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We investigated the relationship between insulin resistance
markers and subsarcolemmal (SS) and intramyofibrillar
(IMF) ceramide concentrations, as well as the contribution
of plasma palmitate (6.5-h infusion of [U-13C]palmitate) to
intramyocellular ceramides. Seventy-six postabsorptive
men and women had muscle biopsies 1.5, 6.5, and 24 h
after starting the tracer infusion. Concentrations and en-
richment of muscle ceramides were measured by liquid
chromatography-tandem mass spectrometry. We found
that HOMA of insulin resistance, plasma insulin, and tri-
glyceride concentrations were positively correlated with
SS C16:0 and C18:1 ceramide, but not SS C14:0-Cer,
C20:0-Cer, C24:0-Cer, and C24:1-Cer concentrations;
IMF ceramide concentrations were not correlated with
any metabolic parameters. The fractional contribution of
plasma palmitate to 16:0 ceramide was greater in SS than
IMF (SS, 18.2% vs. IMF, 8.7%; P = 0.0006). Plasma insulin
concentrations correlated positively with the fractional
contribution of plasma palmitate to SS 16:0 ceramide.
The fractional contribution of plasma palmitate to intra-
myocellular SS 16:0 ceramide was positively correlated
with SS C16:0 ceramide concentrations (g = 0.435; P =
0.002). We conclude that skeletal muscle SS ceramides,
especially C16 to C18 chain lengths and the de novo syn-
thesis of intramyocellular ceramide from plasma palmitate
are associated with markers of insulin resistance.

Ceramides are a family of hydrophobic molecules comprising
a variable-length fatty acid linked to a sphingosine base.
They are well recognized as structural components of cellular

membrane (1,2), but are also signaling molecules that are
implicated in insulin resistance (1,2). Some investigators
find that skeletal muscle ceramide content is elevated in
obese, insulin-resistant humans (3,4). However, most stud-
ies have focused on the ceramide contents in total skeletal
muscle, whereas there is evidence that the subcellular local-
ization of lipid molecules is important (5). Skeletal muscle
can be separated into different fractions, including the sub-
sarcolemmal (SS) and intramyofibrillar (IMF) compart-
ments, where distinct lipid and protein compositions in
each fraction might contribute to different physiologic
processes (6). Because the negative effects on the insulin
signaling pathway are mostly restricted to the plasma mem-
brane (7), the subcellular localization of ceramides may be
involved in insulin resistance and metabolic abnormali-
ties. In addition, in vitro studies have suggested that the
chain length of the fatty acid added to sphinganine re-
sults in distinct biologic actions (8); whether there are
relationships between different intramyocellular ceramide
species and insulin resistance markers in humans has not
been fully clarified.

In postabsorptive conditions, circulating free fatty acids
(FFA) released from adipose tissue and triglyceride-rich
lipoproteins originating from the liver are taken up by
skeletal muscle (9). Because the activity of serine palmitoyl-
transferase, the rate-limiting step of ceramide biosynthesis,
depends on palmitoyl-CoA availability, FFA likely contribute
to de novo synthesis of intramyocellular ceramides (1,2).
However, the contribution of FFA to subcellular ceramide
synthesis in postabsorptive human skeletal muscle is
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unknown. By using a labeled ([U-13C]palmitate) FFA tracer,
it is possible to determine the fate of plasma palmitate
within muscle tissue (10). We hypothesized that differences
in the de novo synthesis of ceramides in SS and/or IMF of
skeletal muscle would be related to markers of insulin re-
sistance in humans.

The aim of this study was to assess whether subcellular
locations and species of ceramides in skeletal muscle relate
to markers of insulin resistance in postabsorptive humans.
In addition, we explored the effects of insulin-resistant
conditions on fractional contribution of plasma palmitate
to intramyocellular ceramides. Lastly, we investigated the
relationship between ceramide concentration and frac-
tional contribution of plasma palmitate to intramyocellular
ceramide.

RESEARCH DESIGN AND METHODS

The study was approved by the Mayo Clinic Institutional
Review Board. Informed, written consent was obtained
from all volunteers.

Participants
We included weight-stable, healthy volunteers (29 men and
47 premenopausal women) who were taking no medications,
including oral contraceptives. Participants were recruited to
represent a wide range of BMIs (20–36 kg/m2). Prior to the
studies, we documented that each volunteer had a normal
complete blood count and chemistry group.

