sarcolemmal and mitochondrial/ER membranes. Approximately two-thirds 
of  cellular DAGs were the 1,2-isoform, and no differences were found among groups for 1,3- and 2,3-
DAGs. In the sarcolemma, ceramide and sphingomyelin were inversely related to insulin sensitivity. In 
the mitochondrial/ER fraction, DAGs were positively related to insulin sensitivity and may influence 
mitochondrial dynamics and function. Ceramide accumulation in the mitochondria/ER was inversely 
related to insulin sensitivity and may impede mitochondrial respiration and increase proton leak rate, as 
evidenced by our findings in vitro. Together, these data advance our knowledge of  subcellular distribu-
tion of  DAGs and sphingolipids that relate to insulin resistance and reveal potential organelle-specific 
alterations in cell signaling and function that may prove themselves as therapeutic targets.

Figure 3. Western blot showing enrichment of cellular fractions representing the sarcolemmal, mitochondrial/ER, 
nuclear, and cytosolic compartments.

https://doi.org/10.1172/jci.insight.96805
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Figure 4. Sarcolemmal 
lipid localization in skeletal 
muscle in endurance-trained 
athletes, lean controls, obese 
individuals, and individuals 
with type 2 diabetes. Data 
are shown for DAG concen-
tration (A); sphingolipid 
concentration (B); relation-
ship of individual lipids to 
insulin sensitivity, with error 
bars representing 5% and 
95% confidence intervals (C); 
relationship between C18:0 
ceramide and insulin sen-
sitivity (D); 1,2-DAG species 
(E); ceramide species (F); 
sphingomyelin species (G); 
and lactosylceramide species 
(H). The box plot shows the 
median and 25th and 75th 
percentiles, and the whiskers 
represent the 10th and 90th 
percentiles. n = 16 athletes, 
14 lean, 15 obese, and 12 T2D. 
Outliers not shown include 
an athlete with 5.94 pmol 
1,2-DAG/μg protein and 6.69 
pmol total DAG/μg protein (A) 
and an athlete with 1.36 pmol 
C16:0/18:1 DAG/μg protein and 
1.02 pmol C16:0/18:2 DAG/μg 
protein (E). CER, ceramides; 
DHCER, dihydroceramides; 
SPM, sphingomyelins; 
GluCER, glucosylceramides; 
LacCER, lactosylceramides. ¥P 
< 0.05, compared with lean, 
#P < 0.05, compared with 
athletes, §P < 0.05, compared 
with obese, analyzed with 
1-way ANOVA and corrected 
for multiple comparisons.
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Figure 5. Mitochondrial/
ER lipid localization in 
skeletal muscle in endur-
ance-trained athletes, lean 
controls, obese individuals, 
and individuals with type 
2 diabetes. Data are shown 
for DAG concentration (A); 
sphingolipid concentration 
(B); relationship of individual 
lipids to insulin sensitivity, 
with error bars representing 
5% and 95% confidence 
intervals (C); the relationship 
between mitochondrial/ER 
C18:0 ceramide and insulin 
sensitivity (D); 1,2-DAG spe-
cies (E); ceramide species (F); 
sphingomyelin species (G); 
and lactosylceramide species 
(H). The box plot shows the 
median and 25th and 75th 
percentiles, and the whiskers 
represent the 10th and 90th 
percentiles. n = 16 athletes, 
14 lean, 15 obese, and 12 
T2D. Outliers not shown 
include an athlete with 31.4 
pmol SPM/μg protein (B). 
CER, ceramides; DHCER, 
dihydroceramides; SPM, 
sphingomyelins; GluCER, 
glucosylceramides; LacCER, 
lactosylceramides. §P < 0.05, 
compared with obese,*P < 
0.05, compared with T2D, 
analyzed with 1-way ANOVA 
and corrected for multiple 
comparisons.
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Figure 6. Nuclear 
lipid localization in 
skeletal muscle in 
endurance-trained 
athletes, lean controls, 
obese individuals, and 
individuals with type 2 
diabetes. Data are shown 
for DAG concentration 
(A); sphingolipid concen-
tration (B); relationship of 
individual lipids to insulin 
sensitivity, with error bars 
representing 5% and 95% 
confidence intervals (C); 
the relationship between 
nuclear C18:0 ceramide 
and insulin sensitivity 
(D); 1,2-DAG species (E); 
ceramide species (F); 
sphingomyelin species 
(G); and lactosylceramide 
species (H). The box plot 
shows the median and 
25th and 75th percentiles, 
and the whiskers repre-
sent the 10th and 90th 
percentiles. n = 16 ath-
letes, 14 lean, 15 obese, 
and 12 T2D. Outliers not 
shown include an athlete 
with 0.38 pmol C16:0/18:1 
DAG/μg protein (E). 
CER, ceramides; DHCER, 
dihydroceramides; SPM, 
sphingomyelins; GluCER, 
glucosylceramides; Lac-
CER, lactosylceramides. 
¥P < 0.05, compared with 
lean, #P < 0.05, compared 
with athletes, §P < 0.05, 
compared with obese,*P 
< 0.05, compared with 
T2D, analyzed with 1-way 
ANOVA and corrected for 
multiple comparisons.

