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Abstract
Aims/hypothesis—We sought to evaluate if the cellular localisation and molecular species of
diacylglycerol (DAG) were related to insulin sensitivity in human skeletal muscle.

Methods—Healthy sedentary obese controls (Ob; n=6; mean±SEM age 39.5±2.3 years; mean
±SEM BMI 33.3±1.4 kg/m2), individuals with type 2 diabetes (T2D; n=6; age 44±1.8 years; BMI
30.1±2.3 kg/m2), and lean endurance-trained athletes (Ath; n=10; age 35.4±3.1 years; BMI
23.3±0.8 kg/m2) were studied. Insulin sensitivity was determined using an IVGTT. Muscle biopsy
specimens were taken after an overnight fast, fractionated using ultracentrifugation, and DAG
species measured using liquid chromatography/MS/MS.

Results—Total muscle DAG concentration was higher in the Ob (mean±SEM 13.3±1.0 pmol/μg
protein) and T2D (15.2±1.0 pmol/μg protein) groups than the Ath group (10.0±0.78 pmol/μg
protein, p=0.002). The majority (76-86%) DAG was localised in the membrane fraction for all
groups, but was lowest in the Ath group (Ob, 86.2±0.98%; T2D, 84.2±1.2%; Ath, 75.9±2.7%;
p=0.008). There were no differences in cytoplasmic DAG species (p>0.12). Membrane DAG
species C18:0/C20:4, Di-C16:0 and Di-C18:0 were significantly more abundant in the T2D group.
Cytosolic DAG species were negatively related to activation of protein kinase C (PKC)ε but not
PKCθ, whereas membrane DAG species were positively related to activation of PKCε, but not
PKCθ. Only total membrane DAG (r=−0.624, p=0.003) and Di-C18:0 (r=−0.595, p=0.004)
correlated with insulin sensitivity. Disaturated DAG species were significantly lower in the Ath
group (p=0.001), and significantly related to insulin sensitivity (r=−0.642, p=0.002).

Conclusions/interpretation—These data indicate that both cellular localisation and
composition of DAG influence the relationship to insulin sensitivity. Our results suggest that only
saturated DAG in skeletal muscle membranes are related to insulin resistance in humans.
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Introduction
As the epidemic of type 2 diabetes continues to grow, exploitation of new targets for
diabetes prevention and treatment has become critical. Targets in skeletal muscle may hold
particular promise in this regard. Skeletal muscle is the major tissue responsible for insulin
action on peripheral glucose uptake, and therefore has been implicated as a primary site for
the development of insulin resistance and type 2 diabetes [1]. Nevertheless, known
mechanisms of insulin resistance in muscle have failed to render new therapeutic targets.
For example, considerable attention has been paid to the association between intramuscular
triacylglycerol (IMTG) concentration and muscle insulin resistance despite consensus that
IMTG itself probably does not cause insulin resistance. Further, increasing evidence
suggests that IMTG concentration and insulin action may be dissociated [2, 3]. Importantly,
however, emerging data from our laboratory and others suggest that intramuscular lipid
composition, rather than concentration, may play an important role [4-7].

There are several lipid molecules that may influence muscle insulin sensitivity, including
long-chain acyl-CoA [8], ceramides [9, 10] and diacylglycerol (DAG) [11-14]. This study
focused on intramuscular DAG, which is created in the synthesis and degradation of IMTG
as well as from degradation of phospholipids. DAG contributes only a small fraction of the
total intramuscular lipid pool, but has potent biological effects. Specifically, increased
skeletal muscle DAG concentration and insulin resistance have been reported in animal
models [11-13] and humans [14], presumably from its ability to activate protein kinase C
(PKC) [11, 14, 15]. To date, DAG has been universally viewed as having a negative effect
on muscle insulin action. If one considers that DAG consists of two fatty acids bound
mainly on the first and second carbons of glycerol, many possible species of DAG exist,
each with potential for unique biological action. Previous data from our laboratory showed
that DAGs comprised of saturated fatty acids were related to insulin resistance in younger
people [4], and this was particularly evident in highly insulin-sensitive endurance-trained
athletes, who had lower DAG saturation [5]. Although not universally observed [10],
corroborative data in both cells [16] and humans [6, 7] support this notion. Altogether, there
is reason to believe that DAG composition in skeletal muscle deserves closer attention. Our
aim was to determine if all DAG molecular species are equally deleterious to insulin
sensitivity.