Study Protocol
The experimental design of the current study is provided in
Fig. 1. Participants received all of their meals (50% carbo-
hydrate, 35% fat, and 15% protein) from the Mayo Clinic
Clinical Research Unit (CRU) metabolic kitchen for 5 days
prior to the study to ensure stable energy intake. Volunteers
were admitted to the CRU at 1700 h and given a meal at
1800 h. At 0545 h the next day, a forearm vein catheter was
inserted and kept patent with a controlled infusion of 0.45%
NaCl, and a second catheter was placed in a retrograde
fashion in a hand vein for collecting arterialized blood using
the heated hand vein technique. After collecting a baseline
blood sample for background palmitate enrichment, we

started a continuous infusion of [U-13C]palmitate (2–
4 nmol/kg fat-free mass [FFM]/min) (Cambridge Isotope
Laboratories, Andover, MA) at 0700 h. After 30 min for
isotopic equilibration, a series of four blood samples was
collected at 10-min intervals and then every 30 min until
1330 h to measure palmitate kinetics. Muscle biopsies were
collected at 0830 (first biopsy) and 1330 h (second biopsy)
from the vastus lateralis under local anesthesia (2% lido-
caine/8.9% sodium bicarbonate [3:1]) using sterile tech-
nique. The volunteers remained in bed between biopsies,
but were asked to move both legs every 15 min to avoid
complete immobility. A third muscle biopsy was collected
the next morning at 0800 h, and the participants were
then dismissed from the CRU.

The muscle tissue was immediately washed of blood
using an ice-cold normal saline solution, dissected of all
visible adipose tissue, further rinsed of lipid droplets, and
saved immediately in liquid N2. Samples were stored
at 280°C until analysis.

Body Composition Measurements
Total and regional fat masses were assessed with DXA
(Lunar Radiation, Madison, WI). Leg fat mass was consid-
ered lower-body subcutaneous (LBSQ) fat. Visceral fat mass
was estimated using a combination of single-slice computed
tomography (L2–L3 interspace) and DXA-measured abdom-
inal fat (11). Total body fat minus visceral and LBSQ fat
masses was upper-body subcutaneous fat mass.

Assays

Plasma Analyses
A Beckman Instrument (Fullerton, CA) was used to mea-
sure plasma glucose. Plasma palmitate concentration and
enrichment were measured using a liquid chromatography-
mass spectrometry method (12). Plasma triglyceride con-
centrations were measured by a microfluorometric method
(13).

Muscle Analyses
Muscle lipids were measured after the frozen samples were
dissected free of extramyocellular adipocytes while being
kept at 0°C on dry ice (14). The muscle was then pulverized

Figure 1—Schematic study design. Time is shown as clock time.
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into a fine powder by using a stainless steel mortar and
pestle on dry ice (14). We analyzed the SS and IMF frac-
tions. To do this, we homogenized ;100 mg muscle in
1,000 mL homogenization buffer (0.25 mol/L sucrose
[S 5–500], 25 mmol/L KCl, 50 mmol/L Tris [T 87,602],
and 0.5 mmol/L EDTA [E 4,884]; pH 7.4) at a tissue to
buffer ratio of 1:10. After homogenizations, we transferred
800 mL homogenate to a new 1-dram vial.

For the 800-mL homogenate used for SS and IMF frac-
tionation, we centrifuged the sample for 10 min (4°C) at
2,000 rpm. The supernatant was used as the SS fraction and
the pellet for the IMF fraction.

The mitochondrial characteristics of these fractions have
been reported (15,16), but we found little information re-
garding the representation of cytosolic and membrane pro-
teins in these two fractions. Therefore, capillary Western
analyses were performed using the ProteinSimple Wes Sys-
tem to determine the relative amounts of Na/K ATPase a1
(antibody #23565; Cell Signaling Technology, Danvers,
MA), a marker of plasma membranes, and GAPDH (anti-
body #2118; Cell Signaling Technology), a cytosolic marker,
in these two fractions.

We transferred the supernatant containing the SS
fraction to a new vial, added 10 mL internal standard mix
(17C Sph, 17C S1P, and C17-Cer), vortexed, measured the
protein concentration in a 3-mL aliquot, and extracted the
compounds of interest with isopropanol/water/ethyl ace-
tate at a ratio of 30:10:60 in the remaining aliquot. For
the pellet containing the IMF fraction, we added 800 mL
homogenization buffer to resuspend the pellet and then
processed the sample as outlined above.

Intramyocellular ceramide concentrations and enrich-
ments were measured by liquid chromatography-tandem
mass spectrometry as previously described (10). Our enrich-
ment standard curve is reproducible for total ceramide en-
richments at or somewhat ,0.01% (10). The concentration
standard curve included the following ceramide species:
C14:0-Cer, C16:0-Cer, C18:1-Cer, C18:0-Cer, C20:0-Cer,
C24:0-Cer, and C24:1-Cer. Subsequent to the analysis of
these samples, we learned that there is differential extrac-
tion of long-chain ceramides (C20 and longer) and the
shorter-chain ceramides, such that using the C17-Cer
C18:0 internal standard systematically overestimated long-
chain ceramide concentrations. This problem can be over-
come by the use of a 17C-Cer C24:0 internal standard, which
unfortunately was not available at the time we processed
these samples. Thus, the C20:0-Cer, C24:0-Cer, and C24:1-
Cer concentrations we found are systematically greater than
the concentrations that are present in muscle when assayed
with the very-long-chain ceramide internal standard.