https://doi.org/10.1172/jci.insight.96805


1 0insight.jci.org      https://doi.org/10.1172/jci.insight.96805

C L I N I C A L  M E D I C I N E

Figure 7. Cytosolic lipid localization in skeletal muscle in endurance-trained athletes, lean controls, obese individuals, and individuals with type 2 dia-
betes. Data are shown for DAG concentration (A), sphingolipid concentration (B), 1,2-DAG species, (C) ceramide species (D), sphingomyelin species (E), and 
lactosylceramide species (F). The box plot shows the median and 25th and 75th percentiles, and the whiskers represent the 10th and 90th percentiles. n = 
16 athletes, 14 lean, 15 obese, and 12 T2D. CER, ceramides; DHCER, dihydroceramides; SPM, sphingomyelins; GluCER, glucosylceramides; LacCER, lactosyl-
ceramides. ¥P < 0.05, compared with lean, #P < 0.05, compared with athletes, analyzed with 1-way ANOVA and corrected for multiple comparisons
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It is generally accepted that only 1,2-DAGs can activate PKC to induce insulin resistance (36, 37). 
Our data support this idea, as there were no differences in 1,3- and 2,3-DAGs among groups, despite 
dramatic differences in insulin sensitivity, and only 1,2-DAGs were significantly related to PKC activa-
tion. Our data support the idea that 1,3- and 2,3-DAGs represent a DAG isoform that does not influence 
insulin sensitivity in humans.

The majority of  1,3- and 2,3-DAGs are thought to arise from ATGL-mediated lipolysis, while 1,2-
DAGs are thought to be generated from phospholipid degradation in sarcolemma and de novo synthesis 
in the ER. It is interesting that all DAG isomers are found in all 4 cellular compartments. This raises the 
possibility that DAGs may be chaperoned through the polar cytosol via a DAG-binding protein(s). No 
such protein is known to exist, and it is possible that DAG isomers are distributed throughout the cell 
only via membrane budding, fusion, and trafficking. However, future discovery efforts may reveal such a 
DAG-binding protein that could dictate the intracellular localization of  DAGs in many tissues.

Sarcolemmal localization of  DAGs may drive canonical intracellular signaling. DAGs are thought to 
promote insulin resistance via activation of  novel and conventional PKC isoforms that serine-phosphory-
late IRS1 to decrease insulin signaling (38). We measured 4 PKC isoforms, and only found activation of  
PKCε. Further, only sarcolemmal DAGs related to PKCε activation. However, we cannot rule out that 
other PKC isoforms were activated in a transitory manner (21). Low sarcolemmal 1,2-DAGs in lean com-
pared with other groups suggest that sarcolemmal 1,2-DAG accumulation is an adaptation to both chronic 
endurance exercise training as well as obesity. How sarcolemmal DAGs can coexist with dichotomous phe-
notypes of  insulin sensitivity is not entirely clear. It is possible that sarcolemmal DAGs are not related to 
insulin sensitivity or there is further compartmentalization of  specific DAG species into caveoli, T-tubules, 
and/or membrane lipid domains not captured by our methods that influence DAG-PKC activation.