Notably, in addition to composition, the insulin-desensitising effects of DAG may be
governed by its subcellular location [17]. The vast majority of studies published in humans
report total skeletal muscle DAG concentration, without measuring compartmentalisation
within the cell. Since the adverse effects of PKC are confined to cell membranes, it is likely
that only DAGs located in certain compartments influence PKC activation and insulin
sensitivity. We hypothesised that changes in DAG molecular species and localisation
influence PKC activation and insulin action, and may help explain differences in insulin
sensitivity between individuals.

Methods
Participants

Six obese sedentary controls (Ob), six individuals with type 2 diabetes (T2D), and ten
endurance-trained athletes (Ath) were recruited for this study. They gave written informed
consent, and were excluded if they had a BMI < 20 kg/m2 or > 25 kg/m2 for Ath, and BMI
<28 or >40 kg/m2 for Ob and T2D. Participants were excluded if they had fasting
triacylglycerol concentration >1.7 mmol/l or liver, kidney, thyroid or lung disease.
Sedentary controls were engaged in planned physical activity <2 h/week. Ath were
competitive cyclists, triathletes and runners with mean±SEM lactate thresholds of 81±2.6%
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of maximal oxygen consumption ( ), and had been training on average 15.6±1.5 h/
week for the past 9.6±2.2 years for the purpose of competition. The T2D individuals were
included in the study if they did not take insulin and/or thiazoladinediones. All other
glucose-lowering medications were washed out for 2 weeks before metabolic testing.
Controls and athletes were not taking medications. Participants were weight stable in the 6
months before the study. This study was approved by the Colorado Multiple Institution
Review Board at the University of Colorado Denver.

Preliminary testing
Participants reported to the General Clinical Research Center (GCRC) for screening
procedures after a 12 h overnight fast, where they were given a health and physical
examination, followed by a fasting blood draw. Body composition was determined using
dual-energy x-ray absorptiometry (DEXA) analysis (Lunar DPX-IQ, Lunar Corporation,
Madison, WI, USA).

Insulin sensitivity
Insulin sensitivity was determined via an IVGTT using standard methods after an overnight
fast [18]. Briefly, after baseline samples had been taken, intravenous glucose (0.3 g/kg) was
infused over 1 min, followed by insulin at 0.03 U/kg, 20 min after glucose administration.
Blood samples were then frequently sampled over 3 h, and whole-body insulin sensitivity
was calculated using the Bergman minimal model [18] (Millennium Version, MINMOD,
Los Angeles, CA, USA).

Diet and exercise control
All participants were given a prescribed diet for 3 days before admission to the GCRC.
Daily energy requirement was estimated from the DEXA measurement of fat free mass
(FFM) using the equation: daily energy intake = 5.86 kJ (1.4 kcal)/day × [372 + (23.9 ×
FFM)], and analysis of dietary records. The composition of this diet was 55% carbohydrate,
30% fat and 15% protein. The fat content of the diet was controlled with the composition of
saturated, monounsaturated and polyunsaturated fat in a 1:1:1 ratio. Participants were asked
to refrain from planned physical activity for 48 h before the muscle biopsy study.

Muscle biopsy
Participants arrived in the morning after a 12 h overnight fast. After 4 h of rest, muscle
biopsy samples were taken from midway between the greater trochanter of the femur and
patella. The anatomic location and depth of the biopsy was as similar as possible between
participants to minimise variance in muscle fibre composition, which varies with depth and
length in the vastus lateralis. Muscle was immediately flash frozen in liquid nitrogen and
stored at −80°C until dissection and analysis. Skeletal muscle samples were dissected free of
extramuscular fat on ice as previously described [19].

