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Abstract
Aims/hypothesis Subcellular localisation is an important factor in the known impact of bioactive lipids, such as diacylglycerol
and sphingolipids, on insulin sensitivity in skeletal muscle; yet, the role of localised intramuscular triacylglycerol (IMTG) is yet
to be described. Excess accumulation of IMTG in skeletal muscle is associated with insulin resistance, and we hypothesised that
differences in subcellular localisation and composition of IMTG would relate to metabolic health status in humans.
Methods We evaluated subcellular localisation of IMTG in lean participants, endurance-trained athletes, individuals with obesity
and individuals with type 2 diabetes using LC-MS/MS of fractionated muscle biopsies and insulin clamps.
Results Insulin sensitivity was significantly different between each group (athletes>lean>obese>type 2 diabetes; p < 0.001).
Sarcolemmal IMTG was significantly greater in individuals with obesity and type 2 diabetes compared with lean control
participants and athletes, but individuals with type 2 diabetes were the only group with significantly increased saturated
IMTG. Sarcolemmal IMTG was inversely related to insulin sensitivity. Nuclear IMTG was significantly greater in individuals
with type 2 diabetes compared with lean control participants and athletes, and total and saturated IMTG localised in the nucleus
had a significant inverse relationship with insulin sensitivity. Total cytosolic IMTG was not different between groups, but
saturated cytosolic IMTG species were significantly increased in individuals with type 2 diabetes compared with all other groups.
There were no significant differences between groups for IMTG concentration in the mitochondria/endoplasmic reticulum.
Conclusions/interpretation These data reveal previously unknown differences in subcellular IMTG localisation based on meta-
bolic health status and indicate the influence of sarcolemmal and nuclear IMTG on insulin sensitivity. Additionally, these studies
suggest saturated IMTG may be uniquely deleterious for muscle insulin sensitivity.
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Abbreviations
CTRC Clinical Translational Research Center
DAG Diacylglycerol
IMTG Intramuscular triacylglycerol
Rd Rate of disappearance

Introduction

Many studies have linked intramuscular triacylglycerol
(IMTG) content to insulin resistance and type 2 diabetes
[1–4], and while it has been suggested that IMTG may be
causally associated with insulin resistance, this hypothesis
has not been upheld. For instance, endurance-trained athletes
have similar IMTG content to individuals with type 2 diabe-
tes, yet are very insulin sensitive [5], and the effect of insulin-
sensitising exercise training interventions on IMTG content in
individuals with obesity is varied and inconclusive [6–12].
Interestingly, studies have shown that synthesis rates of
IMTG are linearly related to insulin sensitivity and it has been
suggested that IMTG may indirectly influence muscle metab-
olism. Increased partitioning of fatty acids towards IMTG
protects against the accumulation of harmful lipid mediators,
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such as diacylglycerol (DAG) and ceramide [13–16]. For
example, it has been shown that increased accumulation of
IMTG by acute exercise results in the reduction of DAG
synthesis, as well as decreased inflammatory signalling and
increased insulin sensitivity in humans [17]. While the pivotal
role that bioactive lipids, such as DAG and ceramide, play in
mediating fatty acid-associated insulin resistance in skeletal
muscle is well defined, the participation of IMTG, which
may be indirect, is less well known.

Lipid composition is fundamental to the impact of bioac-
tive lipids, such as DAG and ceramide, on insulin sensitivity;
however, this relationship is not definitive in regard to IMTG
[18–23]. While several groups have shown an association
between increased saturated IMTG and insulin resistance in
humans [24–26], others have reported that no relationship was
observed [19]. Additionally, IMTG composition does not
change with exercise training and does not appear to be related
to insulin sensitivity in previous studies [10, 13, 27, 28].
Therefore, there is a lack of consistency in the literature as to
the potential importance of IMTG composition in regulating
insulin sensitivity in humans.

Bioactive lipids linked to insulin resistance localise within
different compartments in skeletal muscle, and alterations in
subcellular localisation appear to influence insulin sensitivity
[18, 29–32]. Transmission electron microscopy studies have
shown that IMTG is also compartmentalised in skeletal
muscle and that differences in localisation may impact muscle
metabolism. While subsarcolemmal IMTG was found to be
negatively related to insulin sensitivity, intermyofibrillar
IMTGwas unrelated or positively related to insulin sensitivity

[33–36]. Exercise training has also been shown to have an
impact on IMTG localisation, decreasing subsarcolemmal
IMTG distribution [37–39] and increasing co-localisation
with mitochondria [35, 40]. The physical location of IMTG
droplets relative to mitochondria is important, as their close
proximity may facilitate oxidation of IMTG [40]. While
localisation of IMTG within skeletal muscle appears to have
an impact on insulin sensitivity, a more detailed subcellular
analysis of this relationship has not been performed.