Sarcolemmal ceramide was strongly related to insulin resistance, with the strongest relationship 
observed for C18:0 ceramide. These data parallel a recent publication from the Jensen lab that subsarco-
lemmal ceramides were related to insulin sensitivity in humans (24). Our finding of  greater sarcolemmal 
C16:0 and C18:0 ceramide in T2D is similar to that in previous studies, suggesting that these ceramide 
species are uniquely negative toward insulin resistance (30–32, 39), and parallel a recent publication by our 
lab showing that C18:0 muscle ceramides are significantly related to insulin resistance (33). Sarcolemmal 
C18:0 ceramide may explain the canonical pathways of  ceramide-induced insulin resistance, as it antago-
nizes an inhibitor of  protein phosphatase 2A (PP2A), resulting in increased PP2A activity and inhibition 
of  AKT phosphorylation in response to insulin (40). Significant correlations between C16:0 and C18:0 
sphingomyelin and ceramide species suggest that sphingomyelin degradation is an important reservoir for 
sarcolemmal ceramide production. Strong inverse relationships between sarcolemmal sphingomyelin and 
insulin sensitivity suggest sphingomyelin itself  may promote insulin resistance, although there is evidence 
to the contrary (41).

Regulation of  sarcolemmal ceramide formation is relatively unknown. No differences in sphingomye-
linase 3 or 4 protein content were found among groups, but sphingomyelinase activity may regulate local 
ceramide synthesis. Sphingomyelinase activity is stimulated by TNF-μ and oxidized LDL and inhibited 
by intracellular glutathione (42). We did not find significant differences in TNF-μ and found increased 
glutathione content in obesity, suggesting these are unlikely mechanisms for enhanced sphingomyelinase 

Table 2. De novo DAG synthesis

Variable Athletes Lean controls Obese controls Type 2 diabetes
U13C glucose enrichment (%) 2.4 ± 0.1 2.4 ± 0.03 3.1 ± 0.1 2.1 ± 0.1
DAG glycerol enrichment (%)

Cytosol 1.3 ± 0.2 1.6 ± 0.2 1.4 ± 0.2 1.4 ± 0.2
Membrane 1.6 ± 0.2 1.8 ± 0.3 1.4 ± 0.2 1.7 ± 0.4

DAG de novo synthesis 
(pmol/μg/h)

Cytosol 1.3 ± 0.2 1.5 ± 0.3 0.9 ± 0.1 1.6 ± 0.2
Membrane 0.1 ± 0.03 0.1 ± 0.02 0.1 ± 0.02 0.1 ± 0.02

Values represent mean ± SEM. 
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activity. Previous studies reported that obese individuals with or without type 2 diabetes have greater oxi-
dized LDL (43), which could explain increased sarcolemmal sphingomyelinase activity and ceramide for-
mation in insulin resistance. It is also possible that oxidized LDL simply reflects alterations in redox state 
in insulin resistance. Oxidative stress can increase plasma membrane trafficking and activity of  sphingo-
myelinase, which could also explain increased sarcolemmal ceramide formation (44). These data suggest 
that targeted inhibition of  sarcolemmal sphingomyelinases could be an effective mechanism to decrease 
sarcolemmal ceramide, especially C16:0 and C18:0 species, to increase insulin sensitivity.

Sarcolemmal accumulation of  lactosylceramide in T2D is another observation in this study. Muscle 
lactosylceramide content is positively related to insulin resistance and decreases after 6 months of  insu-
lin-sensitizing caloric restriction in rodents (45). Lactosylceramides are precursors for ganglioside forma-

Figure 8. Skeletal muscle protein content in lean controls, endurance-trained athletes, obese individuals, and individuals with type 2 diabetes. The box 
plot shows the median and 25th and 75th percentiles, and the whiskers represent the 10th and 90th percentiles. n = 16 athletes, 14 lean, 15 obese, and 12 T2D. 
SCD1, stearoyl-CoA desaturase 1; BiP (GRP78), 78-kDa glucose-regulated protein; CERT, ceramide transport protein; FIS1, mitochondrial fission protein 1. ¥P < 
0.05, compared with lean, #P < 0.05, compared with athletes, §P < 0.05, compared with obese,*P < 0.05, compared with T2D, analyzed with 1-way ANOVA.
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tion, which promote insulin resistance in animal models (46). Sarcolemmal lactosylceramide accumulation 
in insulin resistance in this study is consistent with the notion that gangliosides are predominately localized 
to the plasma membrane (47). Our data suggest sarcolemmal lactosylceramide may also be implicated in 
the sequelae of  insulin resistance.