Statistical Analysis
Data are represented as the mean 6 SD or median
(interquartile ranges), unless otherwise noted. Variables
with skewed distributions were log-transformed prior to
analysis. Differences in the values between IMF and SS
fraction were made using Wilcoxon signed-rank test or

paired t test. Correlations between measurements were de-
termined using Pearson correlation analysis. The M+16 en-
richment in 16C ceramide was divided by the plasma
palmitate M+16 enrichment to determine the fraction of
intramyocellular ceramides that were derived from newly
arrived plasma palmitate via the de novo synthesis path-
way. Differences in intramyocellular [13C16]16:0 ceramide
enrichment were made using repeated-measures Friedman
test. Differences in fractional contributions of plasma pal-
mitate to intramyocellular ceramide between the first and
second biopsy were made using Wilcoxon signed-rank test,
and differences between the fractions were determined us-
ing Wilcoxon signed-rank test and adjusted for multiple
comparisons. For evaluation of statistical significance with
three different groups of ceramides according to chain
length of ceramide (medium [C14], long [C16–18], and
very long [C20–24] chain) in the two fraction groups, a
modified Bonferroni method was used to correct for multi-
ple comparisons, with a significant P value of ,0.0083.
For statistical significance, other than associations with
ceramide subspecies, an a level of 0.05 was used. Stepwise
multiple linear regression analyses were performed to de-
termine the association between metabolic parameters and
intramyocellular ceramide species and between metabolic
parameters and fractional contribution of plasma palmitate
to intramyocellular ceramide. Variance inflation factor was
used to detect multicollinearity. A variance inflation fac-
tor .10 was excluded from the model. Statistical analysis
was performed using SPSS software (SPSS version 20.0;
SPSS, Inc., Chicago, IL).

RESULTS

Subject Characteristics
The characteristics of the participants are provided in
Table 1. The average age of the participants was 35 years,
and the average BMI was 27.7 kg/m2. The mean fasting
plasma insulin concentration was 5 mIU/mL. The average
plasma palmitate concentrations and enrichments between
0 and 90 min (prior to the first biopsy) and 210–330 min
(prior to the second biopsy) are also provided in Table 1.
Supplementary Fig. 1 depicts the mean of all available data
at each time point for which the measurement was made.
Because palmitate concentrations, enrichments, and there-
fore flux were relatively stable, the enrichments over the
time interval between the two biopsies were used to derive
the fractional contribution of plasma palmitate to de novo
C16:0 ceramide.

Muscle Protein Characterization
The proportion of muscle protein present in SS and IMF
fractions averaged 25 6 7 and 75 6 7%, respectively, for
these samples. Because we did not have protein remaining
from these samples to measure the relative content of Na/K
ATPase a1 and GAPDH, we processed new muscle samples
using the same technique and subjected the aliquots to
capillary Western analysis. Equal amounts of protein were
loaded for each of the fractions for each marker, although
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the assay for GAPDH required one-tenth the amount of
protein as did the assay for Na/K ATPase a1. The Western
blot outputs from the capillary Western chromatography
are provided in Supplementary Fig. 2. The SS fraction
contained more of both GAPDH (106,334 6 2,742 vs.
20,286 6 1,113 arbitrary units; P , 0.001) and Na/K
ATPase a1 (9,535 6 1,432 vs. 4,049 6 1,108 arbitrary
units; P , 0.05) than the IMF fraction.

Muscle Ceramide Concentrations
The concentrations of the ceramide species in the SS and
IMF fractions did not differ among the first, second, and
third biopsies. We therefore used the average of the
three concentrations to represent each individual’s mus-
cle ceramide content. These data are provided in Table 2.
We found that, with the exception of C14:0-Cer and C18:1-
Cer, ceramide concentrations were greater in SS than IMF
fractions.

Relationships Among Metabolic Parameters, Body Fat
Distribution, and Intramyocellular Subcellular Ceramide
Concentrations
Plasma insulin concentrations and HOMA of insulin re-
sistance (HOMA-IR) were positively correlated with SS
C16:0 and C18:1 ceramide concentrations (Table 3 and Fig.
2), whereas we did not see similar relationships between
these metabolic parameters and SS C14:0-Cer, C20:0-Cer,
C24:0-Cer, and C24:1-Cer concentrations. Fasting plasma

triglyceride concentrations were positively correlated with
SS C18:1-Cer concentrations (g = 0.389; P = 0.001). There
was no significant correlation between plasma palmitate
concentrations and SS ceramide concentrations. The IMF
ceramide concentrations did not correlate with any meta-
bolic parameters (Table 3).

