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Comparative gene identification 58 (CGI-58) is a lipid droplet-associ-
ated protein that promotes the hydrolysis of triglyceride by activat-
ing adipose triglyceride lipase. Loss-of-function mutations in CGI-58
in humans lead to Chanarin–Dorfman syndrome, a condition in
which triglyceride accumulates in various tissues, including the skin,
liver, muscle, and intestines. Therefore, without adequate CGI-58
expression, lipids are stored rather than used for fuel, signaling
intermediates, and membrane biosynthesis. CGI-58 knockdown in
mice using antisense oligonucleotide (ASO) treatment also leads to
severe hepatic steatosis as well as increased hepatocellular diacyl-
glycerol (DAG) content, a well-documented trigger of insulin resis-
tance. Surprisingly, CGI-58 knockdownmice remain insulin-sensitive,
seemingly dissociating DAG from the development of insulin resis-
tance. Therefore, we sought to determine the mechanism responsi-
ble for this paradox. Hyperinsulinemic-euglycemic clamp studies
reveal that the maintenance of insulin sensitivity with CGI-58 ASO
treatment could entirely be attributed to protection from lipid-in-
duced hepatic insulin resistance, despite the apparent lipotoxic con-
ditions. Analysis of the cellular compartmentation of DAG revealed
that DAG increased in the membrane fraction of high fat-fed mice,
leading to PKCe activation and hepatic insulin resistance. However,
DAG increased in lipid droplets or lipid-associated endoplasmic re-
ticulum rather than the membrane of CGI-58 ASO-treated mice, and
thus prevented PKCe translocation to the plasma membrane and
induction of insulin resistance. Taken together, these results explain
the disassociation of hepatic steatosis and DAG accumulation from
hepatic insulin resistance in CGI-58 ASO-treated mice, and highlight
the importance of intracellular compartmentation of DAG in causing
lipotoxicity and hepatic insulin resistance.

nonalcoholic fatty liver disease | type 2 diabetes

Nonalcoholic fatty liver disease (NAFLD) is now the most
common chronic liver disease in the United States and is

strongly associated with hepatic insulin resistance and type 2 di-
abetes (1, 2). Although NAFLD is characterized by excessively
high triglycerides in the liver, the triglycerides do not appear to be
detrimental to hepatic insulin sensitivity (3, 4). Rather, other lipid
moieties, such as diacylglycerols (DAG) and ceramides, have
been implicated as the molecular triggers of insulin resistance (5–
7). The mechanism whereby these lipids cause insulin resistance
are diverse: DAGs cause insulin resistance through activation of
PKCe in liver, leading to the inhibition of insulin-receptor kinase
activity (8, 9), and PKCθ in skeletal muscle, leading to insulin-
receptor substrate-1 serine phosphorylation on sites that interfere
with insulin action (10–12). Ceramides have been proposed to
inhibit AKT2 activation by either activating PP2A, which de-
phosphorylates and deactivates AKT2, or activating PKCζ, which
phosphorylates AKT on an inhibitory residue and prevents its
translocation to the plasma membrane (5, 13–15).

Although elevated hepatic triglyceride and DAG content are
strongly associated with hepatic insulin resistance in humans (16,
17) and most animal models of NAFLD (18), a few mouse models
have recently been described where hepatic DAG content has
been disassociated from hepatic insulin resistance (19–21), thus
challenging the role of hepatic DAGs in mediating hepatic insulin
resistance. One of these models is the comparative gene identi-
fication-58 (CGI-58) antisense oligonucleotide (ASO) -treated
mouse (20). Also known as α/β-hydrolase domain-containing pro-
tein 5, CGI-58 is a powerful regulator of triglyceride hydrolysis by
coactivating adipose triglyceride lipase (ATGL) (22, 23), which is
required for lipolysis (24). ASO-mediated knockdown of hepatic
CGI-58 expression therefore leads to a profound increase in both
hepatic triglyceride content and DAG content. However, despite
increased hepatic DAG content, the ASO-treated mice remain
more glucose tolerant and insulin sensitive than control mice when
fed a high-fat diet (20). However, the physiologic and cellular
mechanisms responsible for this protection from lipid-induced
whole body insulin resistance remain unknown.
To address these questions, we performed hyperinsulinemic-