One of  the most surprising findings in this study was mitochondrial/ER accumulation of  1,2-DAGs 
in insulin-sensitive individuals. These data do not corroborate the general view that all cellular DAGs pro-
mote insulin resistance. It is possible that mitochondrial DAG accumulation is an adaptation to physical 
activity or endurance training and could explain reports showing increased whole-cell DAG concentration 
in athletes (13) and no change in whole-cell DAGs after exercise training (16). It is important to note that a 
greater proportion of  mitochondrial/ER disaturated 1,2-DAGs was inversely related to insulin sensitivity. 

Figure 9. Skeletal muscle PKC membrane/cytosol ratios in lean controls, endurance-trained athletes, obese individuals, and individuals with type 2 
diabetes. The box plot shows the median and 25th and 75th percentiles, and the whiskers represent the 10th and 90th percentiles. n = 16 athletes, 14 lean, 
15 obese, and 12 T2D, analyzed with 1-way ANOVA. ¥P < 0.05, compared with lean, #P < 0.05, compared with athletes, analyzed with 1-way ANOVA.
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These data suggest that, in addition to localization, DAG composition influences insulin sensitivity, but 
the exact mechanisms explaining this phenomenon are not known. Futures studies need to be performed 
to evaluate the change in intracellular 1,2-DAG localization and composition after insulin-sensitizing 
lifestyle interventions.

There are several possibilities why mitochondrial/ER DAGs may accumulate in insulin-sensitive indi-
viduals. One possibility is that greater rates of  TAG synthesis in insulin-sensitive individuals result in great-
er ER DAG (48, 49). If  true, this would suggest increased 1,2-DAGs localized in the ER do not attenuate 

Figure 10. Effect of exogenous lipids on mitochondrial function. Physiological doses of individual ceramides (1 μl = 0.017, 3 μl = 0.05, 5 μl = 0.083 pmol/
μg mitochondrial protein), dihydroceramides (1 μl = 0.0017, 3 μl = 0.005, 5 μl = 0.008 pmol/μg mitochondrial protein), and DAGs (1 μl = 0.07, 3 μl = 0.20, 5 
μl = 0.34 pmol/μg mitochondrial protein) were individually administered to isolated rat mitochondria. The changes in (A) state 3 respiration, (B) state 4 
respiration, and (C) ADP/O were measured. The box plot shows the median and 25th and 75th percentiles, and the whiskers represent the 10th and 90th 
percentiles. n = 4–7 for each lipid administered. *P < 0.05, compared with T2D, analyzed with 1-way ANOVA and corrected for multiple comparisons.
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insulin sensitivity. However, we found no differences in DAG de novo synthesis among groups, suggesting 
increased TAG synthesis is not likely to explain mitochondrial/ER DAG accumulation. Mitochondria also 
contain the enzymes to convert phosphatidic acid to 1,2-DAG and do so in response to oxidative stress 
(50, 51). Basal markers of  oxidative stress were not different among groups, suggesting that this is also not 
a likely explanation. However, exercise increases oxidative stress acutely and, thus, could contribute to 
mitochondrial 1,2-DAG accumulation. While the mechanism explaining an increase in mitochondrial/ER 
DAGs cannot be identified here, an increased abundance of  DAGs in the mitochondrial membranes may 
promote mitochondrial fission and fusion. Mitochondrial fission and fusion are critical in the maintenance 
of  the mitochondrial network (52), and lipids are known to regulate these processes (53, 54). DAG organi-
zation in membranes allows for extreme membrane curvature required for the pinching off  and separation 
of  membranes as well as the transition states needed for membrane fusion (52, 55). A significant relation-
ship between total mitochondrial/ER DAGs and FIS1 suggests a relationship between mitochondrial/ER 
DAGs and mitochondrial fission. Analyses of  species revealed that only unsaturated DAGs were related 
to FIS1, suggesting that if  mitochondrial DAGs promote membrane fission, the unsaturated species may 
promote greater membrane fluidity and/or have a 3-dimensional confirmation promoting acute membrane 
angles. Increased membrane folding and convolution from increased 1,2-DAG content may also allow 
increased mitochondrial cristae density and would also be consistent with increased mitochondrial/ER 
DAGs in insulin sensitivity. Consistent with this idea, athletes have greater mitochondrial cristae density 
compared with obese individuals with and without type 2 diabetes (56). Further, whole-body lipin 1 knock-
out decreased muscle DAG concentration and resulted in disordered mitochondria with poor mitochon-
drial function (57), and membrane DAG accumulation in mice was recently linked with increased mito-
chondrial biogenesis and oxidative capacity (51). These observations lead to the idea that mitochondrial 
DAG accumulation promotes increased mitochondrial biogenesis, cristae density, oxidative capacity, and 
function and may help explain increased DAG content observed in athletes (13).

