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Abstract Diacylglycerol kinases (DGKs) catalyze the phos-
phorylation and conversion of diacylglycerol (DAG) into
phosphatidic acid. DGK isozymes have unique primary
structures, expression patterns, subcellular localizations,
regulatory mechanisms, and DAG preferences. DGKe has a
hydrophobic segment that promotes its attachment to mem-
branes and shows substrate specificity for DAG with an ara-
chidonoyl acyl chain in the sn-2 position of the substrate. We
determined the role of DGKe in the regulation of energy
and glucose homeostasis in relation to diet-induced insulin
resistance and obesity using DGKe-KO and wild-type mice.
Lipidomic analysis revealed elevated unsaturated and satu-
rated DAG species in skeletal muscle of DGKe KO mice,
which was paradoxically associated with increased glucose
tolerance. Although skeletal muscle insulin sensitivity was
unaltered, whole-body respiratory exchange ratio was re-
duced, and abundance of mitochondrial markers was in-
creased, indicating a greater reliance on fat oxidation and
intracellular lipid metabolism in DGKe KO mice.lll Thus,
the increased intracellular lipids in skeletal muscle from
DGKe KO mice may undergo rapid turnover because of in-
creased mitochondrial function and lipid oxidation, rather
than storage, which in turn may preserve insulin sensitivity.
In conclusion, DGKe plays a role in glucose and energy
homeostasis by modulating lipid metabolism in skeletal
muscle.—Manneras-Holm, L., M. Schonke, J. T. Brozinick,
L. Vetterli, H-H. Bui, P. Sanders, E. B. M. Nascimento, M.
Bjornholm, A. V. Chibalin, and J. R. Zierath. Diacylglycerol
kinase € deficiency preserves glucose tolerance and modu-
lates lipid metabolism in obese mice. J. Lipid Res. 2017. 58:
907-915.
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Type 2 diabetes is a heterogeneous metabolic disorder
characterized by peripheral insulin resistance, impaired in-
sulin secretion, and disturbed glucose and lipid metabo-
lism (1, 2). Consequently, a multitude of intervention
strategies are required in order to maintain normal glu-
cose and energy homeostasis. Increased accumulation of
lipid intermediates, such as triglycerides, diacylglycerol
(DAG), ceramides, and long-chain fatty acid CoA, in liver
and skeletal muscle can partly explain the development of
insulin resistance (2). Therefore, elucidation of the cellu-
lar mechanisms that control intracellular lipid accumula-
tion may give insight into the pathogenesis of type 2
diabetes. Lipids act as signaling molecules that modu-
late pathways controlling various metabolic functions (3).
Thus, enzymes regulating lipid metabolism control the
bulk flux of metabolites and the synthesis and degradation
of key signaling molecules that may play a role in glucose
and energy homeostasis.

Diacylglycerol kinases (DGKs) catalyze the phosphoryla-
tion and conversion of DAG into phosphatidic acid (PA)
and thereby terminate DAG signaling (4, 5). Ten mamma-
lian DGK isozymes have been classified into five subgroups
on the basis of their primary structure (6). These DGK iso-
zymes are unique, not only with respect to their primary
structures, but also in expression pattern, subcellular local-
ization, regulatory mechanisms, and DAG preferences.
Previously, we revealed a crucial role for DGKS in the
regulation of glucose and energy homeostasis in type 2 dia-
betes (7). DGK3 protein deficiency impairs 5’ adenosine
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phatidyletanolamine; RER, respiratory exchange ratio; VO,, oxygen
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monophosphate-activated protein kinase signaling, lipid
metabolism, and skeletal muscle energetics (8). However,
the direct role of other DGK isozymes in the development
of metabolic disorders, including insulin resistance, obe-
sity, or type 2 diabetes, is unknown.

Mammalian DGKe is the smallest and, in terms of pri-
mary structure, simplest mammalian DGK identified to
date, with several distinct structural features. DGKe is the
only isoform with a hydrophobic segment that promotes
attachment of the protein to membranes (9). Moreover,
DGKe is the only DGK family member that shows substrate
specificity for DAG with an arachidonoyl acyl chain in the
sn-2 position of the substrate (10, 11). As such, the PA pro-
duced by DGKe is enriched in polyunsaturated fatty acids,
particularly arachidonate, suggesting that DGKe may have
amore prominent role than other DGK isozymes in enrich-
ing inositol phospholipids with unsaturated fatty acids
(12). The DAG species preferentially targeted by DGKe are
abundant in insulin-resistant skeletal muscle (13). Thus,
DGKe may influence glucose or energy homeostasis by al-
tering the intracellular lipid species and subsequent lipid-
mediated signal transduction.