euglycemic clamps combined with radiolabeled glucose to exa-
mine basal and insulin-stimulated glucose metabolism in liver,
muscle, and adipose tissue in control and CGI-58 ASO-treated
mice. In addition, because CGI-58 functions at the lipid droplet
to regulate lipolysis (23, 25), we also investigated whether knock-
down alters the subcellular location of DAG. We found that
although CGI-58 ASO treatment led to substantial increases in
total DAG content, it is mostly partitioned in the lipid droplet/
endoplasmic reticulum (ER), preventing its association with the
plasma membrane, activation of PKCe, and induction of hepatic
insulin resistance.

Results
CGI-58 ASO Treatment Prevents Diet-Induced Weight Gain and
Decreases Adipose Tissue Mass. A critical function of adipocytes
is to store excess energy in the form of triglcyeride (26). When
energy is required, triglyceride lipolysis releases nonesterified
fatty acids for fuel (25–27). Lipases, such as ATGL, are essential
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for lipolysis and are themselves regulated by a number of pro-
teins, such as CGI-58 (22, 23). Because adipocytes require
ATGL for lipolysis (24), it was initially expected that CGI-58
knockdown would result in decreased lipolysis, increased tri-
glyceride storage, and increased weight gain.
As expected, CGI-58 ASO treatment significantly reduced

CGI-58 protein expression in the liver and moderately reduced
expression in the white adipose tissue (WAT) (Fig. 1 A and B).
The knockdown of CGI-58 caused a tendency toward less weight
gain in high fat-fed mice, but did not alter weight gain in regular
chow-fed mice (Fig. 1C). Although there were no changes in the
percent fat mass or lean mass, CGI-58 ASO caused a 40% re-
duction in epididymal WAT weight in mice fed a high-fat diet
(Fig. 1 D–F). Additionally, on a regular chow diet, CGI-58 ASO-
treated mice also had less epididymalWATweight, but no change
in the percent fat mass or lean mass (Fig. 1 D–F). Despite these
reductions in WAT, hepatic triglyceride content increased three-
to fourfold with CGI-58 ASO treatment on a regular chow and
high-fat diet (Fig. 1G). Taken together, these data suggest that
there may be a repartitioning of lipid away from the epididymal
adipose tissue and into the liver with CGI-58 knockdown.

CGI-58 ASO Treatment Protects Mice from Lipid-Induced Hepatic Insulin
Resistance, Despite Increased Hepatic Triacylglycerol and DAG Content.
Previous studies have shown that ASO-mediated knockdown of
CGI-58 prevents high-fat diet-induced obesity and glucose in-
tolerance despite causing severe hepatic steatosis (20). However,
because hepatic steatosis most often leads to hepatic insulin re-
sistance and glucose intolerance, we sought to determine the
cellular mechanism that might explain the dissociation of hepatic
steatosis from insulin resistance with CGI-58 knockdown. To
determine which insulin-responsive tissues are responsible for the
protective effect of CGI-58 knockdown, we performed hyper-
insulinemic-euglycemic clamp studies using radio-labeled glucose
to examine insulin action in liver, muscle, and adipose tissue.
There were no significant differences in fasting-plasma glucose

levels or basal rates of endogenous glucose production in control
or CGI-58 ASO-treated mice fed either a regular chow diet or
a high-fat diet following 6 h of food removal (Fig. 2 A and F).
Although there was a reduction in fasting-plasma insulin con-
centrations with CGI-58 ASO treatment on a regular chow diet,
there were no differences in the fasting-plasma insulin levels on
a high-fat diet (Fig. 2B).
Surprisingly, despite the striking increase in hepatic triglyceride