To our knowledge, these are the first data reporting mitochondrial/ER sphingolipid content in humans 
spanning a range of  insulin sensitivity, with C18:0 ceramide inversely related to insulin sensitivity. There 
are several potential mechanisms that could explain greater ceramide in this location. Degradation of  
mitochondrial sphingomyelin is not a likely explanation for mitochondrial/ER ceramide accumulation, as 
there were no differences in mitochondrial sphingomyelin content among groups, no relationships between 
mitochondrial sphingomyelin and ceramide species, and no differences in the protein expression of  ER-lo-
calized neutral sphingomyelinase 3 (SMPD4). However, inflammation is commonly observed in insulin 
resistance and can stimulate mitochondrial ceramide synthesis and accumulation (58). Mitochondrial 
ceramide formation has also been reported by a reverse reaction neutral ceramidase in liver (59). While 
the mechanism for mitochondrial ceramide accumulation is not known, animal data show that ceramide 
inhibits complex 1 and 3 of  the electron transport chain, providing a potential mechanism for their influ-
ence on skeletal muscle metabolic function (25, 29). Our data in isolated muscle mitochondria corroborate 
ceramide inhibition of  mitochondrial respiration and show that this phenomenon is true for many species. 
Importantly, inhibition of  mitochondrial respiration was specific for ceramides and dihydroceramides and 
was not a global effect of  adding lipids to isolated mitochondria. Our data are consistent with direct inhi-
bition of  complexes in the electron transport chain. However, ceramide may become incorporated into 
mitochondrial membranes, altering membrane fluidity and increasing the rate of  proton leak. Therefore, 
accumulation of  small amounts of  mitochondrial/ER ceramide impairs mitochondrial function, which 
could increase oxidative stress and insulin resistance (35, 60).

Nuclear lipid localization is relatively unstudied in humans. In smooth muscle, ceramides inhibit 
nuclear protein import and proliferation (61). If  nuclear ceramides play this role in skeletal muscle, the 
effects would be more pronounced in T2D, who had greater total nuclear ceramides compared with 
the other 3 groups. We found that total nuclear DAGs were greater in athletes. It is known that nuclear 
DAGs regulate the cell cycle (62), with nuclear DAGs and PKCα accumulation during cell proliferation 
(63, 64). Nuclear DAGs may be increased in athletes during recovery from endurance exercise under 
the control of  IGF-1. Acute exercise has variable effects on plasma IGF-1 in untrained individuals, but 
acute exercise in athletes increases plasma IGF-1 (65, 66). IGF-1 activates a nuclear phosphoinositidase 
C that increases nuclear DAGs without altering whole-cell content in Swiss 3T3 cells (64, 67). There-
fore, it is possible that nuclear DAG accumulation in athletes helps promote muscle proliferation and 
recovery from exercise.
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Another possibility is that nuclear DAGs may be ligands promoting PPARα activation. ATGL-medi-
ated lipolysis is required for activation of  PPARα and PGC1α, consistent with FFA or DAG derivatives, 
such as prostaglandins, leukotriene B4, and phospholipids, serving as PPAR ligands (26, 27). Though 
fatty acids are the purported nuclear ligands promoting PPARα activation (68), the possibility that DAGs 
themselves may also be a nuclear lipid ligand cannot be excluded. This contention is not without prece-
dent, as there are other lipids that act as nuclear ligands, including acyl-CoA and glycerol-phospholipids 
(69, 70). The potential role of  DAGs as a nuclear ligand capable of  influencing gene transcription is ripe 
for future investigation.