DGKe is highly expressed in testis, brain, and spleen,
with lower but comparable levels in skeletal muscle and
adipose tissue (14). In brain, DGKe modulates neuronal
signaling pathways linked to synaptic activity, neuronal
plasticity, and epileptogenesis (15). In spleen, DGKe
mRNA is upregulated in T cells in response to inflamma-
tory stimuli (16), implicating a role in immunology (16). In
the heart, DGKe overexpression prevents cardiac hypertro-
phy (17). Recessive mutations in DGKe causes atypical he-
molytic-uremic syndrome, with associated hypertension,
hematuria, and proteinuria, and chronic kidney disease
(18). Although the role of DGKe in metabolic disease is
unknown, DGKe mRNA is reduced in extensor digitorum
longus (EDL) muscle and epididymal adipose tissue from
ob/ob mice (19). Given this diverse physiology, we explored
the role of DGKe in the regulation of energy and glucose
homeostasis in relation to dietinduced insulin resistance
and obesity using DGKe KO mice. Lipidomic analysis re-
vealed elevated unsaturated and saturated DAG species in
the skeletal muscle of DGKe KO mice, which was paradoxi-
cally associated with increased glucose tolerance. Although
skeletal muscle insulin sensitivity was unaltered in DGKe
KO mice, whole-body respiratory exchange ratio (RER)
was reduced, indicating that fat oxidation was increased.
Thus, DGKe plays a role in both glucose and energy
homeostasis.

MATERIAL AND METHODS

Genetically modified mice

Male whole-body DGKe KO mice and WT littermates were
used. The generation of DGKe KO mice has previously been de-
scribed (15). Mice were fed a normal standard rodent chow
(Lantménnen, Stockholm, Sweden) until the end of the study or
a high-fat diet (HFD; 55% fat by calories; TD.93075; Harlan
Teklad, Horst, Netherlands) from 5 weeks of age until the end of
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the study. Animals were housed in a temperature-controlled
(22°C) facility with a 12 h light-dark cycle with free access to food
and water. Body weight was monitored weekly. The experimental
protocol was approved by the regional animal ethical committee
(Stockholm, Sweden).

Lipidomic analysis in skeletal muscle

Lipidomic analysis was performed in gastrocnemius muscle
from 4 h fasted, HFD-fed DGKe KO mice and WT mice 17-20
weeks of age. Chloroform (600 wl) and methanol (240 wl) were
added to glass vials with aliquots of muscle homogenate. An inter-
nal standard was added, and the samples were disrupted on a Qja-
gen TissueLyser for 2 min at 20 Hz. Thereafter, water (250 ul) was
added to break the phases, and the samples were shaken once
again. The tubes were subjected to centrifugation for 5 min at
4,000 rpm. An 800 pl aliquot of 1:1 isopropyl alcohol:methanol
and 20 mM of ammonium acetate was added to 400 pl of the bot-
tom phase of the extraction. A Spark-Holland autosampler was
used to administer 200 pl into the infusion stream. Lipidomic
analysis was performed by achieving a steady-state infusion of the
chloroform/methanol extract of samples into an AB-Sciex 5600
QQ Tof mass spectrometer. The mass spectrometer was operated
in electrospray mode at a flow rate of 20 ml/min. The sample was
spiked with a series of lipid internal standards, and the data were
normalized with these internal standards, resulting in a height ra-
tio output. The internal standards used in the assay were C15:0
DAG, D5 Tripalmitin, C14:0 phosphatidylcholines (PCs), C17:0
sphingomyelin, C17:0 ceramide, C15:0 lysophosphatidylcholines,
and C15:0 phosphatidyletanolamine (PE).

Triglyceride content in liver

Triglyceride (TG) was extracted from liver tissue of mice 17-20
weeks of age using a heptane:isopropanol (3:2) mix. TG concen-
tration was determined with a Trig/GB kit (Roche Diagnostics,
Indianapolis, IN).

Body weight and body composition

Body weight of the mice was recorded each week from 6 to
13 weeks of age. Body composition (lean and fat mass) was deter-
mined in conscious mice at 16 weeks of age with an EchoMRI-100
system (Echo Medical Systems, LLC, Houston, TX).