content (Fig. 1G), CGI-58 ASO-treated mice maintained normal
insulin responsiveness when fed a regular chow diet, as reflected
by no differences between the glucose infusion rate required to

maintain euglycemia between the groups (Fig. 2 C and D). In high
fat-fed mice, CGI-58 ASO treatment increased insulin respon-
siveness compared with the control ASO, as reflected by a 45%
higher glucose infusion rate required to maintain euglycemia dur-
ing the hyperinsulinemic-euglycemic clamp (Fig. 2 C and D). This
protection from lipid-induced whole-body insulin resistance could
entirely be attributed to protection from lipid-induced hepatic in-
sulin resistance. Notably, there was almost complete suppression
of endogenous glucose production during the hyperinsulinemic-
euglycemic clamp in both the regular chow and high fat-fed CGI-58
ASO-treated mice compared with only 50% suppression of en-
dogenous glucose production in the high fat-fed controlmice (Fig. 2
F andG). Additionally, both high fat-fed control and CGI-58 ASO-
treated mice had a 25–35% reduction in insulin-stimulated pe-
ripheral glucose metabolism, indicating that peripheral tissues were
not contributing to the increased insulin-stimulated whole-body
glucosemetabolism observed in CGI-58 knockdownmice (Fig. 2E).
Furthermore, consistent with the clamp data, CGI-58 knockdown
mice maintained insulin-stimulated AKT2 phosphorylation, but
high fat-fed control mice had a 40% reduction in insulin-stimulated
AKT2 phosphorylation (Fig. 3). Taken together, these data show
that the CGI-58 ASO-treated mice are protected from lipid-in-
duced insulin resistance by maintaining insulin signaling and sen-
sitivity in the liver, but not by increasing insulin-stimulated
peripheral glucose disposal. These latter results are in accordance
with the studies of Lord et al., who found that CGI-58 knockdown
had no effect on muscle or white adipose tissue insulin-stimulated
AKT phosphorylation (28).

CGI-58 Knockdown Enhances Adipocyte Function with High-Fat Diet.
Although insulin-stimulated whole-body glucose disposal was not
affected with CGI-58 ASO treatment, adipocyte function did
appear to be enhanced in the CGI-58 ASO-treated mice, as
reflected by a twofold increase in insulin-stimulated suppression
of plasma fatty acids in CGI-58 ASO-treated mice compared
with high fat-fed control mice (Fig. 4 A and B). Additionally,
plasma concentrations of adiponectin were increased by ∼50% in
the CGI-58 ASO-treated mice on regular chow or high-fat diet
(Fig. 4C). Because this adipocyte-secreted protein typically
decreases in serum when adipocyte function is compromised (26,
29, 30), these data suggest that adipocyte function is enhanced
with CGI-58 knockdown.

CGI-58 Knockdown Leads to Increased DAG Accumulation in the Lipid
Droplet/ER, Preventing DAG Accumulation and PKCe Translocation to
the Plasma Membrane. Although CGI-58 ASO led to a marked
increase in hepatic triglyceride content (Fig. 1G), triglyceride has

Fig. 1. CGI-58 ASO treatment decreases adiposity and
diet induced weight gain, but causes severe hepatic
steatosis. Eight-week-old mice were treated with control
or CGI-58 ASO for 8 wk and (A) CGI-58 protein expression
was analyzed in the WAT by Western blot. (B) CGI-58
protein expression was analyzed in the liver. (C) Body
weight. (D) Fat mass of the epididymal WAT as assessed
by 1H magnetic resonance spectroscopy. (E) Epididymal
WAT weight. (F) Lean mass assessed by 1H magnetic
resonance spectroscopy. (G) Hepatic triglyceride content.
P value was calculated by two-way ANOVA.
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been shown to be dissociated from insulin resistance (12). Thus,
we measured the concentration of DAG, because this in-
tracellular lipid metabolite has been well-documented to cause

insulin resistance in both liver and skeletal muscle through ac-
tivation of PKCe and PKCθ, respectively (8, 9). We found that
CGI-58 knockdown led to an approximate twofold increase in