In summary, to our knowledge this is the first report of  subcellular DAG and sphingolipid local-
ization in relation to insulin sensitivity in human skeletal muscle. We studied individuals across the 
metabolic spectrum, with a 6-fold variation in insulin sensitivity. In the sarcolemma, we found sphin-
gomyelin and ceramides were inversely related to insulin sensitivity, while sarcolemmal 1,2-DAG accu-
mulation related to PKCε activation. We also found sarcolemmal ceramide, sphingomyelin, and lacto-
sylceramide accumulation in insulin-resistant individuals, with a strong inverse relationship of  C18:0 
ceramide and insulin sensitivity. In the mitochondrial/ER fraction, 1,2-DAGs were greater in insu-
lin-sensitive individuals and this may relate to alterations in mitochondrial dynamics, structure, and/
or function. Mitochondrial/ER ceramides were increased in individuals with low insulin sensitivity 
and were found to decrease mitochondrial function when administered in vitro to isolated rat muscle 
mitochondria. Combined, these data indicate that whole-cell content of  DAGs and sphingolipids over-
simplifies the complexity of  how these bioactive lipids promote decreased insulin sensitivity in human 
skeletal muscle. Lipid species localized in various cell organelles affect insulin sensitivity, likely through 
different mechanisms. These data suggest that altering specific localized lipid species in skeletal muscle 
may provide novel targets for preventing and treating insulin resistance in humans.

Methods
Subjects. Fourteen lean sedentary controls (lean), sixteen lean athletes, fifteen sedentary obese controls 
(obese), and twelve T2D were recruited for this study. Subjects were excluded if  they had a BMI <20 
kg/m2 or >25 kg/m2 for lean and athletes; a BMI <30 or >40 kg/m2 for obese and T2D; had fasting 
triglycerides >150 mg/dl; or had liver, kidney, thyroid, or lung disease. Sedentary subjects were engaged 
in planned physical activity <2 hours per week. Endurance athletes were masters athletes training for 
cycling and triathlon competitions. T2D were excluded from the study if  they used insulin and/or 
thiazolidinediones. All other medications were permissible but were washed out for 2 weeks prior to 
metabolic testing. These medications included metformin (n = 4), sitagliptin (n = 2), sitagliptin/met-
formin (n = 2), glimepiride (n = 1), glyburide (n = 1), glipizide (n = 1), and liraglutide (n = 2). None of  
the obese, lean, or athletes were taking medications. Subjects were weight stable in the 6 months prior 
to the study.

Preliminary testing. Following a 12-hour overnight fast, subjects reported to the Clinical Translational 
Research Center, where they were given a health and physical examination, followed by a fasting blood 
draw, and a standard 75-g oral glucose tolerance test to verify glucose tolerance. Body composition was 
determined using DEXA analysis (Lunar DPX-IQ, Lunar Corporation).

Diet and exercise control. Diet was not controlled in this study to avoid confounding from acute dietary 
changes on muscle lipid composition. Subjects were asked to refrain from planned physical activity for 48 hours 
before the metabolic study.