The goal of this study was to elucidate IMTG composition
and subcellular localisation across the spectrum of insulin
sensitivity and metabolic health in humans. In order to accom-
plish this, we fractionated muscle biopsies from humans span-
ning the physiological range of insulin sensitivity into sarco-
lemmal, cytosolic, mitochondrial/endoplasmic reticulum and
nuclear compartments and analysed IMTG composition in
each fraction. We also conducted lipidomic analysis and
hyperinsulinaemic–euglycaemic clamps in participants.

Methods

Participants

Fourteen lean control participants, 16 lean endurance-trained
athletes, 15 individuals with obesity and 12 individuals with
type 2 diabetes were included in the study, which has been
published previously [29]. Participants gave written informed
consent, and were excluded if they had: BMI <20 kg/m2 or
>25 kg/m2 for the lean and athlete groups, and BMI <30 kg/
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m2 or >40 kg/m2 for the obese and type 2 diabetes groups;
fasting triacylglycerol levels >8.3 mmol/l; or liver, kidney,
thyroid or lung disease or type 1 diabetes. Individuals with
type 2 diabetes were excluded from the study if they used
insulin and/or thiazolidinediones due their known confound-
ing impact on IMTG concentration. All other medications
were permissible but washed out for 2 weeks prior to meta-
bolic testing.

Fasting and 2 h OGTT plasma glucose was measured from
all consented participants to screen for type 2 diabetes during
preliminary testing, and individuals were classified into study
groups based on criteria set by the American Diabetes
Association. Participants with obesity with fasting plasma
glucose levels ≥7.0 mmol/l and/or 2 h OGTT values
≥11.1 mmol/l were placed in the type 2 diabetes study group,
while participants with obesity with fasting plasma glucose
values <7.0 mmol/l and/or 2 h OGTT values <11.1 mmol/l
were included in the obese study group. Lean control partici-
pants, as well as individuals with obesity and type 2 diabetes
were sedentary (engaged in planned physical activity for <2 h/
week). Endurance athletes were master’s athletes training for
cycling and triathlon competitions with a mean (±SEM) train-
ing history of 10.6 ± 1.9 years at 12.7 ± 0.8 h/week. None of
the individuals with obesity, lean participants, or athletes were
taking medications. Participants were weight stable in the
6 months prior to the study.

This study was approved by the Colorado Multiple
Institution Review Board at the University of Colorado
Denver (Denver, CO, USA).

Preliminary testing

Participants reported to the Clinical Translational Research
Center (CTRC) following a 12 h overnight fast, where they
were given a health and physical examination, followed by a
fasting blood draw, and a standard 75 g OGTT to verify
glucose tolerance. Body composition was determined using
dual energy x-ray absorptiometry (DEXA) analysis (Lunar
DPX-IQ, Lunar Corporation, Madison, WI, USA).

Diet and exercise control

Diet was not controlled in this study to avoid confounding
from acute dietary changes on muscle lipid composition.
Participants were asked to refrain from planned physical activ-
ity for 48 h before the metabolic study.

Insulin clamp study

Volunteers spent the night at the CTRC to ensure compliance
with the overnight fast. After a 12 h 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 cath-
eterised 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−1 min−1 and continued
throughout a 2 h equilibrium period and the 3 h insulin clamp.
Blood samples for determination of baseline substrate concen-
trations were drawn during the final 30 min of the 2 h tracer
equilibration, before the clamp. After 2 h of tracer equilibra-
tion, a percutaneous needle biopsy (~150 mg) was taken from
midway between the greater trochanter of the femur and the
patella. Muscle was immediately flash frozen in liquid nitro-
gen and stored at −80°C, until analysis. Skeletal muscle
samples were dissected free of extramuscular fat on ice, as
previously described [41]. A hyperinsulinaemic–
euglycaemic clamp was then initiated and continued for the
next 3 h, using the method of DeFronzo et al. [42]. Briefly, a
primed continuous infusion of insulin was administered at
40 mU m−2 min−1 for 3 h. A variable infusion of 20% (wt/
vol.) dextrose was infused to maintain a blood glucose
concentration of ~5 mmol/l. The dextrose infusion used to
maintain euglycaemia was labelled with [6,6-2H2]glucose
(Cambridge Isotope Laboratories, USA) to maintain stable
enrichment of plasma glucose [43]. Arterialised blood was
sampled every 5 min for bedside determination of glucose
concentration (Analox, Lunenburg, MA, USA) and the
dextrose infusion adjusted as necessary. During the last
30 min of the clamp, measurements of respiratory gas
exchange were made via indirect calorimetry. Enzymatic
assays were used tomeasure blood glucose and triacylglycerol
concentrations (Olympus AU400e Chemistry Analyzer,
Olympus America, Center Valley, PA, USA).