Cell fractionation
The membrane and cytosolic fractions were isolated using a well-accepted
ultracentrifugation protocol, which has already been described [11]. Briefly, muscle biopsy
specimens (~40-50 mg wet weight) were extracted in ice-cold homogenising buffer A (20
mmol/l 3-(N-morpholino)propanesulfonic acid (MOPS), pH 7.5, 250 mmol/l mannitol, 1.2
mmol/l EGTA, 1 mmol/l dithiothreitol, 2 mmol/l phenylmethylsulphonyl fluoride [PMSF],
protease [Roche Applied Science, Indianapolis, IN, USA] and phosphatase inhibitors
[Sigma, St Louis, MO, USA]) at 4°C. The homogenate was centrifuged at 100,000 g for 45
min, and the supernatant fraction, representing the cytosolic fraction, removed and stored in
liquid nitrogen. The 100,000 g pellet was washed once by resuspension in homogenising
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buffer A and re-centrifuged, and the protein pellet solubilised in homogenising buffer B (20
mmol/l MOPS, pH 7.5, 0.5% decanoyl-N-methyl-glucamide, 2 mmol/l EDTA, 5 mmol/l
EGTA, 1 mmol/l dithiothreitol, 2 mmol/l PMSF, protease and phosphatase inhibitors). After
1 h at 4°C with constant gentle inversion, the extract was centrifuged again at 100,000 g for
45 min, and the supernatant fraction saved, representing the membrane fraction.

Liquid chromatography/tandem MS
Isolated cell fractions were shipped frozen on dry ice overnight to the Medical University of
South Carolina lipidomics laboratory for analysis. In the lipidomics laboratory, samples
were fortified with internal standards, extracted into a one-phase neutral organic solvent
system, and analysed by a Thermo Finnegan TSQ 7000 triple quadrupole mass spectrometer
as previously described [20]. Examination of DAG molecular species was performed by a
parent ion scan of a common fragment ion characteristic of each class of lipid.
Concentration was determined by comparing ratios of unknowns with internal standards,
and referencing a standard curve.

Western blotting
To determine PKC activation and enrichment of membrane and cytosolic fractions, 15 μg of
sample protein from membrane and cytosolic fractions were run on an SDS-PAGE 8% Bis-
Tris gel (Invitrogen, Carlsbad, CA, USA), then transferred to a poly(vinylidene difluoride)
membrane, and blocked with 5% BSA for 1 h at room temperature. Primary antibodies were
from Cell Signaling (Danvers, MA, USA). Incubations were performed in 5% BSA
overnight at 4°C, and a horseradish peroxidase-conjugated secondary antibody was
incubated for 1 h at room temperature. Enhanced chemiluminescence was used to visualise
protein bands of interest. Intensity of protein bands was captured using an AlphaImager
3300 and quantified using FluorChem software (Alpha Innotech Corp, San Leandro, CA,
USA).

Statistical analysis
Data are presented as mean±SEM. Differences in normally distributed data between groups
were analysed using a one-way ANOVA (SPSS, Chicago, IL, USA). Non-normally
distributed data were log transformed before analysis using a one-way ANOVA. When
significant differences were detected, individual means were compared using Student’s t
tests to determine differences between groups. An alpha level of 0.05 was used for statistical
significance other than comparisons with multiple DAG species. For evaluation of statistical
significance with multiple DAG species, the Bonferroni method was used to correct for 16
multiple comparisons, leaving a significant p value that had to be <0.0031. Relationships
between DAG molecular species, insulin sensitivity and PKC activation were determined
using Pearson’s correlation coefficient.