Fig. 2. Loss of CGI-58 expression prevents diet-induced insulin
resistance by increasing hepatic insulin sensitivity. (A) Basal
glucose levels in overnight-fasted mice treated with control or
CGI-58 ASO for 8 wk. (B) Insulin levels before and after the
hyperinsulinemic-euglycemic clamp studies in mice treated
with control or CGI-58 ASO for 8 wk. (C) Glucose infusion rates
required to maintain euglycemia during the hyperinsulinemic-
euglycemic clamp studies. (D) Average of the glucose infusion
rates required to maintain euglycemia during the hyper-
insulinemic-euglycemic clamp studies during the last 40 min of
the clamp. (E) Insulin-stimulated peripheral glucose disposal
during the hyperinsulinemic-euglycemic clamp studies. (F) En-
dogenous glucose production during the hyperinsulinemic-
euglycemic clamp studies. (G) Insulin-stimulated suppression of
endogenous glucose production during the hyperinsulinemic-
euglycemic clamp studies (n = 8–10 per group). P value calcu-
lated by two-way ANOVA.

Fig. 3. Hepatic insulin signaling is enhanced with CGI-58
knockdown. (A) Western blot analysis of phosphorylated
AKT2 (Ser474) in the liver of control or CGI-58 ASO-treated
mice in the basal or clamped state. Twenty micrograms of
protein were run on a SDS/PAGE gel. (B) Densitometry of
the phosphorylated AKT2 described in A. (C) The percent
stimulation of AKT2 phosphorylation between the basal
and insulin-stimulated states as determined by densitom-
etry. P value was calculated by two-way ANOVA.
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hepatic DAG content, consistent with previous observations (20)
(Fig. 5A).
Given that ATGL functions at the surface of lipid droplets and

has a low level of activity in the absence of CGI-58 (23, 25), we
hypothesized that CGI-58 knockdown leads to DAG accumula-
tion in lipid droplets, possibly because of the incomplete lipolysis
of triglyceride. Under this scenario, DAG would mostly accu-
mulate in lipid droplets rather than in the plasma membrane,
preventing PKCe translocation to the plasma membrane, and
induction of hepatic insulin resistance. To determine the in-
tracellular location of DAG, fresh liver tissue homogenate was
separated into three fractions (membrane, cytoplasm, and lipid
droplet/ER) by ultracentrifugation and DAG content was quan-
tified in each fraction. In insulin-resistant, high fat-fed mice,
a 50% increase in hepatic DAG was found specifically in the
membrane fraction. In contrast, the CGI-58 ASO-treated mice
had a fourfold and eightfold increase in DAG content in the lipid
droplet/ER fraction with regular chow and high-fat diet, re-
spectively, but no change in DAG content in the cytoplasm or
membrane fractions (Fig. 5 B–D).

To determine if this repartitioning of DAG with CGI-58
knockdown causes PKCe translocation to the lipid droplet/ER
fraction rather than the membrane, we analyzed PKCe levels in
these two fractions. As seen in Fig. 6, PKCe strikingly increased
in the lipid droplet/ER fraction with CGI-58 knockdown, but did
not increase in the high fat-fed control mice. Conversely, PKCe
association with the membrane increased by 30% in high fat-fed
control mice compared with regular chow-fed control mice, while
PKCe association with the membrane in CGI-58 ASO-treated
mice was similar to regular chow-fed control mice, even when fed
a high-fat diet. Therefore, these data are consistent with the
hypothesis that repartitioning of DAG from the membrane to
the lipid droplet/lipid-associated ER fraction prevented PKCe
translocation to the membrane, thereby averting the induction of
hepatic insulin resistance in CGI-58 ASO-treated mice.

