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Abstract

Although ample evidence links hepatic lipid accumulation with hepatic insulin resistance, the
mechanistic basis of this association is incompletely understood and controversial. Diacylglycerols
and ceramides have emerged as the two best-studied putative mediators of lipid-induced hepatic
insulin resistance. Both lipids were first associated with insulin resistance in skeletal muscle, and
subsequently hypothesized to mediate insulin resistance in liver. However, the putative roles for
diacylglycerols and ceramides in hepatic insulin resistance have proved more complex than
originally imagined, with various genetic and pharmacologic manipulations yielding a vast and
occasionally contradictory trove of data to sort through. In this review, we examine the state of this
field, turning a critical eye toward both diacylglycerols and ceramides as putative mediators of
lipid-induced hepatic insulin resistance.
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Lipid-Induced Hepatic Insulin Resistance

The World Health Organization estimated the 2016 global prevalence of type 2 diabetes
(T2D) at a staggering 8.5%: more than 1 in 12 people worldwide [1]. The liver is the source
of ~90% of endogenous glucose production, and increased hepatic gluconeogenesis is the
proximate cause of the fasting hyperglycemia that defines T2D [2]. In addition to the
increase in fasting hepatic glucose production (HGP), insulin suppression of HGP is
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impaired in T2D [3]. This is generally considered to reflect hepatic insulin resistance (see
Glossary), although indirect (i.e., extrahepatic) insulin action also contributes substantially
to acute insulin suppression of HGP [4]. The major direct acute effect of insulin on
hepatocellular glucose metabolism is the stimulation of glycogen synthesis, and hepatic
insulin resistance to glycogen metabolism appears to manifest as a damping of the normal
oscillations produced by fasting and feeding: hepatic glycogen stores during fasting are
decreased and both glycogen synthesis and glycogenolysis are diminished in T2D [2,3,5-7].
Hepatic insulin resistance is reversible: in one study, insulin resistance to suppression of
HGP was reversed by modest (~8 kg) weight loss, and this was associated with
normalization of fasting HGP and fasting glycemia [8]. Yet for many obese insulin resistant
nondiabetic subjects, sustained weight loss is elusive and the eventual decompensation of the
endocrine pancreas in the face of progressive insulin resistance results in overt T2D. The
contribution of hepatic insulin resistance to the overall pathophysiology of T2D is thus
significant, and so the question of why hepatic insulin resistance develops is of great
interest.

The strong association of hepatic insulin resistance and hepatic steatosis is highly
reproducible. Hepatic steatosis, or nonalcoholic fatty liver disease (NAFLD), is present in
about 70% of type 2 diabetics [9,10] and nearly all obese type 2 diabetics [11] and is a
particularly strong predictor of insulin resistance [12-15]. For example, IHTG is better
correlated with insulin resistance than visceral adipose tissue volume [16], and increased
body mass index is not associated with increased insulin resistance unless a parallel increase
in IHTG is present [17]. Near-normalization of intrahepatic triglyceride (IHTG) content in
type 2 diabetic subjects by modest weight loss restored sensitivity of HGP to insulin without
significant improvements in skeletal muscle insulin resistance [8]. The presence of NAFLD
predicts future T2D risk, and improvement of NAFLD decreases future risk of T2D [18].
Recent human genetic data indicate that impaired adipose tissue storage capacity is an
important contributor to whole-body insulin resistance as measured by fasting insulin level,
consistent with the ‘ectopic lipid’ model of hepatic insulin resistance [19]. These clinical
observations have invited sustained investigation into whether hepatic insulin resistance and
hepatic steatosis are causally related.

Does hepatic steatosis cause hepatic insulin resistance? Human and rodent clinical studies
are broadly consistent with this hypothesis in that IHTG and hepatic insulin resistance are
correlated and nearly always move in the same direction upon clinical, dietary, or
pharmacologic interventions [8,18,20,21]. For example, specific reversal of hepatosteatosis
— by liver-targeted mitochondrial protonophore treatment in high-fat fed rats, by
niclosamide-induced mitochondrial uncoupling in fat-fed mice, by modest weight loss in
type 2 diabetic humans, by adipose transplantation in lipodystrophic mice, or by leptin
treatment in lipodystrophic humans — dramatically reverses hepatic insulin resistance
[8,20,22-26].

