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Abstract
Data from studies in animal models indicate that certain lipid metabolites, particularly
diacylglycerol, ceramide, and acylcarnitine, disrupt insulin action. We evaluated the relationship
between the presence of these metabolites in the liver (assessed by mass spectrometry) and hepatic
insulin sensitivity (assessed using a hyperinsulinemic-euglycemic clamp with stable isotope tracer
infusion) in 16 obese adults (body mass index, 48 ± 9 kg/m2). There was a negative correlation
between insulin-mediated suppression of hepatic glucose production and intrahepatic
diacylglycerol (r = −0.609; P =.012), but not with intrahepatic ceramide or acylcarnitine. These
data indicate that intrahepatic diacylglycerol is an important mediator of hepatic insulin resistance
in obese people with nonalcoholic fatty liver disease.
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One of the key functions of the liver is the production of glucose to provide fuel for the
brain and other tissues that either require or prefer glucose as an energy substrate. However,
impaired insulin-mediated suppression of hepatic glucose production increases plasma
glucose concentration, and is involved in the pathogenesis of diabetes, the metabolic
syndrome, and coronary heart disease.1 Obesity, particularly in conjunction with
nonalcoholic fatty liver disease (NAFLD), is associated with hepatic insulin resistance.2-4 In
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fact, intrahepatic triglyceride (IHTG) content is a better predictor of hepatic insulin
resistance than body mass index, percentage of body fat, and visceral fat mass.2-4 These
observations suggest that the increase in IHTG itself is responsible for hepatic insulin
resistance. However, hepatic steatosis resulting from a genetic defect in very low density
lipoprotein–triglyceride secretion is not associated with abnormalities in hepatic insulin
sensitivity,5,6 suggesting that increased IHTG content is a marker, but not a direct cause, of
altered hepatic insulin action.

The mechanisms responsible for the inter-relationship among hepatic insulin resistance,
obesity, and increased IHTG are not clear. Several intracellular lipid metabolites,
particularly diacylglycerol (DAG), ceramides, and acylcarnitines, which are products of
fatty acid metabolism, are purported to be involved in the pathogenesis of insulin resistance
in skeletal muscle.7-9 It also is possible that the severity of liver cell injury and NAFLD
activity contribute to hepatic insulin resistance independent of the amount of IHTG and lipid
intermediates.10 The purpose of the present study was to evaluate whether the major putative
lipid mediators of impaired insulin action (DAG, ceramides, and acylcarnitines)9,11 and
histologic markers of liver injury and NAFLD activity are associated with hepatic insulin
resistance in obese people.

Sixteen obese subjects (14 women and 2 men; age, 42.0 ± 10.8 y; body mass index, 48 ± 9
kg/m2; Supplementary Table 1), scheduled to undergo bariatric surgery at Barnes-Jewish
Hospital in St Louis, MO, provided written informed consent and participated in this study,
which was approved by the Washington University Human Research Protection Office.
Potential participants who had diabetes, consumed ≥20 g/d of alcohol, or had any history of
liver disease other than NAFLD were excluded. Hepatic insulin sensitivity was determined
by using the hyperinsulinemic-euglycemic clamp procedure in conjunction with stable
isotopically labeled glucose tracer infusion to assess insulin-mediated suppression of hepatic
glucose production, as previously described.3 Liver tissue samples were obtained during
surgery, by using a Tru-Cut needle (Cardinal Health, Dublin, OH) before gastric stapling,
intestinal anastomosis, or band placement, to assess DAG, ceramide, and acylcarnitine
contents and liver histology (Supplementary Materials and Methods). We also measured the
circulating concentrations of several putative factors that can affect insulin action, including
branched-chain amino acids (BCAA; leucine, isoleucine, and valine), tumor necrosis factor
α, interleukin 6, and total adiponectin (Supplementary Materials and Methods).