Muscle fractionation

To ensure specific measurement of intracellular lipids, muscle
biopsies were first dissected free from extramuscular adipose
tissue and then 45–60 mg of frozen muscle was homogenised
using a Teflon-glass homogeniser (Caframo Lab Solutioins,
Canada) for 1 min, on ice at 600 rpm, in fractionation buffer
(250 mmol/l sucrose; 5 mmol/l MgCl2; 1 mmol/l EDTA;
20 mmol/l Tris-Cl; 40 mmol/l KCl; pH 7.4). Samples were then
centrifuged for 1 h at 100,000 g and the supernatant, containing
the cytosolic compartment, was saved. The pellet was re-
suspended in 1 ml of the fractionation buffer by pipetting the
pellet with a p1000 pipette (Eppendorf, Germany) until mixed,
followed by 10 aspirations through an 18 gauge needle before
sitting it on ice for 30 min. The sample was then loaded onto the
top of an Optiprep (Alere Technologies, Norway) gradient
containing 5 ml of 16%, 1.5 ml of 20%, 1.5 ml of 25% and
2 ml of 30% (wt/vol.) Optiprep buffer, diluted with fractionation
buffer. The gradient was then spun using an NVT65 rotor
(Beckman Coulter, USA) at 60,000 g for 1 h at 4°C. The top
3 ml were saved, containing the sarcolemmal fraction, the next
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1.5 ml were not saved, and the next 3 ml containing the
mitochondrial/endoplasmic reticulum fraction, and the final
2 ml above the 30% (wt/vol.) Optiprep buffer containing the
nuclear fraction, were collected. Aliquots of each fraction were
saved and run for protein content using a Pierce BCA Assay
(Thermo Fisher Scientific, Rockford, IL, USA).

Lipidomics analysis

After the Tri-C17:0 triacylglycerol internal standard (Avanti
Polar Lipids, USA) was added to each fraction, samples were
lipid extracted using previously described methods [29]. IMTG
species were analysed by an Agilent 1100 HPLC system
(Agilent, USA) connected to an API 2000 triple quadrupole
mass spectrometer (Sciex, USA) [44]. Concentration was deter-
mined by comparing ratios of unknowns to Tri-C17:0 triacyl-
glycerol and then these area ratios were comparedwith standard
curves representing typical triacylglycerol species runwith each
sample set.When performingmuscle fractionation, lipid extrac-
tion and LC-MS/MS analysis, samples from each study group
(athlete, lean, individuals with obesity and individuals with type
2 diabetes) were run simultaneously to avoid the possibility of
confounding our findings due to batch effects.

Statistical analysis

Data are presented as mean±SEM. Differences in total IMTG
content and composition data between groups were analysed
using a one-way ANOVA (SPSS, Chicago, IL, USA).
Significant differences in IMTG content between compart-
ments and in individual localised IMTG species between
groups within a compartment were adjusted for multiple
comparisons using the Benjamini–Hochberg procedure [45].
When significant differences were detected, groups were
compared using two-tailed Student’s t tests. Significant rela-
tionships between localised IMTG species and insulin sensi-
tivity were determined using Pearson’s correlation coefficient
and were adjusted for multiple comparisons using the
Benjamini–Hochberg procedure.

Results

Demographics, plasma markers and insulin sensitivity

Participant demographics, plasmamarkers and insulin sensitivity
have been previously reported [29] and a summary of those
findings are shown in Table 1. BMI and body fat content were
significantly lower in the athlete and lean groups as compared
with individuals with obesity and type 2 diabetes, as expected.
Fasting and 2 h plasma glucose concentrationswere significantly
greater in individuals with type 2 diabetes compared with the
other groups. Preliminary screening results revealed one

individual in the obese study group with impaired fasting
glucose, while the rest of the individuals with obesity had normal
glucose tolerance. Results on subcellular localisation of DAG
and sphingolipids in this cohort have already been published
[29]. Insulin sensitivity, which was measured by the rate of
disappearance of glucose (glucose Rd) using [6,6-2H2]-glucose
during the insulin clamp, was significantly different between
each group and largely reflected differences in muscle disposal
(athletes>lean>obese>type 2 diabetes; p < 0.001; Table 1). Our
four groups of volunteers generated a dataset with individuals
spanning the physiological range of insulin sensitivity.

Whole muscle IMTG content

To determine whole muscle IMTG content, the sum of triac-
ylglycerol levels in each fraction was normalised to protein
content to account for the amount of muscle analysed. We
found that whole muscle IMTG content was lowest in athletes
and lean individuals, and significantly greater in individuals
with obesity and individuals with type 2 diabetes (Fig. 1a).We
also found that individuals with type 2 diabetes had signifi-
cantly greater saturated IMTG content compared with all other
groups (Fig. 1b). There was an inverse relationship between
clamp glucose disposal rate (Rd) and total IMTG (p = 0.01;
data not shown), and the relationship was even stronger for
clamp glucose Rd and saturated IMTG (p = 0.001; Fig. 1c).