In general, there were no strong relationships between
body composition parameters and intramyocellular ceram-
ide concentrations. Although percent body fat correlated
positively and significantly with SS C16:0 ceramide concen-
tration, the P value did not reach our threshold for statis-
tical significance (g = 0.311; P = 0.011). Visceral fat mass
correlated positively with SS C18:1 ceramide concentrations
and met our stricter definition for statistical significance
(g = 0.366; P = 0.002). There were no relationships between
the IMF ceramide subspecies concentrations and body fat
or body fat distribution.

To test whether the ceramide subspecies concentrations
in SS compartments are independently associated with
metabolic parameters, we performed multivariate linear
regression analysis with ceramide subspecies concentra-
tions as the dependent variable and age, sex, HOMA-IR,
plasma triglyceride, and visceral fat mass as independent
variables. HOMA-IR was an independent predictor (b =
0.429; P = 0.0004) of SS C16:0 ceramide concentrations,
and plasma triglyceride concentrations were an indepen-
dent predictor (b = 0.389; P = 0.0013) of SS C18:1 ceramide
concentrations.

Fractional Contribution of De Novo Synthesis to
Intramyocellular Ceramides
Plasma [U-13C]palmitate enrichments were stable between
the first and second biopsies (Table 4). Between the first
and second biopsies (while the [U-13C]palmitate infusion
was continuing), the [13C16]16:0 ceramide enrichment in-
creased significantly in both SS and IMF (Table 4). The frac-
tional contribution of plasma palmitate to intramyocellular
16:0 ceramide was greater in SS than IMF fractions at the
time of both the first and second muscle biopsies (Table 4).

Table 1—Subject characteristics

Total (n = 76)

Age (years) 35 6 8

BMI (kg/m2) 27.7 6 5.2

Glucose (mg/dL) 90 (86–94)

Insulin (mIU/mL) 5 (3–8)

HOMA-IR 1.08 (0.80–1.68)

Total cholesterol (mg/dL) 173 6 33

HDL cholesterol (mg/dL) 56 6 14

Triglycerides (mg/dL) 75 (61–103)

Fat (%) 33.3 6 11.5

FFM (kg) 52.0 6 11.5

UBSQ fat (kg) 21.9 6 6.1

LBSQ fat (kg) 10.1 6 4.9

Visceral fat (kg) 1.7 (1.1–3.3)

Plasma palmitate (0–90 min) (mmol/L) 118 6 29

Plasma palmitate (150–330 min) (mmol/L) 115 6 28

Plasma palmitate Ra (60–90min) (mmol/min) 126 6 44

Plasma palmitate Ra (210–330min) (mmol/min) 131 6 45

Data are mean 6 SD or median (interquartile range). The plasma
palmitate concentrations and enrichment values in this table
are calculated such that each participant contributed one av-
erage value to the overall mean for each interval. That value
was the mean of all of the data points collected during that
interval. We were not able to collect all of the planned samples
from every volunteer. Ra, rate of appearance; UBSQ, upper-body
subcutaneous.

Table 2—Intramyocellular ceramide concentrations according
to subcellular fraction

Ceramide
(pmol/mg protein) SS fraction IMF fraction P value

Total Cer 74.8 (64.5–86.3) 45.4 (36.5–52.0) ,0.0001

C14:0-Cer 0.22 (0.17–0.29) 0.24 (0.20–0.31) 0.096

C16:0-Cer 8.4 (6.3–10.3) 5.0 (4.1–6.1) ,0.0001

C18:1-Cer 5.0 (3.6–6.4) 5.2 (4.2–6.8) 0.394

C18:0-Cer 31.3 6 9.6 20.5 6 9.9 ,0.0001

C20:0-Cer 0.94 (0.76–1.16) 0.13 (0.08–0.28) ,0.0001

C24:1-Cer 4.9 (3.6–7.3) 1.7 (1.3–2.2) ,0.0001

C24:0-Cer 23.4 (19.9–27.3) 12.2 (10.9–15.1) ,0.0001

Data are mean 6 SD or median (interquartile range). Intramyocel-
lular ceramide concentrations are the average from the three
biopsies and normalized to milligrams protein. Analyzed by
Wilcoxon signed-rank test or paired t test.
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The data from the second biopsy were used to calculate the
fractional contribution of plasma palmitate to intramyocel-
lular 16:0 ceramide for subsequent analyses.