Glucose tolerance

An intraperitoneal glucose tolerance test (IPGTT) was per-
formed in DGKe KO and WT mice (15-17 weeks of age). Glucose
(2 mg/g of body weight) was administered to 4 h fasted mice by
intraperitoneal injection. Blood samples were obtained via the tail
vein before and 15, 30, 60, and 120 min after the glucose injection
for measurement of glucose concentration (OneTouch Ultra Glu-
cose Meter; Lifescan). Plasma insulin was analyzed in samples
obtained before and 15 min after the glucose injection with an
Ultra-Sensitive Mouse Insulin ELISA Kit (Crystal Chem, Downers
Grove, IL).

Whole-body energy homeostasis

Oxygen consumption (VO,), carbon dioxide output (VCO,),
RER, energy expenditure, and locomotor activity were measured
with a Comprehensive Laboratory Animal Monitoring System
(Columbus Instruments, Columbus, OH). Mice (16-21 weeks of
age) were housed individually in metabolic cages with ad libitum
access to food and water. Mice were acclimatized to the metabolic
cages for 48 h prior to a 24 h period of automated recordings ev-
ery 20 min. Calorimetry was determined by an open-circuit Oxy-
max. Sample air from individual cages was passed through sensors
to determine O, and CO, content. VO, was calculated as the



difference between the input oxygen flow and the output oxygen
flow. VO and VCO, values were used to calculate RER and energy
expenditure (heat — kcal/h). Spontaneous locomotor (ambula-
tory) activity was measured by consecutive beam breaks in adja-
cent beams under the 24 h period.

Glucose transport in isolated skeletal muscle

Glucose uptake was assessed in isolated skeletal muscle from
4 h fasted chow- or HFD-fed mice (17-20 weeks of age). Incubation
medium was prepared from a stock solution of Krebs-Henseleit
bicarbonate buffer (KHB) supplemented with 5 mM of HEPES
and 0.1% BSA (RIA grade) and was continuously gassed with 95%
0y/5% CO,. Mice were anesthetized (2.5% avertin; 0.02 ml/g
body weight), and the EDL and soleus muscles were removed.
Muscles were incubated in the absence or presence of insulin
(0.36 nM) at 30°C for 30 min in KHB containing 5 mM glucose
and 15 mM mannitol and subsequently for 10 min in KHB con-
taining 20 mM mannitol. Thereafter, 2-deoxy-glucose uptake was
assessed in EDL and soleus muscles as described (7).

Protein extraction and protein abundance measurement

Gastrocnemius muscles were homogenized in ice-cold homoge-
nization buffer [20 mM Tris, pH 7.8, 137 mM NaCl, 2.7 mM KCI,
1 mM MgCly, 0.5 mM NagVO,, 1% Triton X-100, 10% glycerol,
10 mM NaF, 0.2 mM PMSF, 1 mM EDTA, 5 mM Na,P,O,, 1% [v/v]
Protease Inhibitor Cocktail (Calbiochem, Darmstadt, Germany) ] by
using a mortar and pestle and TissueLyser II (Qiagen, Hamburg,
Germany). Muscle lysates were subsequently rotated for 1 h at 4°C
and subjected to centrifugation at 12,000 g for 10 min at 4°C. The
supernatant was then collected, and the protein concentration was
determined using a bicinchoninic acid protein assay kit (Pierce,
Rockford, IL). Protein lysates were subsequently diluted with
Laemmli buffer and heated for 20 min at 56°C. Equal amounts of
protein were separated on precast Criterion XT Bis-Tris SDS-PAGE
gradient gels (Bio-Rad, Hercules, CA) and transferred to PVDF
membranes (Immobilion, Merck Millipore, Billerica, MA). Mem-
branes were blocked in 7.5% milk in TBS'T for 1 h at room tem-
perature and incubated overnight with a primary antibody at 4°C.
Membranes were washed and incubated with the appropriate horse-
radish peroxidase-conjugated secondary antibody (Bio-Rad) in 5%
milk for 1 h at room temperature. Proteins were visualized using
enhanced chemiluminescence Western blot detection reagents
from GE Healthcare (Waukesha, WI). Optical density of the bands
was quantified by using Quantity One imaging system (Bio-Rad).
Antibodies against citrate synthetase (ab96600), 3-hydroxyacyl-CoA
dehydrogenase (ab154088), and glycerol kinase (ab 180525) were
from Abcam (Nordic Biosite, Sweden). Equal loading of protein on
the gels was ensured using Ponceau staining.