Subcellular localisation

Enrichment of subcellular fractions was evaluated using west-
ern blots and has been published previously [29]. We achieved
separation and enrichment of sarcolemmal, mitochondrial/
endoplasmic reticulum, nuclear and cytosolic fractions with a
small amount of nuclear contamination of sarcolemmal and
mitochondrial/endoplasmic reticulum fractions.

Sarcolemma Individuals with obesity and type 2 diabetes had
significantly greater total IMTG localised to the sarcolemma
compared with those in the lean and athlete groups (p = 0.002,
Fig. 2a). Individuals with type 2 diabetes had greater saturated
IMTG localised to the sarcolemma compared with all other
groups (p < 0.0001, Fig. 2b). Combining all groups together,
both total (p = 0.006, Electronic supplementary material
[ESM] Fig. 1) and saturated (p = 0.002; Fig. 3a) sarcolemmal
IMTG were significantly inversely related to insulin sensitiv-
ity. When species specific differences were investigated,
almost all individual sarcolemmal IMTG species were also
significantly greater in individuals with obesity and/or type 2
diabetes compared with the lean and athlete groups (Fig. 4a).

Mitochondria/endoplasmic reticulum There were no signifi-
cant differences in total or saturated IMTG localised to the
mitochondria/endoplasmic reticulum between groups (Fig.
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2a,b). Additionally, there were no individual species specific
differences in IMTG localised to the mitochondria/
endoplasmic reticulum between groups (Fig. 4b). Further,
neither total nor saturated species of mitochondrial/
endoplasmic reticulum IMTG were significantly related to
insulin sensitivity (ESM Fig. 2 and ESM Fig. 3).

Nucleus In the nuclear compartment, individuals with type 2
diabetes accumulated significantly more IMTG than those in
the lean and athlete group (p = 0.01), and significantly more
saturated IMTG compared with all other groups (p = 0.0005)
(Fig. 2a,b). When all groups were combined, total (p = 0.04;
ESM Fig. 4) and saturated (p = 0.004; Fig. 3b) IMTG

Table 1 Study demographics

Variable Study group

Athlete
(n = 16)

Lean
(n = 14)

Obese
(n = 15)

T2D
(n = 12)

Sex (women/men) 6/10 6/8 7/8 5/7

Age (year) 42.5 ± 5.0 42.6 ± 7.3 42.0 ± 5.5 45.3 ± 5.7

BMI (kg/m2) 23.1 ± 2.0 22.4 ± 2.6 35.4 ± 4.3*† 34.8 ± 6.2*†

Body fat (%) 16.9 ± 5.3 22.8 ± 8.8 36.7 ± 7.5*† 35.9 ± 9.0*†

2 h OGTT glucose (mmol/l) 4.0 ± 1.7 5.2 ± 0.9 5.9 ± 1.3 16.9 ± 4.2*†‡

Fasting glucose (mmol/l) 4.9 ± 0.5 5.0 ± 0.3 5.2 ± 0.4 9.6 ± 2.4*†‡

Fasting insulin (pmol/l) 48.1 ± 17.9 63.1 ± 31.6 129.9 ± 52.4*† 154.3 ± 67.5*†

Glucose Rd (mg kg−1 min−1) 12.4 ± 2.6†††,‡‡‡,§§§ 8.8 ± 2.7***,‡‡‡,§§§ 5.1 ± 2.3***,†††,§§ 2.3 ± 1.4 ***,†††,‡‡

NEFAs (mmol/l) 554 ± 213 599 ± 274 537 ± 148 593 ± 155

Triacylglycerols (mmol/l) 3.7 ± 1.1 5.7 ± 3.3 6.9 ± 3.2* 9.1 ± 3.7*†

Data have been previously reported [29]

Data are reported as mean±SD

*p < 0.05, ***p < 0.001 vs athletes; † p < 0.05, ††† p < 0.001 vs lean; ‡ p < 0.05, ‡‡ p < 0.01, ‡‡‡ p < 0.001 vs obese; §§ p < 0.01, §§§ p < 0.001 vs type 2
diabetes

T2D, type 2 diabetes

Fig. 1 Whole-cell total IMTG content (a), saturated IMTG content (b),
and relationship between saturated IMTG content and insulin sensitivity
(c) in endurance-trained athletes, lean and obese individuals, and

individuals with type 2 diabetes (T2D). Values are means±SEM.
*p < 0.05 vs athletes; †p < 0.05 vs lean; ‡p < 0.05 vs obese
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localised to the nucleus was significantly inversely related to
insulin sensitivity. Differences in individual species between
groups are shown in Fig. 4c.