We assessed whether the fraction of intramyocellular
C16:0 ceramide that was derived from de novo synthesis
using plasma palmitate was related to the C16:0 ceramide
pool size, plasma palmitate concentrations, and/or the
metabolic parameters noted above. If the contribution of
de novo C16:0 ceramide synthesis from plasma palmitate
was similar for all individuals, we predicted that the fraction
of the C16:0 ceramide pool derived from [U-13C]palmitate
would be less in those with greater intramyocellular C16:0
ceramide content as a result of the dilution of newly syn-
thesized ceramides into a large pool of pre-existing ceram-
ides. Instead, we found a positive relationship between the
fractional contribution of plasma palmitate and the SS
C16:0 ceramide (g = 0.435; P = 0.002) (Fig. 3A), but not
IMF C16:0, concentration (g = 20.232; P = 0.109). We also
reasoned that, all things being equal, if FFA concentrations
drive de novo muscle ceramide synthesis, there would be a
positive correlation between plasma palmitate concentra-
tions and the fraction of the C16:0 ceramide pool observed
to come from [U-13C]palmitate. There was no significant
relationship between plasma palmitate concentrations and
the fraction of intramyocellular C16:0 ceramide that was
derived from de novo synthesis from plasma palmitate
(g = 0.112, P = 0.410 for SS; g = 0.023, P = 0.864 for IMF).

Plasma insulin concentrations and HOMA-IR were sig-
nificantly correlated with fractional contribution of plasma
palmitate to intramyocellular SS 16:0 ceramide (g = 0.375,
P = 0.004; and g = 0.377, P = 0.004, respectively) (Fig. 3B),
whereas plasma glucose concentrations were correlated
with fractional contribution of plasma palmitate to

intramyocellular IMF 16:0 ceramide (g = 0.280; P = 0.037).
There were no significant relationships between body fat
distribution and fractional contributions of plasma palmi-
tate to intramyocellular 16:0 ceramide in either subcellular
location.

To determine the predictors that related to fractional
contributions of plasma palmitate to intramyocellular 16:0
ceramide, we performed multivariate regression analysis
with fractional contribution of plasma palmitate as the
dependent variable and age, sex, plasma insulin, plasma
glucose, plasma palmitate, and visceral fat mass as in-
dependent variables. For fractional contributions of plasma
palmitate to intramyocellular SS 16:0 ceramide, plasma
insulin concentrations were a significant predictor (b =
0.375; P = 0.0044). For fractional contribution of plasma
palmitate to intramyocellular IMF 16:0 ceramide, plasma
glucose concentrations and sex (male vs. female) were sig-
nificant predictors (b = 0.392, P = 0.0038; and b =20.363,
P = 0.0070, respectively).

DISCUSSION

Because intramyocellular ceramides have been causally linked
to muscle insulin resistance, we investigated the relationships
between the subcellular location of different muscle ceramide
species and parameters of body composition and insulin
resistance. In addition, we assessed the relationships between
these metabolic conditions and the fractional contribution
of plasma palmitate to intramyocellular SS and IMF 16:0
ceramide. Our primary findings were: 1) the associations be-
tween intramyocellular ceramide concentrations and hyper-
insulinemia/hypertriglyceridemia were largely limited to
the SS subcellular fraction; 2) SS ceramides with 16 and
18 carbon fatty acids, but not other ceramide species

Table 3—Relationships between metabolic parameters and intramyocellular ceramide concentrations

Ceramide

Insulin* HOMA-IR* Triglyceride*

g P value g P value g P value

SS fraction
Total Cer 0.133 0.286 0.145 0.250 0.177 0.158
C14:0-Cer 20.085 0.499 20.009 0.944 0.009 0.942
C16:0-Cer 0.413 0.0006a 0.429 0.0004a 0.269 0.030
C18:1-Cer 0.323 0.0082a 0.359 0.003a 0.389 0.001a

C18:0-Cer 0.219 0.078 0.255 0.041 0.285 0.021
C20:0-Cer 0.140 0.264 0.108 0.391 0.003 0.983
C24:1-Cer 20.084 0.504 20.082 0.517 20.034 0.785
C24:0-Cer 20.165 0.186 20.199 0.112 20.115 0.363

IMF fraction
Total Cer* 0.020 0.871 0.030 0.811 0.069 0.586
C14:0-Cer* 20.063 0.618 20.043 0.731 20.066 0.600
C16:0-Cer* 0.102 0.414 0.124 0.324 0.151 0.231
C18:1-Cer* 0.180 0.149 0.210 0.108 0.200 0.110
C18:0-Cer 20.005 0.969 20.008 0.947 0.029 0.816
C20:0-Cer* 20.042 0.740 20.069 0.584 20.164 0.191
C24:1-Cer* 20.049 0.698 20.047 0.712 0.010 0.936
C24:0-Cer* 20.085 0.497 20.081 0.523 20.035 0.783

Pearson correlation coefficient (g) is provided. Intramyocellular ceramide concentrations are the average from the three biopsies and
normalized to milligrams protein. *Data were log-transformed prior to analysis. aStatistically significant relationship after the modified ad-
justment for multiple species comparisons.
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concentrations, were positively correlated with markers of
insulin resistance; 3) plasma insulin concentrations (and
indices of insulin resistance) were independently related
to the fractional contribution of plasma palmitate to SS
16:0 ceramides; and 4) fractional contribution of plasma
palmitate to intramyocellular SS 16:0 ceramide was posi-
tively correlated with SS ceramide concentrations.