Results
Demographic information for participants is shown in Table 1. As expected, the Ob and
T2D groups had higher BMI and percentage body fat than the Ath group, and the  of
the Ath group was more than twice that of the Ob and T2D groups. As expected HbA1c,
fasting glucose and insulin levels were significantly higher in the T2D group than the other
two groups. Insulin sensitivity was significantly greater in the Ath group than the Ob and
T2D groups.
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Skeletal muscle fractionation
Enrichment of membrane and cytosolic markers in their respective subcellular
compartments isolated by ultracentrifugation are shown in Fig. 1. These data show that the
cellular fractionation methods were successful in enriching membrane and cytosolic
proteins, and suggest minimal contamination between fractions.

Subcellular localisation of DAG
The cellular distribution of skeletal muscle DAG is shown in Fig. 2. Total DAG
concentration was significantly higher in the Ob and T2D groups than in the Ath group (Fig.
2a, p=0.002), commensurate with their greater insulin resistance. We found a significant
inverse relationship between total muscle DAG concentration and insulin sensitivity (r =
−0.626, p=0.002). Cytosolic DAG concentration was significantly lower in the Ob group
than the T2D and Ath groups (Fig. 2b, p=0.009). Most DAG was in the membrane in all
groups, but both absolute (Fig. 2c, p=0.002) and percentage of total DAG concentration in
membranes was lowest in the Ath group (Fig. 2d, p=0.01). Importantly, percentage of total
DAG localised to membranes was significantly inversely related to insulin sensitivity (r =
−0.691, p=0.0005). There was no relationship between cytosolic DAG and insulin
sensitivity (Fig. 3a, p=0.34), but a significant relationship between membrane DAG and
insulin sensitivity was observed in the cohort as a whole (Fig. 3b, r = −0.624, p=0.003).

DAG molecular species
After correcting for multiple comparisons with Bonferroni, we found no significant
relationships between individual DAG species in the whole cell and insulin sensitivity
(p>0.02). There were no significant differences between groups for any cytosolic DAG
species (Fig. 4a). However, the membrane DAG species, C18:0/C20:4 (p=0.0008), di-C16:0
(p=0.004) and di-C18:0 (p=0.0005), were significantly higher in the T2D group than the
other two groups (Fig. 4b,d). Low-abundance cytosolic (Fig. 4c) and membrane (Fig. 4d)
DAG species are shown in separate panels, with more abundant species removed in order to
facilitate interpretation.

Data were combined from all groups and molecular species correlated by compartment with
insulin sensitivity (Table 2). As with DAG species in the whole cell, there were no
significant relationships between any DAG species in the cytosol and insulin sensitivity
(p>0.02). The only membrane DAG species that correlated with insulin sensitivity was di-
C18:0 (r = −0.595, p=0.003), and appeared to be the species responsible for the significant
overall relationship between membrane DAG and insulin sensitivity (Table 2).

Fasting glucose concentration was significantly positively related to both membrane DAG (r
= 0.478, p=0.024) and total cell DAG (r = 0.496, p=0.019), but not cytosolic DAG (r =
−0.023, p=0.92). There were no significant relationships between DAG and fasting insulin
or NEFA concentrations.

DAG and PKC
The ratio of membrane to cytosolic PKC content is a common surrogate for activation, since
PKC is thought to be active in the membrane fraction only [21]. Although the data trended
for lower PKCε and PKCθ activation in the Ath group compared with the T2D and Ob
groups, the differences were not significant (Fig. 5a,b, p=0.15). When analysed as
continuous variables, cytosolic DAG concentration was negatively related to PKCε
activation (Fig. 6a, r = −0.552, p=0.009), whereas membrane DAG concentration was
positively related to PKCε (Fig. 6b, r = 0.507, p=0.019). We found that, in the cytosol,
C18:0/C18:1 (p=0.0006), di-C14:0 (p=0.003), di-C16:0 (p=0.002) and di-C18:0 (p=0.002)
were significantly inversely related to PKCε activation (Table 2). No similar relationships
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were observed for PKCθ (p>0.05), suggesting PKC isoform specificity for particular DAG
species. In the membrane, we found significant positive relationships between PKCε
activation and C16:0/C18:1 (p=0.002) and C16:1/C18:1 (p=0.0005) (Table 2). No
significant relationships were found for PKCθ (p>0.06).