Triglyceride is not a signaling lipid, however, and the search for lipid moieties with a

potential mechanistic role in hepatic insulin resistance has centered on two major lipid
classes: diacylglycerol (DAG) and ceramide. In this review, we critically examine the
substantial literature investigating DAGs and ceramides as putative mediators of lipid-
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induced hepatic insulin resistance. We attempt a synthesis of available research examining:
1) levels of DAGs and ceramides in human and rodent models of lipid-induced hepatic
insulin resistance, 2) proposed molecular mechanisms for DAG- and ceramide-mediated
hepatic insulin resistance, and 3) rodent models interrogating DAG- and ceramide-mediated
hepatic insulin resistance. We conclude with a formal evaluation of DAG- and ceramide-
induced hepatic insulin resistance using the Bradford Hill criteria for causality in biological
processes.

Diacylglycerol in hepatic insulin resistance

Association

Early clues to potential anti-insulin actions of diacylglycerol derived from studies of the
DAG analog phorbol 12-myristate 13-acetate (PMA). Cultured hepatocytes treated with
PMA displayed impairments in insulin receptor tyrosine kinase (IRK) activity and insulin-
stimulated glycogen synthase activity [27,28]. Soon after, livers from Zucker obese rats were
found to contain ~1.8-fold higher levels of sr-1,2-DAG content than lean control rats [29].
Because sr-1,2-DAG was a known bioactive signaling lipid, a simple hypothesis —
impairment of insulin signaling by DAG activation of protein kinase C (PKC) isoforms was
proposed, although the source of the DAGs remained unknown [30].

of DAG and hepatic insulin resistance

Evidence for increased hepatic diacylglycerol in models of lipid-induced hepatic insulin
resistance is abundant. Because DAG is the synthetic precursor to triglyceride, IHTG
correlates well with intrahepatic DAG if lipid handling pathways are genetically intact [31-
36]. In one study, multiple putative mediators and pathways were systematically assessed in
liver biopsies from obese non-diabetic subjects across a wide range of homeostatic model
assessment of insulin resistance (HOMA-IR) levels [31]. Total hepatic DAG content was
more strongly correlated with HOMA-IR than any other variable, including body mass
index, long-chain fatty acyl CoA content, ceramide content, multiple markers of
endoplasmic reticulum stress, c-Jun N-terminal kinase (JNK) phosphorylation, and multiple
plasma inflammatory cytokine concentrations — though this study was limited by the
availability of biopsy samples and was underpowered to definitively rule out effects of these
other variables on HOMA-IR [31]. In another study that used suppression of HGP during
hyperinsulinemic-euglycemic clamps as the measure of hepatic insulin resistance rather than
HOMA-IR, intrahepatic DAG was again significantly correlated with hepatic insulin
resistance [35]. In the third human study to measure intrahepatic DAG and HOMA-IR, four
of five DAG species measured were positively correlated with HOMA-IR [37]. Furthermore,
reversal of high-fat diet-induced hepatic insulin resistance is accompanied by decreased
intrahepatic DAG in multiple rodent models including pharmacologic FGF-21 treatment,
niclosamide (mitochondrial uncoupler) treatment, apolipoprotein A5 knockdown, low-dose
2,4-dinitrophenol treatment in multiple rodent models, acetyl CoA carboxylase inhibition,
and estradiol treatment in ovariectomized female mice among others [20,23,24,26,33,34,38—
42]. Measurements of intrahepatic DAG in human subjects after an intervention that reverses
hepatic insulin resistance have not yet been reported, likely owing to the difficulty of
obtaining liver biopsy samples outside the setting of surgery.
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Mechanism of DAG-mediated hepatic insulin resistance

An attractive feature of the hypothesis that DAG mediates lipid-induced hepatic insulin
resistance is the existence of a plausible mechanism for inhibition of insulin signaling — the
aforementioned activation of PKC by s7+1,2-DAG. Systematic examination of all PKC
isoforms expressed in liver revealed that activation of the e isoform was particularly
prominent in rats fed a 3-day high fat diet [20]. ASO knockdown of PKCe prevented hepatic
insulin resistance in this model, and PKCe knockout mice are protected from glucose
intolerance after 7 days of high fat feeding [43,44]. The protection from hepatic insulin
resistance observed in PKCe ASO-treated mice appeared to be caused by protection from
IRK inhibition, and recently insulin receptor (INSR) Thr1160 was identified as a PKCe
substrate that may be responsible for this effect [43,45]. INSR Thr1160 phosphorylation
destabilizes the active configuration of the IRK, impairing its tyrosine kinase activity and all
downstream insulin action [45] (Figure 1). /nsr’1150A mice genetically insusceptible to
inhibition by PKCe were protected from high-fat diet-induced hepatic insulin resistance
[45].