The ceramide content of skeletal muscle has been
reported to be increased in obese insulin-resistant individ-
uals and in men at risk for developing type 2 diabetes (3,4).

These increased concentrations may be causally related to
impaired insulin sensitivity (3,17), as supported by the find-
ings showing inhibition of protein kinase B/Akt by ceramide
via atypical protein kinase C or protein phosphatase-2A
(18,19). However, despite strong evidence from in vitro
and animal studies (2), there have been mixed reports re-
garding skeletal muscle ceramide content and insulin resis-
tance in humans (3,17,20). One possible explanation is that
ceramide accumulation varies by subcellular location and
that the locations affect muscle metabolism differently.

Table 4—Intramyocellular [13C16]16:0 ceramide enrichment and fractional contributions of plasma palmitate to intramyocellular
ceramide during a continuous intravenous infusion of [U-13C]palmitate

Time from baseline 1.5 h 6.5 h 24 h P value

Plasma [U-13C]palmitate enrichment 0.085 (0.065–0.103) 0.081 (0.065–0.104) 0.457

[13C16]16:0 ceramide enrichment
SS fraction 0.008 (0.000–0.014) 0.014 (0.008–0.020) 0.006 (0.000–0.009) ,0.0001
IMF fraction 0.004 (0.000–0.007) 0.008 (0.006–0.012) 0.000 (0.000–0.006) ,0.0001

Fractional contribution of plasma palmitate to ceramide (%)
SS fraction 7.5 (0.0–16.4)* 18.2 (8.4–24.8)† ,0.0001
IMF fraction 4.3 (0.0–8.4) 8.7 (6.9–16.1) ,0.0001

Data are median (interquartile range). Plasma [U-13C]palmitate enrichment represents the values between baseline and the first biopsy and
between the first biopsy and second biopsy, respectively. Analyzed by Friedman test or Wilcoxon signed-rank test. *Significantly different
from the values in IMF at the same time point (P = 0.0086). †Significantly different from the values in IMF at the same time point (P = 0.0006).

Figure 2—Relationships between clinical parameters and ceramide subspecies in SS compartments. A: Correlation between HOMA-IR and SS
16C-ceramide concentration. B: Correlation between HOMA-IR and SS 18:1C-ceramide concentration. C: Correlation between plasma insulin
concentration and SS 16C-ceramide concentration. D: Correlation between plasma insulin concentration and SS 18:1C-ceramide concentra-
tions. Intramyocellular ceramide concentrations are the average from the three biopsies and normalized to milligrams protein. Log-transformed
values were used for normal distribution.
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Most investigators measure the ceramide content in whole
muscle. Our findings that SS, but not IMF, ceramide con-
centrations were related to insulin resistance parameters
may offer an explanation as to why whole-muscle ceramides
are not consistently linked with insulin resistance. The
steps of the insulin signaling pathway involved in cellular
glucose uptake occur at or near the plasma membrane
(2,7,21), and our analysis of SS and IMF fractions of skeletal
muscle indicate that SS is relatively enriched in plasma
membrane (and cytosol) compared with the IMF fraction.
In addition, the ceramide-rich region within the membrane
might be important in mediating insulin signaling (22). Our
data suggest that, to the extent that ceramides are linked to
defective insulin signaling, the SS compartment is more
relevant.

In addition to the subcellular location of ceramide,
ceramide species with different acyl chains might have
distinct functions. We found that insulin resistance markers
were positively related only to SS C16:0 and C18:1 ceramide
concentrations. We may have falsely labeled as nonsignif-
icant (Table 3) a few positive associations between SS C16:0
and C18:0 ceramide concentrations and markers of insulin
resistance by using a Bonferroni correction factor. The gen-
eral trend for the C16 and C18 species to be positively
associated with these markers argues for their inclusion
among the “suspect” ceramide species and suggests our
correction factor was overly strict. The strong relationship
between SS C16:0 ceramide concentration and insulin re-
sistance markers observed in the current study is consistent
with findings from in vitro studies showing C16:0 ceramide
binds and activates protein kinase C-z, which antagonizes
protein kinase B/Akt signaling (23). A previous study of
obese women also indicated that skeletal muscle C16:0
ceramide concentrations in human total skeletal muscle
cell homogenate were inversely related to insulin action as
measured by a hyperinsulinemic-euglycemic clamp (24).
Other reports suggest that C16:0 ceramides also inhibit
mitochondrial electron transport and inhibit b-oxidation
(25). Although it has been reported that C18:0 ceramide