CGI-58 ASO Treatment Increases Hepatic Ceramide Content in the
Lipid Droplet/ER and Membrane. Ceramides have also been impli-
cated as a causal factor in the development of hepatic insulin
resistance by inhibiting AKT activity (5, 13–15) and were in-
creased in CGI-58 ASO-treated mice (20). Therefore, we ana-
lyzed hepatic ceramide species and content to determine
whether ceramide repartitions to the lipid droplet/ER similar to
DAG in the CGI-58 knockdown mice. Although there was no
change in total hepatic ceramide content in the high fat-fed
control mice, there was a 45% and 67% increase in hepatic
ceramide content in CGI-58 ASO-treated mice fed a regular
chow and high-fat diet, respectively (Fig. 7A). However, in con-
trast to the DAG findings, the hepatic ceramide content in the
CGI-58 ASO-treated mice was increased in all cellular fractions
(lipid droplet/ER, cytoplasm, and membrane fractions). These
results demonstrate that, in contrast to DAG, CGI-58 knockdown
results in a global increase in hepatic ceramide content, without
the cellular repartitioning of ceramide into these different cel-
lular compartments. Furthermore, the increase in hepatic cera-
mide content in both the regular chow and high fat-fed CGI-58
ASO-treated mice was disassociated from the induction of he-
patic insulin resistance in these animals.

Discussion
Lipid droplets are dynamic organelles that consist of an inert
lipid core surrounded by a phospholipid monolayer (31, 32).
Many proteins associate with lipid droplets and control the
storage or release of lipid used for energy, membrane bio-
synthesis, and signaling. Therefore, by controlling intracellular

Fig. 4. Adipocyte function is enhanced with CGI-58 knock-
down. (A) Serum levels of nonesterified fatty acids before and
after the hyperinsulinemic-euglycemic clamp studies in mice
treated with control or CGI-58 ASO for 8 wk. (B) Insulin-stim-
ulated suppression of nonesterifed fatty acid release into the
serum during the hyperinsulinemic-euglycemic clamp studies
(n = 8–10 per group). (C) Serum levels of adiponectin from mice
in the basal state treated with control or CGI-58 ASO for 8 wk
(n = 5–8 per group). P value calculated by two-way ANOVA.

Fig. 5. CGI-58 ASO treatment causes diacylglyerol accumulation in the lipid
droplet/ER, but not in the membrane. (A) Hepatic DAG concentrations as
assessed by LC/MS/MS in mice treated with control or CGI-58 ASO for 8 wk
(n = 8 per group). (B) DAG concentration in the lipid droplet/ER fraction. (C)
DAG concentration in the cytoplasmic fraction. (D) DAG concentration in the
membrane fraction (n = 6 per group). P value calculated by two-way ANOVA.
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lipid levels, lipid droplets greatly impact lipid metabolism, glu-
cose metabolism, and insulin signaling (25, 27, 31, 32).
One protein that associates with lipid droplets and controls

triglyceride hydrolysis is CGI-58. This protein is a coactivator of
the triglyceride lipase, ATGL, and facilitates lipolysis (22, 23,
25). Because depletion of ATGL results in an obese mouse, it
was initially assumed that depletion of CGI-58 would cause
a similar phenotype (24, 33). In contrast, previous studies have
shown that CGI-58 ASO treatment results in less weight gain and
lower epididymal adipose tissue weight (20). This decrease in
WAT weight may be a result of decreased lipid delivery to the
WAT and therefore triacylglycerol (TAG) storage, because both
plasma triglyceride level and hepatic triglyceride secretion rate
are decreased with CGI-58 ASO treatment (20).
Because whole-body knockout of the gene encoding CGI-58

leads to a neonatal lethal skin-barrier defect (34), we treated
adult mice with CGI-58 ASO to knock down CGI-58 expression
mostly in the liver and adipose tissue. We found that CGI-58