Statistical analysis

Data are presented as means + SEM. Differences between geno-
types were determined by unpaired two-tailed Student ¢ test or two-
way ANOVA, where applicable. P< 0.05 was considered significant.

RESULTS

Impact of DGKe on lipidomic profiles in skeletal muscle
and lipid content in liver

To investigate the role of DGKe in lipid metabolism, we
assessed the intracellular lipid species in skeletal muscle and
accumulation of TG in liver. Given that DGKe is lowly ex-
pressed in liver (19), we restricted the lipidomic analysis to a
survey of skeletal muscle. Lipidomic analyses were performed

in gastrocnemius muscle from HFD-fed DGKe KO mice and
WT mice using high-resolution LC/MS. The lipidomic analy-
sis retrieved most of the major lipid classes, including DAGs
(Fig. 1A, B), ceramides, cholesterol esters, lysophosphatidyl-
cholines, PCs, PEs, phosphatidylserines, sphingomyelins, and
TGs (supplemental Tables S1-S9). Strikingly, unsaturated
(Fig. 1A) and saturated (Fig. 1B) DAG species were elevated
in gastrocnemius muscle from HFD-fed DGKe KO mice. This
result suggests that DGKe influences the balance of DAG spe-
cies implicated in the development of peripheral insulin re-
sistance. Malony-CoA and acetyl-CoA levels were unchanged
between WT and KO mice (0.86 +0.06 vs. 0.79 = 0.12 nmol/g
and 1.76 + 0.22 vs. 1.80 + 0.19 nmol/g, respectively). Total
TG content was unchanged; however, short-acyl-chain TG
species were elevated (P = .026) in gastrocnemius muscle
from HFD-fed DGKe KO versus WT mice. To gain insight
into the role of DGKe in lipid metabolism in liver, we assessed
hepatic TG content in 4 h fasted mice fed HFD or chow. He-
patic TG content was similar between DGKe KO mice and
WT mice, irrespective of diet (Fig. 1C). HFD promotes he-
patic lipid accumulation to a similar extent in DGKe KO
mice and WT mice.

DGKce is dispensable for growth and maintenance of
normal body composition

We next determined whether DGKe is involved in the
regulation of body weight and body composition. Body
weight and growth curves were similar between DGKe KO
mice and WT mice fed either chow or HFD (Fig. 2A). Body
composition was determined in 16-week-old mice by
EchoMRI. Whole-body fat mass (Fig. 2B) and lean mass
(Fig. 2C) were similar between DGKe KO mice and WT
mice fed either HFD or chow. Despite changes in skeletal
muscle DAG content, DGKe does not affect growth pat-
terns or body composition.

DGKe deficiency enhances glucose homeostasis

Several lines of evidence implicate DAG accumulation in
the development of insulin resistance (2, 20). Given the
elevation in skeletal muscle DAG content in DGKe KO
mice, we next assessed glucose homeostasis. Paradoxically,
glucose tolerance was improved in HFD-fed DGKe KO
mice as evidenced by a reduction in the blood glucose con-
centration 15 min following glucose administration and
the decreased glucose area under the curve (AUC) in com-
parison with HFD-fed WT mice (Fig. 3A, B). Insulin levels
in the fasting state, as well as during the IPGTT, were simi-
lar between HFD-fed DGKe KO mice and WT mice (Fig. 3C),
suggesting improved insulin sensitivity. The improvement
in glucose tolerance was unexpected, given that earlier evi-
dence implicating diacylglycerol accumulation contrib-
utes to the development of insulin resistance (2, 20). In
contrast, glucose tolerance, fasting blood glucose, and
plasma insulin levels were unaltered between chow-fed
DGKe KO mice and chow-fed WT mice (Fig. 3A, B, D).

DGKze deficiency does not alter glucose transport in
skeletal muscle

To determine whether DGKe directly modifies glu-
cose metabolism in skeletal muscle, we assessed basal and
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insulin-stimulated glucose transport in isolated EDL and
soleus muscle from 17- to 20-week-old DGKe KO mice and
WT mice fed either HFD or chow. Irrespective of diet,
basal and submaximal insulin-stimulated 2-deoxyglucose
transport in isolated EDL (Fig. 4A, C) and soleus muscle
(Fig. 4B, D) were unaltered between DGKe KO mice and
WT mice.