is inversely related to insulin sensitivity in humans (26),
our results indicated that the relationship between SS C18:0
ceramide concentration and insulin resistance markers was
not as strong (g = 0.255; P = 0.041). The differences in the
findings might result, partly, from the differences in study
participants. Compared with our study participants, the
subjects in that previous study (26) consisted of obese
individuals, endurance-trained athletes, and subjects with
type 2 diabetes. Interestingly, we found that SS C18:1
ceramide concentrations were independently associated
with plasma triglyceride levels in multivariate regression
analysis. Increased plasma triglycerides and FFA have long
been considered to be related to insulin resistance in hu-
mans (27). In the fasting conditions, muscle lipid accumu-
lation could result from fatty acid oversupply, originating
either from very LDL (VLDL)-triglyceride or FFA released
from adipose tissue (28). In humans, lipoprotein lipase-
mediated fatty acid uptake might be sufficient in skeletal
muscle to provide fatty acids for ceramide synthesis (29).

We were surprised by the lack of relationship between
palmitate concentrations and SS ceramide concentrations,
as well as the lack of relationship between palmitate
concentrations and the fractional contribution of plasma
palmitate to SS C16:0 ceramides. In a previous study using
a rodent model of type 1 diabetes, elevated FFA increased
the ceramide contents in skeletal muscle subcellular com-
partments compared with a control condition (30). How-
ever, the plasma FFA concentrations .2 mmol/L resulting
from insulin deprivation were likely a greater stimulus to de
novo ceramide synthesis compared with the control condi-
tion than the narrower range of FFA concentrations in our
study. Our findings seem to indicate that the difference in
whole-body FFA release between lean and moderately obese
adults under the overnight fasting conditions is too small to
affect muscle ceramide metabolism, a circumstance that
could be different in the postprandial state (9). Plasma
VLDL-triglyceride also may reflect hepatic insulin resistance
related to FFA oversupply to the liver (31,32). We also
found that SS C18:1 ceramide concentrations correlated

Figure 3—Relationships among intramyocellular ceramide concentrations, plasma insulin concentrations, and fractional contribution of plasma
palmitate to intramyocellular ceramides. A: Correlation between SS 16C-ceramide concentration and fractional contribution of plasma palmitate
to 16C-ceramide in SS fraction. B: Correlation between plasma insulin concentration and fractional contribution of plasma palmitate to 16C-
ceramide in SS fraction. Intramyocellular ceramide concentrations are the average from the three biopsies and normalized to milligrams protein.
Fractional contribution of plasma palmitate was at the time of the second biopsy. Log-transformed values were used for normal distribution.
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significantly with visceral fat mass, which is closely linked
to adverse metabolic effects (31). However, the relationship
between SS C18:1 ceramide concentration and visceral fat
mass was no longer significant after adjustment for cova-
riates, suggesting that the amount of visceral fat mass itself
is not directly responsible for differences in SS 18:1 ceram-
ide concentrations.

We found that de novo synthesis of skeletal muscle
ceramide from plasma FFA could be a significant contrib-
utor to ceramides (10), especially in the SS pool. It was
interesting to find that the increase in the 16:0 ceramide
enrichments from the first to the second biopsies was not
proportional to the duration of the tracer infusion. The
16:0 ceramide enrichments in both SS and IMF pools at
the time of the second biopsy were approximately twice
that found in samples from the first biopsy, whereas the
infusion had been continued approximately four times
longer. This suggests there may have been a plateau effect
taking place. We therefore used the enrichment at the sec-
ond biopsy as a better indicator of the contribution of
plasma palmitate to de novo SS C16:0 ceramides. The lesser
enrichment in IMF than SS C 16:0 ceramides may imply
that ceramides synthesized for the IMF pool are less de-
pendent on plasma FFA or that ceramides synthesized in
the SS compartment slowly equilibrate with the IMF com-
partment. Our finding of a positive relationship between
the SS C16:0 ceramide concentrations and the fractional
contribution of plasma palmitate to C16:0 ceramides sug-
gests to us that de novo synthesis of ceramides may be
responsible for greater SS ceramide content. However, the
lack of association between plasma FFA concentrations and
SS ceramides suggests that other factors play a more im-
portant role in the postabsorptive state. We also found that
the fractional contribution of plasma palmitate to SS C16:0
ceramides was positively correlated with fasting plasma
insulin concentrations. From our data, it is not possible to
derive cause and effect. One explanation is that hyperinsu-
linemia can drive de novo ceramide synthesis, but another
is that greater amounts of newly synthesized ceramides
from plasma FFA are causally related to muscle insulin
resistance (Fig. 4). Straczkowski et al. (24) found that 4 h of
hyperinsulinemia did not result in an increase in ceramide
concentrations in skeletal muscle in humans. Although this
may seem to argue against the former explanation, plasma
FFA concentrations are typically suppressed during an in-
sulin clamp, which might offset any effects of insulin on de
novo ceramide synthesis. Our analysis indicated that
plasma glucose concentrations were independently associ-
ated with the fractional contribution of plasma palmitate to
IMF 16:0 ceramide. We could find no literature that might
explain such an association and should caution that this
finding could represent a type 1 statistical error despite
our attempts to adjust for multiple comparisons.