Cytosol There were no significant differences in total cytosolic
IMTG between groups (Fig. 2a). Total cytosolic IMTG was
not related to insulin sensitivity (ESM Fig. 5). However, satu-
rated cytosolic IMTG was significantly greater in individuals
with type 2 diabetes compared with all other groups
(p < 0.0001, Fig. 2b), and was inversely related to insulin
sensitivity (p = 0.002) when all groups were combined (Fig.
3c). Differences between groups for individual cytosolic
IMTG species are shown in Fig. 4d.

Relationships between localised IMTG and bioactive
lipids

We examined the relationships between sub-cellular concen-
trations of IMTG with DAG and ceramide in order to evaluate
if IMTG degradation can explain the aetiology of localised
bioactive lipid formation in human skeletal muscle. In the
nuclear compartment, there was a significant positive relation-
ship between total IMTG and total 1,2-DAG content (p =
0.005), as well as total IMTG and ceramide content
(p < 0.0001) (Fig. 5a,b). There was also a significant positive
relationship between total IMTG and ceramide content () in
the cytosolic compartment (p < 0.0001; Fig. 5c). Saturated
IMTG was significantly positively related to disaturated 1,2-
DAG in the cytosolic compartment (p < 0.0001; Fig. 5d).
These relationships are consistent with channelling of IMTG
degradation to bioactive lipid formation in some, but not all
compartments. Specifically, our data indicate that nuclear
IMTG promotes nuclear 1,2-DAG and ceramide formation,
and cytosolic IMTG promotes cytosolic ceramide and 1,2-
DAG formation.

Dietary lipid intake

We used a combination of the National Cancer Institute’s Diet
History Questionnaire II (DHQII) and erythrocyte phospho-
lipid content to estimate habitual dietary lipid intake [46]. We
found no differences in estimates of total daily energy, total
fat, carbohydrate, protein or alcohol intake between groups
(Table 2). However, total saturated fatty acid intake was
significantly greater in individuals with type 2 diabetes
compared with lean control participants and athletes, and in
individuals with obesity compared with athletes (p = 0.008).
The difference in saturated fatty acid intake in individuals with
type 2 diabetes vs lean individuals and/or athletes was largely
explained by alterations in the estimated intake of C14:0 (p =
0.004), C16:0 (p = 0.01) and C18:0 (p = 0.004) saturated fatty
acids between these groups. Trans fat intake of 18:1 (p = 0.02)
and 18:2 (p = 0.01) were significantly lower in athletes
compared with individuals with obesity and type 2 diabetes
(data not shown). However, there were no significant differ-
ences in the absolute or relative abundances of erythrocyte
phospholipids between groups (data not shown). These data
are mixed, but the dietary intake estimates suggest that indi-
viduals with type 2 diabetes habitually consumed significantly
more saturated fat than individuals in all other study groups,
which may explain alterations in saturated IMTG between
groups.

Discussion

IMTG was initially thought to promote insulin resistance, but
this relationship has not held up under closer scrutiny.
Endurance-trained athletes and individuals with type 2 diabe-
tes typically store similar amounts of IMTG, yet have highly
divergent insulin sensitivity [5] and it has been suggested that

Fig. 2 Subcellular IMTG localisation normalised to protein content (a)
and subcellular saturated IMTG localisation normalised to protein content
(b) in endurance-trained athletes, lean and obese individuals, and

individuals with type 2 diabetes (T2D). Values are means±SEM.
*p < 0.05, §p < 0.001 vs athletes; †p < 0.05, ¶p < 0.001 vs lean;
¥p < 0.001 vs obese. ER, endoplasmic reticulum
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the disposal of fatty acids entering muscle into the IMTG pool
protects against the development of insulin resistance [17, 47].
Adding to this complexity are studies indicating the signifi-
cance of IMTG composition and localisation within skeletal
muscle tissue, with saturated IMTG as well as IMTG in the
subsarcolemmal compartment being related to decreased insu-
lin sensitivity [33–36]. The purpose of this study was to
analyse IMTG localisation within fractionated subcellular
compartments of vastus lateralis muscle from humans span-
ning the physiological range of insulin sensitivity, providing a

more detailed understanding of the complicated relationship
between IMTG and insulin resistance. We found significantly
more accumulation of sarcolemmal IMTG in individuals with
obesity and type 2 diabetes, along with more nuclear IMTG
accumulation in individuals with type 2 diabetes. IMTG in
sarcolemmal and nuclear compartments were significantly
negatively related to insulin sensitivity, but the strongest rela-
tionships were observed for saturated IMTG in sarcolemmal,
nuclear and cytosolic compartments. IMTG localised to the
mitochondrial/endoplasmic reticulum compartment were not
different between groups and were not related to insulin sensi-
tivity. In the nuclear and cytosolic compartments, there were
significant positive relationships between IMTG and ceramide
as well as 1,2-DAG, suggesting a role for IMTG in promoting
bioactive lipid accumulation in these compartments. These
data reveal that sarcolemmal and nuclear accumulation of
IMTG negatively relates to insulin sensitivity, while mito-
chondrial IMTG accumulation appears to be neutral towards
alterations in insulin sensitivity and may be a benign storage
depot in the development of skeletal muscle insulin resistance.
These data also indicate that saturated fatty acids stored as
IMTG in the cytosolic, sarcolemmal and nuclear compart-
ments may be uniquely deleterious towards insulin sensitivity.