DGKe deficiency alters energy homeostasis by increasing
whole-body lipid oxidation

Whole-body energy homeostasis was determined by indi-
rect calorimetry (Fig. 5). The diurnal shifts in VO, were simi-
lar between HFD-fed KO mice and WT mice (Fig. bA).
However, RER was reduced in HFD-fed DGKe KO mice dur-
ing both light and dark cycles, indicating increased whole-
body lipid oxidation (Fig. 5B). Energy expenditure (Fig. 5C)
was slightly reduced in HFD-fed DGKe KO mice (P = .10)
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during both light and dark cycles. Although we observed di-
urnal shifts in locomotor activity, general motor activity, as
tracked by invisible infrared beams, was similar between
HFD-fed DGKe KO mice and WT mice (Fig. 5D). The re-
duced RER in HFD-fed DGKe KO mice cannot be explained
by decreased locomotor activity. Whole-body energy homeo-
stasis (VOo/RER/energy expenditure) and locomotor activ-
ity during both light and dark cycles were similar between
chow-fed DGKe KO mice and WT mice (Fig. 5E-H).

DGKze deficiency alters abundance of mitochondrial
enzymes

To explore the mechanism for the increase in whole-
body lipid oxidation in HFD-fed DGKe KO mice, we mea-
sured key enzymes for mitochondrial abundance and fatty
acid metabolism in gastrocnemius muscle. The abundance
of citrate synthase (CS), an indicator of mitochondrial
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abundance, was increased in HFD-fed DGKe KO mice
(Fig. 6A). The abundance of 3-hydroxyacyl-CoA dehydro-
genase (HADH), an indicator of fatty acid oxidation capac-
ity, tended to increase (P=.16) in HFD-fed DGKe KO mice
(Fig. 6B). The abundance of glycerol kinase (GK), a key
enzyme in the regulation of glycerol uptake and metabo-
lism, was increased in skeletal muscle from HFD-fed DGKe
KO mice (Fig. 6C).

DISCUSSION

The phosphorylation and conversion of DAG into PA
are catalyzed by a family of DGK isoforms (4, 5). The DGKe
isoform is a ubiquitous membrane-bound enzyme that is
constitutively active, with exquisite specificity for DAG spe-
cies with arachidonic acid in the sn-2 position (10, 11). No-
tably, DGKe exhibits specificity for DAG species containing
the same acyl chain composition found in the phosphati-
dylinositol cycle (21). Thus, DGKe has a prominent role in
enriching inositol phospholipids with unsaturated fatty ac-
ids (12). Because the functional overlap between DGKe
and other DGKs is predicted to be minimal, loss of DGKe
function gives rise to several disease states (15-18, 22).
Here we explored the role of DGKe in the regulation of
glucose and energy homeostasis in relation to dietary-
induced insulin resistance and obesity. We provide evidence
that unsaturated and saturated DAG species are elevated in
skeletal muscle of DGKe KO mice, which is paradoxically
associated with increased glucose tolerance. Furthermore,
whole-body RER was reduced and mitochondrial marker
enzyme levels in skeletal muscle were increased in DGKe

KO mice, indicating increased fat oxidation. Our results
suggest that DGKe influences both glucose and energy
homeostasis.

DGK deficiency is predicted to result in an accumulation
of DAG species. Several lines of evidence suggest that an
accumulation of lipid intermediates in skeletal muscle is
associated with insulin resistance (2, 13). We have previ-
ously shown that DGK& haploinsufficiency results in in-
creased skeletal muscle DAG levels and induces peripheral
insulin resistance and mild obesity (7). Moreover, DGK3
protein abundance is reduced in skeletal muscle from peo-
ple with type 2 diabetes and regulated by level of glycemia
in diabetic animal models (7). However, the role of other
DGK isoforms in the development of insulin resistance is
unknown. Genetically, obese o0b/ob mice have reduced
DGKe mRNA expression in skeletal muscle and visceral
adipose tissue (19), with profound insulin resistance and
impaired lipid metabolism. Consistent with this, here we
show that DGKe ablation increased the level of unsaturated
and saturated DAG species in gastrocnemius muscle. How-
ever, despite this increase in intramuscular lipids, paradox-
ically, glucose tolerance, lipid oxidation, and abundance of
mitochondrial enzymes were increased in DGKe KO mice.
Our results in DGKe KO mice indicate that DGKe defi-
ciency as noted in adipose tissue and skeletal muscle from
ob/ob mice does not contribute to metabolic disturbances
in obesity or type 2 diabetes. Collectively, our results sug-
gest that specific DGK isozymes play specialized roles in the
control of glucose and energy homeostasis.