The intramyocellular [13C16]16:0 ceramide enrichment
that was achieved in response to the continuous intrave-
nous infusion of [U-13C]palmitate had all but disappeared
by the next morning (;18 h after discontinuation of the

tracer infusion). This suggests that the pools into which de
novo–synthesized ceramides are incorporated turn over at a
relatively rapid rate. We do not know if the total ceramide
pools turn over with equal rapidity, however.

We can envision several models to explain the associa-
tions we observed between intramyocellular ceramides in
insulin resistance (Fig. 4). Cytosolic and plasma membrane
(SS) ceramides with 16 and 18 carbon fatty acids contribute
to defective insulin signaling (2,7,21). The lack of relation-
ships between plasma palmitate concentrations and SS
ceramide concentrations, as well as the lack of relationship
between plasma palmitate concentrations and the fractional
contribution of plasma palmitate to SS C 16:0 ceramides,
suggests that the relatively narrow range of FFA concentra-
tions seen after an overnight fast does not drive de novo
synthesis and accumulation of SS ceramides. Instead, either
hyperinsulinemia stimulates de novo ceramide synthesis or
newly synthesized C 16 ceramides uniquely contribute to
impaired insulin action.

This study has some limitations. Because we involved
participants with a wide range of BMIs, this likely affected the
intramyocellular lipids before the dietary control period. This
study design allowed us to evaluate the relationship among
body fat, metabolic signatures, and intramyocellular ceram-
ides independent of the immediate antecedent diet. It is
possible that the 5-day diet control the volunteers received to
ensure energy and macronutrient balance could have affected
the composition of intramyocellular lipids (33). The diet-
control period was designed to eliminate the day-to-day
variation in energy intake that can affect FFA metabolism
and to provide a consistent macronutrient pattern (50%
carbohydrate, 35% fat, and 15% protein) for all participants.
However, our volunteers consumed essentially the same types
of foods as their typical, individual diets, but in more consis-
tent amounts and balanced with regard to protein, fat, and
carbohydrate. This approach seems less likely to fundamen-
tally alter intramyocellular lipids. We note that Helge et al.
(34) found that skeletal muscle ceramide content did not
differ after 3 weeks of a high- or low-fat diet in patients with
type 2 diabetes. We measured insulin resistance index using
HOMA-IR, which, although reasonably well correlated with
insulin resistance from the hyperinsulinemic-euglycemic
clamp (35,36), does not separate the direct impact of skel-
etal muscle on insulin sensitivity. However, offsetting the
somewhat imperfect measures of insulin resistance, we had
a relatively large study population and performed three bi-
opsies over 24 h. This likely allowed us to detect associa-
tions that would have been missed had we studied fewer
volunteers or done a single biopsy. We acknowledge that we
might have missed some associations because we did not
have more robust insulin-resistance measures. In addition,
our conclusion that C16 and C18 ceramide species concen-
trations were associated with markers of insulin resistance,
whereas C20–C24 ceramides were not, could be because of
the overestimates of C20–C24 concentrations we found as a
result of not including a species-specific internal stan-
dard. However, provided the overestimate is consistent,
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the presence or absence of a correlation should still be mean-
ingful. Unfortunately, we do not have sufficient remaining
samples from this study to reanalyze the ceramide concentra-
tions using the more specific internal standard. In the current
study, the enrichment in the IMF was often at or below the
limit of accurate measurement using our approach. The lack
of significant findings regarding IMF de novo ceramide syn-
thesis could be because of the greater assay noise at very low
enrichments. However, knowing that the contribution of de
novo–synthesized ceramides in IMF is substantially less
than SS remains a helpful observation for planning future
studies. Finally, we note that plasma palmitate that is taken
up by the liver might be released into the circulation as
labeled VLDL-triglyceride fatty acids and enter skeletal muscle.
The relative contributions of VLDL–13C-palmitate to C16:0
ceramide at the later time points cannot be discerned.

In summary, this is the first report to show that the
subcellular location of ceramide and types of ceramide
species in skeletal muscle are related to insulin resistance in
humans. In addition, the metabolic milieu might further
reflect the de novo synthesis of intramyocellular ceramide
from plasma palmitate in the fasting condition.
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