While there are divergent reports in the literature [27], our
data do agree with previous studies reporting a negative rela-
tionship between saturated IMTG and insulin sensitivity in
humans [24, 48]. The current data extend these previous
observations to show saturated IMTG as being more strongly
inversely related to insulin sensitivity than total IMTG in the
whole cell and cytosolic, nuclear and sarcolemmal compart-
ments. The explanation for this phenomenon is not clear;
however, some hypotheses have emerged. Individuals with
type 2 diabetes in this study had increased habitual intake of
saturated fat, compared with the other three study groups.
Population studies have reported that saturated fat intake is
related to increased CVD risk and insulin resistance, and inter-
ventions replacing saturated with polyunsaturated fat decrease
the risk of CVD and insulin resistance [49–51]. Therefore, it is
possible that higher levels of saturated IMTG simply reflect
increased dietary intake of saturated fat, and it is the global
effect of a diet high in saturated fat that has an impact on
insulin sensitivity, rather than total IMTG content.

Nevertheless, the impact of lipid composition on the
complex processes of lipid synthesis, storage and turnover in
skeletal muscle is not fully elucidated. It is known that unsat-
urated lipids are oxidised preferentially over saturated lipids
[52]. This could result in channelling of saturated acyl groups
into IMTG and may help explain decreased skeletal muscle
lipid oxidation rates in obese populations [53]. Further, IMTG
stores are constantly turning over [54, 55], with IMTG synthe-
sis rates being positively related to insulin sensitivity [13–16].
High rates of IMTG synthesis appear to alter the intracellular
localisation of DAG [14] and decrease muscle DAG content

Fig. 3 Correlations between saturated IMTG localised to the sarcolemma
(a), nucleus (b), and cytosol (c) with insulin sensitivity. T2D, type 2
diabetes
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[17]. However, during IMTG lipolysis, saturated IMTG stores
will result in liberation of saturated acyl groups and contribute
to the formation of saturated bioactive lipids, such as
ceramides, that appear to play more negative roles in promot-
ing insulin resistance [18–20]. Our data showing strong rela-
tionships between IMTG and total and disaturated 1,2-DAGs
in nuclear and cytosolic compartments is consistent with the
idea of 1,2-DAGs escaping the IMTG synthetic pathway to
generate localised lipids, in line with data from in vitro and
rodent models [56]. These data highlight the relationship
between increased saturated IMTG accumulation and the
composition of bioactive lipids. While detailed mechanisms
explaining the relationship are not yet clear, saturated IMTG
in cytosolic, nuclear and sarcolemmal compartments appear to
be most robustly related to insulin resistance.

Another novel finding from this study is that there were no
significant differences in mitochondrial/endoplasmic reticu-
lum IMTG stores between the groups with varying degrees
of insulin sensitivity. In fact, this was the only cellular
compartment where total and saturated IMTG was not signif-
icantly related to insulin sensitivity. This suggests that the

mitochondrial/endoplasmic reticulum compartment may be a
safe place for triacylglycerol storage. This idea is supported by
previous findings in which intermyofibrillar triacylglycerol
stores were not significantly related or even positively related
to insulin sensitivity [33–36]. The close proximity of IMTG to
mitochondria has been suggested to facilitate oxidation of this
lipid depot [40]. If true, channelling of IMTG acyl groups
towards oxidation may prevent possible negative impacts on
insulin sensitivity and explain the apparent neutrality of this
IMTG location. We have also shown that lipid droplets do not
remain in contact with the mitochondria/endoplasmic reticu-
lum following fractionation [29]. Therefore, the fractionation
procedure could have altered differences in mitochondrial/
endoplasmic reticulum lipids that exist in vivo.

Another possible explanation for what appears to be a
limited impact of mitochondrial/endoplasmic reticulum
IMTG on insulin sensitivity is that perhaps triacylglycerols
measurement in this compartment simply reflects triacylglyc-
erol storage in mitochondrial membranes. We previously
published that the lipid droplet marker perilipin 2 is only
found in the cytosol and sarcolemma when using the

Fig. 4 IMTG species in sarcolemmal (a), mitochondria/endoplasmic reticulum (b), nuclear (c), and cytosolic (d) fractions from participants. Values are
means±SEM. *p < 0.05, §p < 0.01 vs athletes; †p < 0.05, ¶p < 0.01 vs lean; ‡p < 0.05, ¥p < 0.01 vs obese. T2D, type 2 diabetes; TAG, triacylglycerol
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subcellular fractionation protocol used in this study [29].
Therefore, IMTG in the mitochondria/endoplasmic reticulum,
as well as the nuclear compartments, do not appear to be
stored in lipid droplets. If, instead, these IMTG molecules
exist within the membranes of the organelles, it is possible
that this IMTG does not have an impact on insulin sensitivity.
These data also suggest that mitochondrial triacylglycerol
content is similar between groups when normalised to protein
content. Given endurance training increases mitochondrial
volume density, the total content of IMTG in the
mitochondrial/endoplasmic reticulum fraction would be
expected to be greater in endurance-trained athletes as
compared with the other groups.