Thirteen of our 16 subjects had NAFLD, whereas 3 had normal liver histology. The median
intrahepatic DAG content was 0.75 (first quartile 0.59, third quartile 2.31) nmol/mg wet
liver weight (range, 0.36 – 4.41 nmol/mg wet liver weight), mean intrahepatic ceramide
content was 0.089 ± 0.021 nmol/mg wet liver weight (range, 0.044–0.119 nmol/mg wet liver
weight), and median intrahepatic acylcarnitine content was 461 (338, 565) pmol/mg wet
liver weight (range, 182–1139 pmol/mg wet liver weight). Insulin-mediated suppression of
glucose rate of appearance (Ra) correlated negatively with intrahepatic DAG content (r =
−0.609, P = .012) (Figure 1, top) but did not correlate with intrahepatic ceramides (total and
individual species) (Figure 1, middle) or acylcarnitines (total or short-, medium-, and long-
chain species) (Figure 1, bottom). Intra-hepatic DAG content correlated positively with the
degree of microscopic steatosis (r = 0.789, P < .001) (Figure 2, top) and with IHTG content
measured by using magnetic resonance spectroscopy in 10 of the 16 subjects (r = 0.709, P
= .022), and the NAFLD activity score (r = 0.865, P < .001) (Figure 2, bottom). Insulin-
mediated suppression of glucose rate of appearance (Ra) correlated negatively with the
degree of steatosis (r = −0.533, P =.034), but did not correlate with other markers of liver
pathology (grades of lobular inflammation, ballooning, and fibrosis stage). In addition,
insulin-mediated suppression of glucose Ra did not correlate with total plasma BCAA (r =
−0.145, P = .593); individual BCAA leucine, isoleucine, and valine (all P >.4); tumor

MAGKOS et al. Page 2

Gastroenterology. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



necrosis factor α (r = −0.156, P = .563); interleukin 6 (r = −0.437, P = .091); or adiponectin
(r = 0.366, P = .164).

These results support the notion that intrahepatic DAG is an important intracellular lipid
mediator of hepatic insulin resistance in obese people with NAFLD, and likely contributes
to the inverse relationship observed between IHTG content and hepatic insulin sensitivity.3,4

Our findings extend the results from a recent study that found intrahepatic DAG content was
associated with the homeostasis model assessment of insulin resistance score,12 which
provides a surrogate index of global insulin sensitivity.13 Our data suggest that the
relationship between intrahepatic DAG and homeostasis model assessment of insulin
resistance observed in that study was primarily owing to the effect of DAG on hepatic
insulin sensitivity.

The potential mechanism responsible for DAG-induced insulin resistance has been
elucidated from studies conducted in mouse models. These data have shown that
experimentally increasing intrahepatic DAG content causes hepatic insulin resistance,
whereas reducing or preventing an increase in intrahepatic DAG protects the liver from
becoming insulin resistant.14-17 The amount of DAG in the liver correlates with the
activation of protein kinase C,12,14-17 which inhibits insulin-mediated tyrosine
phosphorylation of insulin receptor substrates 1 and 2.18,19 Therefore, intracellular DAG can
impair insulin-mediated suppression of glucose production by direct effects on the insulin
signaling cascade.

In conclusion, the results from the present study support an important role of intrahepatic
DAG, but not intrahepatic ceramide or acylcarnitine, in the pathogenesis of hepatic insulin-
resistant glucose metabolism in obese people with NAFLD. Moreover, our data help explain
the direct relationship between IHTG content and hepatic insulin resistance observed
previously.3,4 Even though intracellular triglycerides themselves likely are inert, the
association between IHTG and DAG provides a potential mechanistic link between steatosis
and hepatic insulin resistance.
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Ra rate of appearance

MAGKOS et al. Page 4

Gastroenterology. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Relationship between hepatic insulin sensitivity, determined as insulin-mediated suppression
of glucose Ra into plasma, and intrahepatic DAG (top), ceramide (middle), and acylcarnitine
(bottom) contents. Open symbols represent subjects with no histologic evidence of steatosis.
Data for DAG, acylcarnitines, and insulin-mediated suppression of glucose Ra are ranked (n
= 16). Data for ceramides are from 15 subjects. Relationships were the same when
individual species of DAG, ceramides, and acylcarnitines were analyzed separately.
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Figure 2.
Relationship between intrahepatic DAG content and hepatic steatosis (top) and the NAFLD
activity score (bottom). Open symbols represent subjects with no histologic evidence of
steatosis. Data are ranked (n = 16).
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