DAG saturation and insulin sensitivity
To determine if overall DAG saturation differed by group, we calculated the sum of DAG
species with saturated acyl species on the first and second carbon. The concentration of total
cell disaturated DAG (p=0.001) and absolute membrane disaturated DAG content (p=0.001,
Fig. 7a) was significantly lower in the Ath group than the other two groups. The absolute
content of membrane disaturated DAG was significantly negatively related to insulin
sensitivity (r = −0.642, p=0.002, Fig. 7b). The relative membrane disaturated DAG content
was significantly lower in the Ath than the T2D group (p=0.03, Fig. 7c), and was
significantly negatively related to insulin sensitivity (r = −0.633, p=0.002, Fig. 7d).

Muscle protein expression
We analysed expression of enzymes involved in attenuating DAG signalling (diacylglycerol
kinase δ [DGKδ]), triacylglycerol synthesis (diacylglycerol acyltransferase 1 [DGAT1] and
lipin 1) and lipid desaturation (stearoyl-CoA desaturase 1 [SCD1]). Figure 8 shows no
significant differences in protein content of whole cell DGKδ (p=0.71), DGAT1 (p=0.88) or
lipin 1 (p=0.20) between groups. Only SCD1 content was different between groups, with
significantly increased production in the Ath group compared with the Ob group (p=0.03).

Discussion
Strong evidence suggests that DAG may be an important link between tissue lipids and
insulin resistance. Skeletal muscle DAG concentration is elevated in individuals with
obesity and type 2 diabetes [22], and has been shown to be negatively related to insulin
sensitivity [6, 11, 13, 14]. Most studies report whole cell DAG content, yet there are a large
number of potential molecular species of DAG, as well as variability in intracellular
localisation that could influence biological action. We hypothesised that both membrane
DAG localisation and saturated molecular species would be independently related to skeletal
muscle insulin action. Indeed, major findings from the present study confirm our
hypotheses. Of the 16 measurable molecular species of DAG in human skeletal muscle, the
majority are localised to membranes, and only membrane DAG were positively related to
PKC activation and insulin resistance. Three particular species of DAG were significantly
higher in individuals with type 2 diabetes than the other groups, but only di-C18:0 was
significantly related to insulin resistance. Decreasing DAG localised to skeletal muscle
membranes, or decreasing stearate-containing DAG may be a novel therapeutic target for the
treatment and prevention of insulin resistance in humans.

Currently, all DAG in human skeletal muscle is thought to promote insulin resistance.
Consistent with previous investigations, total intramuscular DAG concentration correlated
inversely with insulin sensitivity in this study. Nevertheless, because DAG induces insulin
resistance by activating PKC in membranes, we hypothesised that only membrane DAG
would be related to PKC activation and insulin resistance in skeletal muscle. Supportive data
were reported in a recent study demonstrating increased skeletal muscle membrane DAG
content during aging, which was associated with increased PKC activation and insulin
resistance in rodents [17]. Similarly, liver samples from morbidly obese participants also
revealed compartmentalisation of DAG, with cytosolic, but not membrane, DAG correlated
with PKCε activation [23]. Our data show the importance of DAG compartmentalisation in
human skeletal muscle, as only membrane DAG was related to PKC activation and
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decreased insulin sensitivity. In contrast, cytosolic DAG was inversely related to insulin
resistance and PKCε activation. Together, these data are the first to reveal that membrane
localisation of DAG in skeletal muscle, rather than total intramuscular concentration, drives
insulin resistance in humans.