Perhaps the most novel finding of the current work is that
nuclear IMTGwas increased in individuals with type 2 diabetes
and that saturated IMTG in the nucleus was inversely related to
insulin sensitivity. Interestingly, in vivo, myonuclei reside with-
in the subsarcolemmal region of muscle and previous studies
have shown that IMTG localised to the subsarcolemma is posi-
tively associated with insulin resistance and type 2 diabetes
[33–36]. However, a more detailed understanding of the specif-
ic role of nuclear triacylglycerol in insulin resistance is entirely
unknown. Nuclear lipids are known to have an impact on cell
signalling as nuclear lipid droplets that can potentially regulate

genomic function have been described [57, 58]. In hepatocytes,
these nuclear lipid droplets colocalised with diacylglycerol O-
acyltransferase 2 (DGAT2), allowing them to expand by
synthesising triacylglycerol, similar to cytoplasmic lipid drop-
lets [58]. We previously published that nuclear 1,2-DAGs were
increased in endurance-trained athletes and were positively
related to insulin sensitivity. Protein kinase C ß (PKCß) is a
DAG-sensitive isoform that phosphorylates histone H3 and
could reveal a mechanism by which 1,2-DAGs that are gener-
ated from nuclear IMTG turnover could have an impact on gene
expression [59]. Additionally, ceramides and their metabolites
have been shown to directly modify transcription and gene
expression in a variety of different cell types [60–62]. For
example, ceramide synthesis alters the expression of sterol-
regulatory element-binding proteins (SREBPs), which regulate
the transcription of genes involved in lipid biosynthesis. Our
findings indicate that nuclear ceramides are positively associat-
ed with nuclear IMTG (Fig. 5a), and this accumulation of
bioactive lipids that can alter gene expressionmay offer amech-
anism for the relationship between insulin resistance and nucle-
ar IMTG content. Combined, nuclear IMTG, along with
ceramides and DAGs (as already reported [29]), may represent
lipid pools that have an impact on nuclear function and, there-
fore, cellular gene expression.

Fig. 5 Correlations between total nuclear IMTG and total nuclear ceramide (a) and 1,2-DAG (b). Correlations in the cytosolic compartment between
total IMTG and total ceramide (c), and saturated IMTG and disaturated 1,2-DAG (d).T2D, type 2 diabetes
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We were surprised to find similar total IMTG content in
athletes and lean control participants, rather than the greater
content observed in athletes and individuals with type 2 diabetes,
which has previously been reported by our group and others [5,
6, 14, 36, 63]. There are several possible explanations for these
results. Most of these previous cross-sectional studies used histo-
chemical assessment of triacylglycerols with neutral lipid stains,
in contrast to the biochemical assessment used in the current
study. Biochemical vs histochemical methodologies do not
generate identical results [64] and the differing methodology
for measuring IMTG may influence the outcome. The lack of
dietary control in this study may have also played a role in
altering IMTG content relative to more controlled conditions.
Previous studies from our lab provided a 3 day diet to volunteers

and found similar IMTG content when comparing the muscle of
athletes with individuals with obesity and type 2 diabetes [14]. It
is also possible that the 48 h of rest could have had an impact on
IMTG concentrations in the athlete group, and/or the athletes
could have undereaten in order to maintain energy balance,
which also could have lowered IMTG concentration.

A limitation of this study is that we did not have data for
proximity between IMTG and mitochondria, so we are missing
information regarding their physical co-localisation, which has
been shown to be important in other studies [37]. Additionally,
all participants with type 2 diabetes adhered to a 2 week wash-
out period of diabetes medications to avoid the confounding
effects on muscle lipid concentrations; however, it is possible
that the wash out itself had an impact on IMTG localisation and

Table 2 Estimated habitual
dietary intake Study group

Athlete

(n = 16)

Lean

(n = 14)

Obese

(n = 15)

T2D

(n = 12)