ASO treatment protected mice from lipid-induced hepatic in-
sulin resistance despite profound increases in hepatic TAG,
DAG, and ceramide content. Although intracellular TAG con-
tent has clearly been disassociated from insulin resistance in
previous studies (12), both intracellular DAG and ceramide
content have been implicated as the molecular mediators of
lipid-induced insulin resistance (2, 7, 9, 13, 14). Therefore, the
current studies were undertaken to explain the paradoxical lack
of hepatic insulin resistance in the presence of increased hepatic
DAG and ceramide content with CGI-58 ASO treatment.
Because CGI-58 regulates lipid droplet lipolysis (23), we hy-

pothesized that the elevated DAG content found with CGI-58
knockdown may be stored and compartmentalized in lipid
droplets, rather than accumulating in the plasma membrane.
Redirecting DAGs in this manner would prevent activation of
PKCe at the plasma membrane, where it inhibits insulin-receptor
kinase activity and downstream insulin signaling (2, 4, 6–9).
Therefore, we performed cell-fractionation studies to determine
DAG localization in the membrane, cytoplasm, and lipid droplet/
ER fractions, and found that DAG was indeed enriched in the
lipid droplet/ER fraction with CGI-58 knockdown. In fact, main-
taining DAG in the lipid droplet/ER compartment prevented
DAG membrane accumulation and PKCe membrane trans-
location with CGI-58 knockdown.
Because lipid droplets originate in the ER (31), and CGI-58

ASO treatment stresses the lipid droplet biosynthesis pathway, we
could not fully separate lipid droplets from the ER fraction.
Therefore, it is always possible that DAG is accumulating in some
portion of the ER and not actually in lipid droplets with CGI-58
knockdown. However, these data demonstrate that PKCe is se-
questered in this lipid-rich compartment and prevented from
translocating to the plasma membrane to inhibit insulin-receptor
kinase activity and induce hepatic insulin resistance.
Although the repartitioning of DAG away from the membrane

and into the lipid droplet/ER fraction explains the apparent dis-
association of increased hepatic DAG content and the lack of
hepatic insulin resistance in the CGI-58 ASO-treated mice, this
was not the case with hepatic ceramide. In fact, hepatic ceramide
content was elevated in all cellular compartments in regular chow-
fed and high fat-fed CGI-58 ASO-treated mice despite the lack
of hepatic insulin resistance. Additionally, although control mice
developed hepatic insulin resistance after 7 d on the high-fat diet,
they did not have increased total hepatic ceramide levels. Taken
together, these data do not support a major role for hepatic
ceramides in causing hepatic insulin resistance and are consistent
with previous studies in both rodents and humans (2, 6, 7, 16).
We explored potential mechanisms that could account for the

increase in DAG content with CGI-58 knockdown by measuring

Fig. 6. PKCe translocates to the lipid droplet/ER rather than
the membrane with CGI-58 knockdown. (A) Western blot
analysis of PKCe in the lipid droplet/ER fraction and mem-
brane fraction in mice treated with control or CGI-58 ASO for
8 wk. NaK ATPase (plasma membrane), ADRP (lipid droplet),
GS28 (golgi apparatus), and calnexin (ER) (n = 6 per group).
(B) Densitometry of the PKCe described in A. P value calcu-
lated by two-way ANOVA.