Alterations in DAG production induced by obesity and/or type 2 diabetes may explain
differences in DAG localisation. For example, hyperglycaemia increases phospholipase C
activity [24], which degrades membrane phospholipids and would produce membrane DAG.
Increased C18:0/C20:4 DAG in type 2 diabetes is consistent with phospholipase DAG
generation. Hyperinsulinaemia and hyperglycaemia also increase de novo DAG synthesis
[25], which occurs at the endoplasmic reticulum [26], and could be an important mechanism
promoting membrane DAG accumulation in obesity and diabetes. In contrast, DAG formed
during IMTG degradation [27] would promote cytosolic accumulation and may be less
prominent in type 2 diabetes. The combination of enhanced de novo DAG synthesis driven
by elevated plasma concentrations of glucose and insulin, high saturated fat intake [28], and
less muscle lipid desaturation form a plausible explanation for how saturated membrane
DAG accumulate in obesity and diabetes. Exploiting pathways dictating intracellular DAG
localisation may prove a novel target for insulin sensitisation.

Whether decreasing membrane DAG increases insulin sensitivity is not known, but would
be supported by these data. Altered abundance of DGKδ, an enzyme responsible for
converting DAG into phosphatidic acid to terminate DAG signalling [29], may be one
manner of doing so. DGKδ exists in many locations of the cell, including endoplasmic
reticulum [30], neuromuscular junction [31], cytoskeletal compartments [32] and the
nucleus, which confirms intracellular DAG compartmentalisation [29]. In a previous study,
hyperglycaemia downregulated DGKδ and explained increased DAG concentration in
individuals with type 2 diabetes [33]. We found no differences in whole cell DGKδ between
groups, suggesting that changes in DAG content and/or localisation was not due to
downregulation of this enzyme. Of note, hyperglycaemia in our participants with type 2
diabetes was ~2.2 mmol/l lower than in the previous report, and may contribute to the lack
of differences in this study. Membrane DAG content may also be influenced by muscle
oxidative capacity. Preventing mitochondrial oxidative damage preserved oxidative capacity
and precluded membrane DAG accumulation and insulin resistance in aging mice [17].
Similarly, muscle oxidative capacity is increased in endurance-trained athletes, who also had
decreased membrane DAG content in the present study. These studies suggest a possible
link between oxidative capacity, membrane DAG localisation and insulin sensitivity.
Nevertheless, further studies are needed to determine if membrane DAG content can be
decreased, and if this change results in increased insulin sensitivity.

In addition to DAG localisation, DAG composition appears to discriminate DAG function,
and therefore plays an important role linking muscle lipids to insulin resistance. Of the 16
measurable membrane DAG species, only di-C18:0 was significantly related to insulin
sensitivity. Interestingly, these data corroborate previous data from our laboratory and others
suggesting that saturated DAG has a particularly negative impact on insulin sensitivity [4, 5,
7]. This is exemplified by the observation that disaturated membrane DAGs were negatively
related to insulin sensitivity in the cohort as a whole, and were also significantly lower in
our insulin-sensitive endurance-trained athletes. Similar to other reports [5], SCD1 content
was increased in athletes, which may be one mechanism explaining less saturated skeletal
muscle DAG in this group. Less saturated membrane DAG in endurance-trained athletes
may help explain how they maintain insulin sensitivity, despite a high IMTG concentration,
the so-called ‘athletes paradox’ [34]. Further, these data highlight that DAG species are not
homogeneous and probably have dissimilar impacts on insulin sensitivity. Similar data
showing that unique DAG species correlated with PKC activation and insulin sensitivity
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were recently reported in human liver [23]. However, not all data agree, as two recent
studies [10, 35] did not observe the relationship between skeletal muscle DAG molecular
species and insulin sensitivity observed in the present study. This apparent discrepancy can
be reconciled when considering the relative importance of DAG species differs by their
subcellular location. Similar to the data of Coen et al [10] and Dube et al [35], we also did
not find a significant relationship between insulin sensitivity and individual DAG species
when DAG species from the whole cell were analysed. However, when only membrane
species were examined, the relationship between di-C18:0 DAG and insulin sensitivity was
revealed. Therefore our data agree with previous studies in this area, but, importantly,
extend what is known, highlighting the importance of DAG based on location and species.