Insulin clamp study. Volunteers spend the night at the Clinical Translational Research Center to ensure com-
pliance with the overnight fast. After a 12-hour overnight fast, an antecubital vein in one arm was cannulated 
for infusions of glucose stable isotopes, insulin, and “spiked” dextrose, and a retrograde dorsal hand vein in 
the contralateral side was catheterized for blood sampling via the heated hand technique. A primed continuous 
infusion of [6,6-2H2]glucose and [U13-C]glucose was initiated at 0.04 mg/kg/min and continued throughout a 
2-hour equilibrium period and the 3-hour insulin clamp. Blood samples for determination of baseline hormone 
and substrate concentrations were drawn during the final 30 minutes of the 2-hour tracer equilibration before 
the clamp. After 2 hours of tracer equilibration, a percutaneous needle biopsy (~150 mg) was taken from mid-
way between the greater trochanter of the femur and the patella. Muscle was immediately flash frozen in liquid 
nitrogen and stored at –80°C until analysis. Skeletal muscle samples were dissected free of extramuscular fat on 
ice as previously described (71). The [U13-C]glucose infusion was used to measure de novo DAG synthesis and 
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was stopped after the first biopsy. A hyperinsulinemic-euglycemic clamp was then initiated and continued for 
the next 3 hours using the method of DeFronzo et al. (72). Briefly, a primed continuous infusion of insulin was 
administered at 40 mU/m2/min for 3 hours. A variable infusion of 20% dextrose was infused to maintain blood 
glucose approximately 90 mg/dl. The dextrose infusion used to maintain euglycemia was labeled with [6,6-2H2]
glucose (Cambridge Isotope Labs) to maintain stable enrichment of plasma glucose (73). Arterialized blood was 
sampled every 5 minutes for bedside determination of glucose concentration (Analox), and the dextrose infusion 
was adjusted as necessary. During the last 30 minutes of the clamp, measurements of respiratory gas exchange 
were made via indirect calorimetry, and arterialized blood was taken for hormone for substrate measurements.

Substrate and hormone analyses. Standard enzymatic assays were used to measure glucose and tri-
glycerides (Olympus AU400e Chemistry analyzer, Olympus America Inc.), lactate (MilliporeSigma, 826), 
glycerol (r-Biopharm), and FFAs (NEFA Kit, Wako). Plasma insulin and glucagon were measured using 
a radioimmunoassay (Diagnostic Systems Laboratories Inc.), and TNF-α and IL-6 were measured using 
high-sensitivity ELISA (R&D Systems Inc.).

Muscle fractionation. Muscle biopsies were homogenized using a Teflon-glass homogenizer for 1 minute 
on ice at 600 rpm in fractionation buffer (250 mM sucrose; 5 mM MgCl2; 1 mM EDTA; 20 mM Tris-Cl; 40 
mM KCl, pH 7.4). Samples were then centrifuged for 1 hour at 100,000 g, and the supernatant containing the 
cytosolic compartment was saved. The pellet was resuspended in 1 ml of  the fractionation buffer and placed 
on ice for 30 minutes. The sample was then loaded on top of an Optiprep gradient containing 5 ml of  16%, 
1.5 ml of  20%, 1.5 ml of  25%, and 2 ml of  30% Optiprep buffer diluted with fractionation buffer. The gradient 
was then spun using an NVT65 rotor at 60,000 g for 1 hour at 4°C. The top 3 ml containing the sarcolemmal 
fraction was saved, the next 1.5 ml was not saved, the next 3 ml contained the mitochondrial/ER fraction, and 
the final 2 ml above the 30% Optiprep buffer that contained the nuclear fraction was collected. Aliquots of  
each fraction were saved and run for protein content.

Lipidomics analysis. Fractions containing cytosolic, sarcolemmal, mitochondrial/ER, and nuclear frac-
tions were all collected and brought to 3-ml total volume, and then 1.5 ml MeOH and 5 ml MTBE were 
added. Then, an internal standard cocktail was added, and samples were lipid extracted. The top fraction 
containing the lipids was saved, and the lipid extraction was repeated. DAG and sphingolipid species were 
analyzed by an Agilent 1100 HPLC connected to an API 2000 triple quadrupole mass spectrometer (74). 
The 1,3- and 1,2-DAG isomers were separated chromatographically using a Hilic 2.1 micron, 3 × 100 mm 
column. Concentration was determined by comparing ratios of  unknowns to di-C15:0 DAG and C12:0 
sphingolipids and comparing these with standard curves representing the majority of  DAG and sphingolip-
id species run with each sample set.