Rodent models of DAG-mediated hepatic insulin resistance

Several genetically modified mouse models have been generated to examine the DAG
hypothesis of lipid-induced hepatic insulin resistance. Mice with loss-of-function of
mtGPAT, a major hepatic glycerol-3-phosphate acyltransferase, accumulated less
intrahepatic DAG and triacylglycerol (TAG) than controls upon high-fat feeding, associated
with protection from hepatic insulin resistance [46]. In mice overexpressing mtGFPAT, the
converse was true: increased hepatic DAG and hepatic insulin resistance on regular chow
diet were observed [47]. There are two phosphatidic acid phosphatases, or lipins, which
generate DAG. Knockdown of either lipin-1 or lipin-2 by shRNA in fat-fed mice decreased
hepatic DAG and TAG and improved glucose tolerance, and adenoviral overexpression of
lipin-2 resulted in the opposite phenotype: increased hepatic DAG and TAG accompanied by
glucose intolerance [48,49]. Diacylglycerol acyltransferase (DGAT) synthesizes TAG from
DAG. Knockdown of DGAT1 in rats does not alter liver triglyceride levels [50]. However,
liver-specific overexpression of DGAT?2 in mice leads to increased hepatic TAG and,
unexpectedly, increased total hepatic DAG content [51,52]. This is associated with increased
PKCe translocation and impaired suppression of HGP during hyperinsulinemic-euglycemic
clamps [52]. Similarly, ASO knockdown of DGAT2 protected rats from high fat diet-
induced increases in intrahepatic TAG, DAG, and PKCe translocation, and prevented hepatic
insulin resistance [50].