DGK isoforms control the balance of DAG and PA, both of
which influence metabolism. Although we were unable to
measure PA content in the present study, our model predicts
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that some PA species are likely to be decreased in metabolic
tissues because of DGKe ablation. Thus, effects on glucose
and lipid metabolism in DGKe deficient mice may be medi-
ated by PA-induced signals. For example, PA is a potent acti-
vator of atypical protein kinase C (PKC) isoforms (23), and
this may be involved in metabolic regulation (24). Increased

atypical PKC activity leads to activation of adenylate cyclase
(25), most likely due to the G-protein 3 subunit phosphoryla-
tion (26). As increased adenylate cyclase activity stimulates
lipolysis via the cAMP-PKA pathway, lipolysis may be de-
creased in DGKe KO mice. Our comprehensive analysis of
the skeletal muscle lipidome revealed alterations in several

Fig. 4. DGKe deficiency does not alter basal or insu-
lin-stimulated glucose transport in skeletal muscle.
Isolated EDL (A, C) and soleus (B, D) muscles were
obtained from 4 h fasted HFD- or chow-fed WT mice
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and DGKe KO mice and incubated in the absence or
presence of a submaximal dose of insulin (0.36
nmol/l) to assess 2-deoxyglucose transport. Results
are presented as the mean + SEM for HFD-fed WT
mice (open bar; n = 18-21) and DGKe KO mice (solid
bar; n = 10-12) (A, B) and chow-fed WT mice (open
bar; n = 7-10) and DGKe KO mice (solid bar; n = 6-7)
(G, D).
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lipid species in DGKe KO mice. Interestingly, skeletal muscle
content of PE tended to increase in DGKe KO mice (supple-
mental Table S6), whereas PC content was unaltered (sup-
plemental Table S5). PE content is increased in skeletal
muscle from endurance-trained athletes, and PC/PE ratio
inversely correlates with insulin sensitivity in humans (27).
Thus, a flux of substrates toward de novo lipid synthesis may
increase free fatty acid (FFA) turnover and therefore increase
fatty acid oxidation in DGKe-deficient mice.

Recent evidence suggests that DGKe modulates the level
of GK (28), an enzyme important for the removal of glyc-
erol produced from lipolysis of triglyceride or diglyceride.
In skeletal muscle, low but functional activity of GK is re-
lated to the metabolism of fat, which is used to support
sustained contractile activity (29). GKis the limiting step in
glycerol metabolism in skeletal muscle, and it controls glyc-
erol incorporation into lipids (30). In mouse embryo fibro-
blasts, DGKe deficiency leads to increased GK abundance,
increased glycerol entrapment in the cell, and conse-
quently, elevated synthesis of glycerol lipids (28). Consis-
tent with this, we found that GK abundance is increased in
skeletal muscle from DGKe KO mice. The increase in GK
abundance and glycerol lipid metabolism may provide a

potential mechanism for the increased unsaturated and
saturated DAG species in skeletal muscle. Thus, DGKe af-
fects an early step in lipid synthesis from glycerol, such as
glycerol uptake, that affects the synthesis of all lipids.
Strikingly, we found that DGKe KO mice have reduced
RER, indicating a greater reliance on lipid-based fuels. The
increase in whole-body lipid oxidation in DGKe KO mice
was further supported by increased abundance of mito-
chondrial markers in skeletal muscle. Notably, we found
that CS, a marker of acyl-CoA mitochondria metabolism
(31), was increased in skeletal muscle from DGKe KO mice.
These changes are paradoxical, given the elevated intracel-
lular levels of saturated and unsaturated lipids in skeletal
muscle. Our results are consistent with features of the “ath-
lete’s paradox,” in which endurance-trained athletes, who
possess a high oxidative capacity and enhanced insulin sen-
sitivity, also have higher intramyocellular lipid content
(32, 33). Total DAG content was increased in skeletal mus-
cle from highly insulin-sensitive endurance-trained ath-
letes in comparison with insulin-resistant obese sedentary
people (32). The DAG hypothesis for the cause of insulin
resistance, though consistent in many models, has been re-
futed numerous times in other mouse models. For example,
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Fig. 6. Protein abundance of CS (A), HADH (B), and GK (C)
were determined in gastrocnemius muscle from WT (open bar) and
DGKe KO mice (solid bar) on HFD (n = 8). Results are presented as
the mean + SEM. *P< 0.05 versus WT mice (Student ¢ test).