De novo DAG synthesis. Muscle biopsies were fractionated into membrane and cytosolic compartments 
as previously described (34). Lipids were extracted, and DAG was isolated using solid-phase extraction as 
previously described (75). The isolated DAG fraction was transesterified using Na-methoxide, which gener-
ates fatty acid methyl esters that were extracted with hexane. The remaining polar phase contains the DAG 
glycerol backbone, which was derivatized using the triacetate derivative and analyzed for 13C enrichment 
using GC/MS as previously described (76).

Western blotting. To measure muscle signaling, 20 μg sample protein was run on an SDS-PAGE 8% Bis-
Tris gel (Invitrogen), transferred to a polyvinylidene fluoride membrane, and blocked with 5% BSA. Prima-
ry antibodies were from Cell Signaling (SCD1, cs2438; BiP, cs3183; PKCe, cs2683; PKCd, cs2058; ATGL, 
cs 2138; Lipin 1, cs5195), Santa Cruz (FIS1, sc376447; PKCt, sc1875; PKC BII, sc210), Abcam (CERT, 
ab72536; SMPD4, ab107760), Abgent Inc. (DKGδ, AP8126b), R&D Systems Inc. (SMPD3, AF7184), and 
Novus Biologicals (CGI-58, 110-41576). HRP-conjugated secondary antibody and enhanced chemilumi-
nescence was used to visualize protein bands of  interest. Intensity of  protein bands was captured using an 
AlphaImager 3300 and quantified using FluorChem software (Alpha Innotech Corp.).

Cellular redox. Glutathione and oxidized glutathione content were measured in muscle homogenates 
using standard metabolomics methods as previously described (77).

PKC activity. PKC activity was estimated using the membrane/cytosol ratio of  PKC isoforms as previ-
ously described (34).

Mitochondrial function. Mitochondria were isolated from rat skeletal muscle as previously described (78), 
and respiration was measured using a Clarke electrode (Strathkelvin) using standard methods. Briefly, max-
imal (state 3) and resting (state 4) respiration and the ADP/O ratio were determined in the presence of  1 
mM pyruvate plus 1 mM malate. State 3 respiration was elicited with the addition of  a 200 nmol bolus of  
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ADP (0.2 mM final concentration). Following an initial experiment performed with pyruvate plus malate, the 
individual lipid species were then titrated into the chamber for a total of  1, 3, and 5 μl of  lipids, spanning the 
physiological range for ceramides (1 μl = 0.017, 3 μl = 0.05, 5 μl = 0.083 pmol/μg mitochondrial protein), 
dihydroceramides (1 μl = 0.0017, 3 μl = 0.005, 5 μl = 0.008 pmol/μg mitochondrial protein), and DAGs (1 
μl = 0.07, 3 μl = 0.20, 5 μl = 0.34 pmol/μg mitochondrial protein). State 3, state 4, and ADP/O were deter-
mined following each successive addition of  the individual lipid species. Ceramides were administered in 
isopropanol and DAG in DMSO. Control experiments were performed to evaluate the influence of  the lipid 
carrier solvents on mitochondrial function.

Statistics. Data are presented as mean ± SEM. Differences in normally distributed data among groups 
were analyzed using a 1-way ANOVA (SPSS). Nonnormally distributed data were log transformed prior 
to analysis. Significant differences in individual lipid species among groups were adjusted for multiple 
comparisons using the Benjamini-Hochberg procedure. When significant differences were detected, groups 
were compared using 2-tailed Student’s t tests. Significant relationships between localized lipids and insulin 
sensitivity were determined using Pearson’s correlation coefficient and were adjusted for multiple compar-
isons using the Benjamini-Hochberg procedure. Mitochondrial respiration measures were analyzed using 
mixed models, with repeated measures adjusted for multiple comparisons using the Benjamini-Hochberg 
procedure and significant differences compared with baseline evaluated using Dunnett’s comparison. A P 
value of  less than 0.05 was considered significant.

Study approval. This human study was reviewed and approved by the Colorado Multiple Institution 
Review Board (University of  Colorado Anschutz Medical Campus). All subjects provided written informed 
consent prior to participation in the study.
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