As discussed above, intrahepatic DAG has been dissociated from hepatic insulin resistance
in a few genetically modified mouse models of altered lipid handling, casting doubt on the
DAG-PKCe-INSR hypothesis of lipid-induced hepatic insulin resistance [53]. There are
several possible interpretations of these data. One possibility is that DAG is an excellent
biomarker of hepatic insulin resistance but not a causal factor. Another reasonable
possibility is that DAG-mediated hepatic insulin resistance can be overcome by one or more
insulin-sensitizing factors in these models. A third possibility that is beginning to be
explored is that only some DAG — specific chemical species, or in specific subcellular
localizations, or as a product of specific lipid handling pathways — is capable of activating
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PKCe and inhibiting IRK activity. The possibility that specific DAG species trigger hepatic
insulin resistance has not been systematically evaluated in humans, but advances in
lipidomics may enable such studies. In one recent human study, four DAG species (32:1,
34:1, 36:2, 36:3) were significantly increased in a high HOMA-IR versus a low HOMA-IR
group [37]. In kinase assays using DAG vesicles, PKCe does not appear to display a strong
preference for specific DAG species [54]. However, in COS-7 cells, PKCe translocation was
observed in response to treatment with tridecanoate, pentadecanoate, linoleate, arachidonate,
and docosahexaenoate, but not other fatty acids including palmitate, stearate, oleate, and
others [55]. The hypothesis that subcellular DAG compartmentation might modulate the
relationship between hepatic DAG content and hepatic insulin resistance emerged from
studies of mice with targeted knockdown of the adipose triglyceride lipase (ATGL) cofactor
CGI-58 [56,57]. CGI-58 ASO-treated mice, with increased hepatic DAG content but
preserved hepatic insulin sensitivity, displayed an unusual tendency to recruit PKCe to the
lipid droplet [57]. It is intuitive that the critical subcellular compartment for the DAG-PKCe-
INSR axis would be a membrane-associated compartment such as the plasma membrane,
ER, or Golgi (though this has not been directly demonstrated), so this ‘sequestration’ of
DAG and PKCe in the lipid droplet may account for the preserved hepatic insulin sensitivity
in the CGI-58 ASO-treated mice as well as in other mice with defects in triglyceride
mobilization (e.g., microsomal triglyceride transfer protein (MTTP) knockout mice [58]). A
similar mechanism may also account for the improved glucose tolerance but increased
intrahepatic DAG of mice treated with a monoacylglycerol acyltransferase 1 (MGAT1)
ASO; these mice displayed decreased membrane-associated PKCe content [59]. A small
percentage of humans with NAFLD may exhibit preserved hepatic insulin action through
such a ‘sequestration” mechanism. However, in this regard, it is interesting to note that in
human liver biopsy samples, lipid droplet DAG content correlated better with HOMA-IR
than membrane DAG content [31]. It is not obvious how to reconcile these results with the
hypothesis that the membrane-associated compartment contains the ‘active’ DAG pool,;
however, it is possible that handling and storage of the human liver biopsy samples
following biopsy may have contributed to this distribution. Measurement of DAG from both
membrane-associated and cytosolic/lipid droplet compartments has become more common
[23,31,45,57,59], but is not yet standard in the field [37,60,61]. Although the technique
commonly employed is relatively crude (the membrane fraction includes all membranous
organelles and the plasma membrane), it may be further refined in the future. It is interesting
to note that cell-based studies have implicated the Golgi, mitochondrion, and plasma
membrane as sites of PKCe translocation [62]. A final important consideration for the DAG-
PKCe hypothesis is that triglyceride hydrolysis by ATGL in the hepatocyte preferentially
produces s1+1,3-DAG, which is incapable of activating PKC [63,64]. Thus it is unlikely that
DAG generated through this flux participates in the DAG-PKCe-INSR axis. Overall, the
phenotypes of mice with genetically altered hepatocellular triglyceride synthesis have
revealed important caveats to, but are generally consistent with, the DAG-PKCe-INSR
hypothesis of lipid-induced hepatic insulin resistance. Such models have also highlighted the
diversity of DAG within the hepatocyte. Although the most pathophysiologically relevant
approach to measuring and reporting DAG content remains uncertain, it is unlikely to be the
simple sum of all DAG species from all subcellular localizations.
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Ceramides in hepatic insulin resistance

The 1990 study reporting increased sr-1,2-DAG concentrations in obese rat livers also
observed modest, but significant, increases in hepatic ceramides [29]. Early investigations of
ceramide-induced insulin resistance were performed primarily in skeletal muscle [65-67].
More recently, ceramides have been explored as putative mediators of hepatic insulin
resistance as well [68—70]. We now examine available data concerning the role of ceramides
in lipid-induced hepatic insulin resistance.

Association of ceramides and hepatic insulin resistance

Studies differ with respect to whether hepatic ceramide content is associated with hepatic
insulin resistance in humans. In two studies of obese nondiabetic humans, hepatic ceramide
content was not significantly associated with HOMA-IR [31] or insulin suppression of HGP
[35]. However, a recent lipidomic study of obese humans observed strong associations
between hepatic ceramides with HOMA-IR score [37]. This latter study is notable for its
analysis of specific species of ceramide, rather than reporting the sum of several abundant
species.