Fig. 7. CGI-58 ASO treatment increases hepatic ceramide content in the
lipid droplet/ER and membrane. (A) Hepatic ceramide concentrations as
assessed by LC/MS/MS in mice treated with control or CGI-58 ASO for 8 wk
(n = 8 per group). (B) Ceramide concentration in the lipid droplet/ER frac-
tion. (C) Ceramide concentration in the cytoplasmic fraction. (D) Ceramide
concentration in the membrane fraction (n = 6 per group). P value calculated
by two-way ANOVA.
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the expression of genes that regulate DAG production. Gene-
expression analysis shows that AGPAT and glycerol-3-phosphate
acyltransferase 3, but not DGAT, increased nearly threefold in
expression (Fig. S1). This process could accelerate monoglyceride
and DAG synthesis, but not triglyceride synthesis, causing a build
up of DAG. Conversely, incomplete lipolysis of triglyceride may
also be contributing to DAG generation, because ATGL ex-
pression increases with CGI-58 knockdown (Fig. S1) and can
function at a low level without CGI-58 (23). However, recent
evidence suggests that ATGL generates sn-1,3 DAG and when
in the presence of CGI-58 generates sn-2,3 DAG, but does not
generate sn-1,2 DAG (35), which is generated through lipid syn-
thesis. Because greater than 95% of DAG is sn-1,2 DAG/sn-2,3
DAG with CGI-58 knockdown (Fig. S2), and sn-2,3 DAG should
not be contributing because there is a near ablation of CGI-58 in
the liver, it appears that lipid synthesis rather than incomplete
lipolysis may be causing DAG accumulation in the lipid droplet/
ER fraction with CGI-58 ASO treatment. However, further
studies will be required to address this question.
Bergman et al. recently reported that certain DAG species, such

as 16:0/18:1 and 16:1/18:1, best correlate with PKCe activation in
human muscle (17), indicating that PKCe may respond to these
DAG species more than others. However, we found there was
a general increase in all DAG species in the lipid droplet/ER with
knockdown and most DAG species in the membrane of high fat
diet control mice (Fig. S3). Therefore, we did not find a specific
membrane DAG species that would fit this model. Alternatively, it
is possible that the position of the fatty-acid species on the glycerol
backbone of DAG could cause differences in PKCe activation.
However, as noted above we found that greater than 95% of
the DAG is likely to be sn-1,2 DAG rather than sn-1,3 DAG in
control and CGI-58 ASO-treated mice. Therefore, neither dif-
ferences in DAG species nor stereochemistry of DAG appear to
explain the protection from lipid-induced hepatic insulin re-
sistance seen with CGI-58 knockdown.
We recently reported that DAG content in the cytoplasmic/lipid

droplet fraction best correlated with insulin resistance in obese

humans (16). Here we show that membrane DAG is the best pre-
dictor of insulin resistance in high fat-fed mice, and lipid droplets
appear to act as a neutral storage depot for DAGs. There are po-
tentially several explanations for this difference. Humans typically
develop NAFLD and hepatic insulin resistance over a longer period
than the 7 d of high-fat feeding used to induce NAFLD in mice in
the present study, which may alter the localization of DAG accu-
mulation. Alternatively, differences in tissue processing (e.g.,
procurement, fractionation) may have altered DAG localization,
masking a potential relationship between membrane DAG and
insulin resistance in the human samples. Finally, the discrepancy
could simply be because of species differences.
In summary, we found that CGI-58 ASO treatment promotes

sequestering of hepatic DAG in the lipid droplet/ER fraction and
a repartitioning of DAG away from plasma membrane, abrogat-
ing PKCe translocation to the plasma membrane and hepatic
insulin resistance. Taken together, these results explain the par-
adoxical disassociation of hepatic steatosis and hepatic DAG
accumulation from hepatic insulin resistance in CGI-58 ASO-
treated mice, and highlight the importance of intracellular com-
partmentation of DAG in causing hepatic insulin resistance in
this model and potentially other models of hepatic steatosis.

Methods
See SI Methods for a detailed description of the methods used. The methods
describe animal and ASO treatment, hyperinsulinemic-euglycemic clamp
studies, biochemical analysis and calculations, tissue lipid measurement, RNA
preparation and RT-PCR analysis, immunoblotting, cell fractionation, and
statistical analysis.
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