inhibition of fatty acid oxidation by ethyl-2-[ 6-(4-chlorophe-
noxy)hexyl]oxirane-2-carboxylate (etomoxir) results in an
accumulation of DAG and TAG in skeletal muscle, with a
parallel increase in GLUT4 abundance at the sarcolemma
and enhanced glucose homeostasis (34). Additionally, insu-
lin-stimulated glucose uptake postexercise is enhanced in
hormone-sensitive lipase KO mice, concomitant with an in-
creased in intramuscular sn-1,3 DAG content (35). Skeletal
muscle knockout of CTP-phosphoethanolamine cytidylyl-
transferase leads to DAG accumulation; however, insulin
sensitivity is maintained, mitochondrial content, oxidative
capacity, and exercise performance are enhanced, and RER
is decreased (36). Thus, total cellular DAG content may in
some cases be associated with improved insulin sensitivity,
challenging the notion that elevated skeletal muscle DAG
content leads to insulin resistance.

The cellular localization and stereochemical structure
of DAG, rather than the total DAG content, may have a
greater influence on skeletal muscle insulin sensitivity
(35). Indeed, DAGs may accumulate in different subcel-
lular locations, making them less apt to cause insulin resis-
tance. DGK isoforms alter DAG metabolism in specific
cellular compartments because each isoform has a distinct
subcellular distribution (4). This may explain why knock-
down of DGKS, a type II DGK isoform that is predomi-
nantly localized intracellularly (4, 37), is associated with
insulin resistance (7), whereas knockdown of DGKe, a
type III isoform that is predominantly plasma membrane—
bound and constitutively active, protects against insulin
resistance. DGKS$ has structural domains that appear to
have regulatory roles, including a regulatory pleckstrin
homology domain at the amino termini for binding to
phosphatidylinositols and sterile a motif at the C terminus
for localization to the endoplasmic reticulum, where it
participates in vesicle trafficking (4). The cellular abun-
dance and localization of DGK isoforms, as well as the spe-
cific DAG species metabolized, appear to influence insulin
sensitivity and energy homeostasis.

The mechanism for the improved glucose tolerance in
DGKe KO mice may be coupled to an increased whole-body
lipid oxidation and rapid turnover of intracellular lipids.
Paradoxically, both endurance training and high-fat diets
are associated with greater reliance on lipid fuel sources for
energy. At the molecular level, CS content and activity are
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increased in skeletal muscle in response to either exercise
training or HFD (38—41). Moreover, protein abundance of
HADH in skeletal muscle is increased after exercise training
and decreased after deconditioning (42, 43). A systemic sig-
nal for these changes may be an increased concentration of
circulating plasma lipids or FFAs that target skeletal muscle
and induce mitochondria biogenesis, thereby promoting
greater fat oxidation (38). Provided lipid oxidation is high,
elevated concentrations of lipids stored within muscle fibers
may not always lead to insulin resistance. In DGKe KO mice,
the increased intracellular lipids may undergo rapid turn-
over because of increased mitochondrial function and lipid
oxidation, rather than storage, which in turn may preserve
insulin sensitivity.

In conclusion, DGKe plays a role in modulating intracel-
lular lipid metabolism. Lipidomic analysis revealed that
DGKe ablation elevated unsaturated and saturated DAG
species in skeletal muscle, which was paradoxically associ-
ated with increased glucose tolerance. Although skeletal
muscle insulin sensitivity was unaltered in DGKe KO mice,
whole-body RER was reduced, indicating that DGKe abla-
tion enhances lipid oxidation and preserves insulin sensi-
tivity. Our results support the notion that the capacity for
lipid oxidation may be an important determinant in the
relationship between excess skeletal muscle lipid accumu-
lation and insulin sensitivity. 2

The authors are grateful to Dr. Matthew K. Topham (University
of Utah, Salt Lake City, UT) for providing the DGKe KO mouse
strain.
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