Energy (kJ) 8477 ± 5606 7707 ± 3071 9460 ± 2924 9962 ± 4025

Carbohydrate (g) 254 ± 168 221 ± 98 253 ± 83 264 ± 114

Protein (g) 80.7 ± 56 74.6 ± 34 96.0 ± 25 101.3 ± 52

Alcohol (g) 8.1 ± 6.1 5.6 ± 4.8 9.0 ± 14.0 6.96 ± 10.0

Total fat (g) 76.6 ± 59 73.0 ± 29 94.0 ± 36 101.9 ± 41

Saturated fat (g) 22.0 ± 13.0 23.0 ± 8.6 29.5 ± 11.0 ** 35.4 ± 15.4 **††

C4:0 (butanoic acid) 0.54 ± 0.33 0.58 ± 0.27 0.66 ± 0.33 0.96 ± 0.54 *†‡

C6:0 (hexanoic acid) 0.29 ± 0.20 0.31 ± 0.15 0.33 ± 0.17 0.52 ± 0.31 *†‡

C8:0 (octanoic acid) 0.26 ± 0.20 0.23 ± 0.12 0.25 ± 1.11 0.37 ± 0.20 †

C10:0 (decanoic acid) 0.44 ± 0.28 0.44 ± 0.21 0.48 ± 0.24 0.70 ± 0.40 *†‡

C12:0 (dodecanoic acid) 0.78 ± 0.47 0.61 ± 0.36 0.68 ± 0.34 0.90 ± 0.43

C14:0 (tetradecanoic acid) 2.01 ± 1.12 2.05 ± 0.92 2.53 ± 1.04 3.56 ± 1.80 **††‡

C16:0 (hexadecanoic acid) 13.7 ± 7.7 12.5 ± 4.6 16.2 ± 6.0 18.8 ± 8.0††

C17:0 (heptadecanoic acid) 0.065 ± 0.06 0.057 ± 0.03 0.071 ± 0.03 0.076 ± 0.04

C18:0 (octadecanoic acid) 5.53 ± 3.14 5.46 ± 2.12 7.33 ± 2.75 8.37 ± 3.83 **††

C20:0 (eicosanoic acid) 0.32 ± 0.37 0.16 ± 0.12 0.19 ± 0.10 0.17 ± 0.08

C22:0 (docosanoic acid) 0.45 ± 0.59 † 0.14 ± 0.15 0.21 ± 0.15 0.18 ± 0.15

Monounsaturated fat (g) 30.2 ± 26.0 28.3 ± 12.3 37.0 ± 15.6 38.6 ± 15.0

C16:1 (hexadecenoic acid) 1.12 ± 0.54 1.11 ± 0.45 1.50 ± 0.50 1.81 ± 0.89 *†

C18:1 (octadecanoic acid) 33.8 ± 24.9 26.5 ± 11.8 34.6 ± 15.0 35.8 ± 13.6

C20:1 (eicosenoic acid) 0.39 ± 0.36 † 0.21 ± 0.10 0.29 ± 0.15 0.27 ± 0.16

C22:1 (docosenoic acid) 0.05 ± 0.03 0.04 ± 0.04 0.04 ± 0.04 0.03 ± 0.02

Polyunsaturated fat (g) 17.2 ± 14.4 14.7 ± 7.8 18.5 ± 8.6 17.5 ± 7.1

C18:2 (octadecadienoic acid) 18.3 ± 14.5 12.8 ± 6.8 16.2 ± 7.6 15.4 ± 6.3

C18:3 (octadecatrienoic acid) 1.54 ± 0.75 1.46 ± 0.91 1.70 ± 0.97 1.63 ± 0.69

C18:4 (octadecatetraenoic
acid)

0.02 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01

C20:4 (eicosatetraenoic acid) 0.12 ± 0.07 0.10 ± 0.06 0.15 ± 0.08 0.14 ± 0.07

C20:5 (eicosapentaenoic acid) 0.09 ± 0.08 0.05 ± 0.05 0.06 ± 0.06 0.04 ± 0.03 *

Data are reported as mean±SD

*p < 0.05, **p < 0.01 vs athletes; † p < 0.05, †† p < 0.01 vs lean; ‡< 0.05 vs obese

T2D, type 2 diabetes
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accumulation.We are assuming that IMTG in themitochondrial/
endoplasmic reticulum and nuclear fractions represent triacyl-
glycerols within the membranes, and not those confined within
a lipid droplet. The organic solvents in the lipid extraction should
remove endogenous enzyme activity and physically separate
acyl-CoA from DAG, so, while unlikely, it is possible that
during the lipid extraction, DAGs may have been esterified by
acyl groups to artificially increase triacylglycerol content in these
fractions. Finally, as reported previously [29], the subcellular
fractionation protocol results in a small amount of nuclear
contamination that can be observed in the sarcolemmal and
mitochondrial compartments, and it is possible that lipid carry-
over due to this contamination could occur and have an impact
on these results.

Combined, these data reveal previously unknown differ-
ences in subcellular IMTG localisation in humans spanning
the range of metabolic health. These data point to the impor-
tance of sarcolemmal and nuclear IMTG in insulin resistance
and suggest saturated IMTG may be uniquely deleterious for
muscle insulin sensitivity.
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