Avre hepatic ceramides increased in rodent models of lipid-induced hepatic insulin
resistance? In many cases, hepatic insulin resistance is not accompanied by increases in
hepatic ceramides. In C57BL/6 mice, high fat feeding for 7 or 21 days induces hepatic
insulin resistance, hepatic steatosis, and hepatic DAG accumulation [71]. At 7 days, no
hepatic ceramide species were altered; at 21 days, 16:0 and 18:0 ceramides were unchanged,
20:0 and 22:0 ceramides were increased, and 24:1 and 24:0 ceramides were decreased [71].
Indeed, even chronic high-fat diet protocols of 8 to 12 weeks fail to increase total hepatic
ceramides, a finding consistent across multiple mouse strains in most [72—74], though not all
[61] studies. In Sprague-Dawley rats, high fat feeding (with either saturated fat- or
unsaturated fat-based diets) for just 3 days is sufficient to induce hepatic insulin signaling
defects but not to increase total hepatic ceramides [75]. Genetically obese ZDF rats did not
display increased total hepatic ceramides compared to their lean littermates [76]. Mice with
increased hepatocellular lipid uptake due to overexpression of human APOC3 displayed
hepatic insulin resistance associated with increased hepatic DAG and TAG but unchanged
total hepatic ceramide content [77]. In many rodent studies in which reversal of
hepatosteatosis is accompanied by decreased hepatic DAG and improvements in hepatic
insulin action, total hepatic ceramides are not decreased [24,26,33,34,38]. Additionally,
several of the mouse models of altered hepatic triglyceride handling notable for dissociating
hepatic steatosis and DAG accumulation from hepatic insulin resistance, such as CGI-58
ASO treated mice, microsomal triglyceride transfer protein (MTTP) knockout mice, and
perilipin 5-overexpressing mice also display increased total hepatic ceramides but do not
develop hepatic insulin resistance [56-58,78]. In these rodent models, hepatic ceramides are
dissociated from lipid-induced hepatic insulin resistance.

Conversely, hepatic ceramides have been reported to correlate with hepatic insulin resistance
in several rodent models. Mice with liver-specific overexpression of DGAT?2 displayed
hepatic insulin resistance associated with increased total hepatic ceramides, DAG, and TAG
[52]. Wistar rats fed a five-week high-fat diet were reported to display increased total hepatic
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ceramides (and hepatic DAG) in concert with increased HOMA-IR [79]. Longer durations of
high-fat feeding appear to be required to detect increased hepatic ceramides in mice. In one
study, C57BL/6N mice fed HFD for 14 weeks displayed increased 14:0, 16:0, 18:0, 20:0,
and 24:1 ceramides [68]. In another study, C57BL/6 mice fed HFD for 16-17 weeks
displayed increased hepatic ceramides (primarily driven by increases in 16:0, 20:0, and 22:0
species) and glucose intolerance; fenretinide or salicylate treatment abrogated the increase in
hepatic ceramides and modestly improved glucose tolerance — though both of these
treatments have ceramide-independent metabolic effects: RBP4 blockade for fenretinide and
IKKB inhibition for salicylates) [80-83]. Leptin-deficient ob/ob mice were also reported to
display increased total hepatic ceramides [84]. In rats, acute dexamethasone treatment
increased total hepatic ceramides, impaired hepatocellular insulin signaling, and impaired
insulin suppression of HGP during hyperinsulinemic-euglycemic clamps [76]. These effects
were prevented by pre-treatment with the SPT inhibitor myriocin [76].

Myriocin has been described as the “workhorse” of the field of ceramide metabolism [85].
Yet, as with all pharmacologic inhibitors, interpretation of /n vivo experiments employing
myriocin requires caution. In an experiment designed to differentiate the effects of the
ceramide precursor palmitate from other fatty acids, rats were infused with either saturated
fat-rich lard oil or unsaturated fat-rich soy oil for six hours, and observed an increase in
hepatic ceramides with only lard oil, as predicted [76]. Interestingly, both lipid infusions
impaired insulin suppression of HGP, and myriocin prevented this impairment in both lard
oil and soy oil-infused rats, even though hepatic ceramides were totally unaffected by
myriocin treatment in the soy oil-infused group [76]. This finding suggests that myriocin
may exert some ceramide-independent effects. Indeed, myriocin has dramatic effects on
energy expenditure and weight gain in mice, confounding attempts to identify the proximate
cause of myriocin-induced improvements in hepatic insulin action [74,86]. For example,
myriocin reduced hepatic steatosis in 0b/ob and high-fat fed mice, so decreased DAG/PKCe/
INSR axis activation cannot be ruled out as a mechanism for improved hepatic insulin
sensitivity in this model [86]. Although the insulin-sensitizing effects of myriocin have been
dissociated from body weight changes in some reports [74,76], it is worth bearing in mind
that even minor increases in energy expenditure, too subtle to manifest as weight loss, can
have dramatic effects on hepatic and skeletal muscle diacylglycerol content and insulin
sensitivity [23,24].