DAG is thought to decrease insulin sensitivity in skeletal muscle by promoting activity of
conventional and novel PKC isoforms [11, 14]. Localisation of DAG species was important
for PKC activation, as C16:1/C18:1 was positively related to PKCε activation in the
membrane, with no relationship in the cytosol. The prevailing paradigm would contend that
polyunsaturated fatty acid-containing DAG activate PKC [36, 37]; however, the literature
contains reports suggesting that saturated DAGs are related to PKC activation as well [16,
38, 39]. Nevertheless, we found no significant relationships between polyunsaturated fatty
acid containing-DAG and PKCθ and PKCε activation, but rather an effect of
monounsaturated fatty acid containing-DAG in the membrane on PKCε. Divergence
between membrane DAG molecular species related to insulin sensitivity and PKC activation
may due to involvement of PKC isoforms PKCßII and PKCδ, which we did not measure
[14], and/or implicate non-PKC-mediated mechanisms for the effect of DAG on insulin
resistance in humans [40]. Alternatively, while there are data suggesting that PKC isoforms
are involved in acute insulin resistance [14, 15, 41-43], other data suggest that they may not
be related to chronic insulin resistance [44-46]. Our data can also be interpreted as placing
less importance on DAG-induced PKC activation in chronic insulin resistance in humans.
These data are also consistent with the interpretation that saturated DAG are only a marker
of insulin resistance, and may reflect increased saturated lipid content of other species, such
as ceramides [9, 10] and/or long-chain acyl-CoA [8], which may play a more direct role.

There are several limitations to this study. It is well known that dietary fat influences muscle
lipid composition [47], and a recent study showed that a 1-week dietary intervention
changed the composition of DAG in healthy lean men and women [28]. Therefore our 3-day
dietary control, designed to ensure energy balance, may have minimised differences between
groups. Although others have reported PKC activation using membrane/cytosol ratios [15,
21, 48], variability between participants and a small sample size in this study may have
precluded finding relationships that exist between PKC isoforms and DAG species. We did
not have a lean control group, which does not allow us to discern the influence of BMI from
exercise training when comparing athletes with the other two groups. In addition, skeletal
muscle was only separated into two fractions. Therefore alterations in DAG localised to
endoplasmic reticulum from de novo synthesis cannot be delineated from plasma membrane
DAG with our methods. Owing to the hydrophobic nature of DAG, the cytosolic fraction
may also not truly represent ‘cytosolic’ distribution, but rather DAG localised to small
membrane structures or in cytosolic lipid droplets pelleting during the first centrifugation
step. In addition, we measured insulin sensitivity using an IVGTT, which does not isolate
the influence of muscle on insulin sensitivity as well as a hyperinsulinaemic/euglycaemic
clamp. Further, we are assuming that DAG promotes insulin resistance by binding to C1-
containing domains of PKC [40]. However, other molecules with C1-containing domains
may be stimulated by DAG, including chimaerins, protein kinase D, ras guanyl nucleotide-
releasing proteins (RasGRPs), mammalian homologues of C. elegans Unc-13 (Munc13s)
and DAG kinase γ [40].
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In summary, these data are the first report of cellular localisation of molecular species of
DAG in human skeletal muscle. Together, they challenge the existing paradigm that all
DAG species negatively impact insulin action in skeletal muscle. Only membrane, not
cytosolic, DAG were found to be related to insulin resistance in the present study. Further,
this relationship was largely driven by the amount of di-C18:0 DAG. Therefore therapeutic
strategies to alter DAG composition and/or decrease membrane DAG localisation may be a
novel target to promote insulin sensitivity in humans.
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Fig. 1.
Western blot showing enrichment of membrane and cytosolic proteins in human skeletal
muscle biopsy specimens separated by ultracentrifugation. The membrane marker antibody
is Na/K ATPase α1, and the cytosolic marker is glyceraldehyde-3-phosphate dehydrogenase.
Cyto, cytosol; Mem, membrane; T2D, type 2 diabetes
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Fig. 2.
DAG concentration by group in a total muscle homogenate, b cytosolic fraction and c
membrane fraction and d percentage DAG in membrane fraction. Values are means±SEM.
Significantly different from Ob, *p<0.05; significantly different from T2D, †p<0.05;
significantly different from Ath, ‡p<0.05. T2D, type 2 diabetes
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Fig. 3.
Relationship between insulin sensitivity (Si) and a total cytosolic DAG (r=0.217, p=0.34)
and b total membrane DAG, r=−0.624, p=0.003 in T2D, Ath and Ob groups. To convert Si
values to SI units multiply by 0.167
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Fig. 4.
DAG molecular species in T2D (light grey), Ath (dark grey) and Ob (speckled) groups
localised in the a cytosolic fraction and b membrane fraction, and low-abundance DAG
species in the c cytosolic fraction and d membrane fraction. Values are means±SEM.
Significantly different from Ob, *p<0.05; significantly different from Ath, †p<0.05
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Fig. 5.
Ratio of membrane (Mem) to cytosolic (Cyto) content of a PKCε and b PKCθ in T2D (light
grey), Ath (dark grey), and Ob (speckled) groups. Values are means±SEM
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Fig. 6.
Relationship between PKCε activation and a cytosolic DAG (r=−0.552, p=0.009) and b
membrane DAG (r=0.507, p=0.019) in T2D, Ath and Ob groups
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Fig. 7.
a Content of disaturated DAG in membrane fraction in T2D, Ath and Ob groups. b
Relationship between disaturated membrane DAG and insulin sensitivity (Si) (r=−0.642,
p=0.002). c Percentage of disaturated DAG relative to total membrane DAG. d Relationship
between percentage disaturated DAG relative to total membrane DAG and Si (r=−0.633,
p=0.002). To convert Si values to SI units multiply by 0.167. Significantly different from
Ob, *p<0.05; significantly different from T2D, †p<0.05. T2D, type 2 diabetes
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Fig. 8.
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Skeletal muscle protein levels of a DGKδ, b DGAT1, c lipin 1 and d SCD1 in T2D (light
grey), Ath (dark grey) and Ob (speckled) groups. Values are means±SEM. Significantly
different from Ob, *p<0.05. T2D, type 2 diabetes
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Table 1

Participants’ demographics

Variable Obese T2D Athletes

Number (female/male) 6 (2/4) 6 (0/6) 10 (2/8)

Age (years) 39.5±2.3 44±1.8 35.4±3.1

BMI (kg/m2) 33.3±1.4 30.1±2.3 23.3±0.8*†

Body fat (%) 34.1±4.5 30.7±2.8 14.1±2.2*†

25.1±3.9 25.4±1.8 55.6±4.8*†

HbA1c (proportion of total) 0.055±0.001 0.071±0.005*‡ 0.055±0.001

HbA1c (mmol/mol) 36.2±0.9 54.3±3.6 36.6±0.4

Fasting glucose (mmol/l) 5.4±0.2 7.7±1.3*‡ 4.4±0.2

Fasting insulin (pmol/l) 52.1±13.2 140.3±30.6*‡ 24.3±2.8

Fasting NEFA (umol/l) 716±68 589±87 678±47

Insulin sensitivity (10−4 μU−1 ml−1)a 3.2±0.4 2.4±0.6 12.6±1.7*†

Values are means±SEM

a
To convert values to SI units multiply by 0.167

*
Significantly different from obese, p<0.05

†
significantly different from T2D, p<0.05

‡
significantly different from athletes, p<0.05
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