Mechanism of ceramide-mediated hepatic insulin resistance

Several mechanisms have been proposed to explain how ceramides might induce cellular
insulin resistance (Figure 2). Early work in cultured myocytes and adipocytes suggested that
ceramides impair insulin activation of AKT through two mechanisms: increased protein
phosphatase-2A activity and impaired AKT translocation resulting from activation of
atypical protein kinase C-C [87-90]. Of note, these mechanistic studies relied on cell-
permeable short-chain ceramides with cytotoxic properties and often used at unphysiologic
concentrations [85]. Interestingly, pharmacologic inhibition of PP2A in rats paradoxically
worsened hepatic insulin resistance despite activation of AKT, suggesting that activation of
PP2A would not be sufficient to induce hepatocellular insulin resistance [91]. Additionally,
proximal insulin signaling is impaired in insulin resistant liver, which is difficult to reconcile
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with AKT as the main site for insulin resistance [43,92,93]. Alternatively, PKC( activation
of the fatty acid transporter CD36 has been proposed as a mechanism for ceramide-induced
hepatic steatosis [61]. Such a mechanism has the advantage of linking hepatic ceramides to
other putative mediators of lipid-induced hepatic insulin resistance. The metabolically active
hormones FGF-21 and adiponectin have been proposed to mediate their beneficial effects
through ceramides, adding intriguing layers of complexity to ceramide physiology [84]. The
adiponectin receptor in particular has been shown to contain ceramidase activity [84].
Furthermore, intriguing links between ceramides and adipose inflammation, possibly
through direct activation of the NLRP3 inflammasome [94,95], could provide another
mechanism for ceramide-induced insulin resistance. Indeed, two of the mouse models
genetically perturbing hepatic ceramide metabolism described later display decreased
hepatic ceramides in concert with decreased adipose inflammation [61,68]. But none of
these studies have updated our understanding of the molecular mechanism by which
ceramides might themselves directly impair insulin signaling in a hepatocyte-autonomous
manner. A complete mechanism for ceramide-induced hepatocellular insulin resistance is
therefore still awaited.

Rodent models of ceramide-mediated hepatic insulin resistance

Various mouse models genetically perturbing ceramide synthesis have been generated to
examine the role of ceramides in hepatic insulin resistance. The earliest such study used
mice heterozygous for deletion of the ceramide synthesis gene dihydroceramide desaturase 1
(DesI*/~ mice) which displayed decreased total ceramides in several tissues, including liver,
and decreased fasting HOMA-IR (although glucose tolerance was normal) [76]. In 2014,
two groups reported on mice deficient in one of the six ceramide synthase (CerS) enzymes
and advanced the hypothesis that C16:0 ceramides are particularly harmful [70]. CerS6
knockout mice were protected from the development of obesity when fed a high-fat diet,
owing in part to increased BAT energy expenditure [68]. Interestingly, liver-specific CerS6
knockout mice displayed a selective decrease in hepatic C16:0 ceramides but also were
protected from high-fat diet-induced obesity [68]. This body weight phenotype was
predictably associated with improved glucose tolerance (though insulin tolerance was
unchanged) [68]. Conversely, mice haploinsufficient for CerS2 displayed a compensatory
increase in hepatic C16:0 ceramides [69]. The CerS2*~ mice gained weight normally on
high-fat diet, but were extraordinarily susceptible to steatohepatitis and associated glucose
intolerance [69]. This susceptibility to hepatic lipid accumulation was linked to impaired
fatty acid oxidation, consistent with the increased fatty acid oxidation observed in CerS6
knockout mice [68,69]. Finally, an elegant mouse model of tissue-specific acid ceramidase
overexpression was recently developed [61]. Liver-specific ceramidase overexpression
resulted in decreased hepatic 16:0, 18:0 and 20:0 ceramides, protected high-fat fed mice
from hepatic steatosis, and was associated with improvements in insulin-mediated
suppression of HGP during hyperinsulinemic-euglycemic clamps and enhanced hepatic
insulin signaling [61]. This protection from steatosis was attributed to increased VLDL
secretion in the transgenic mice; fatty acid oxidation was unchanged [61]. Despite decreased
hepatic triglycerides, hepatic DAG concentrations were reported to be increased in the
transgenic mice — an unusual dissociation [61]. Similar findings of protection from
hepatosteatosis and hepatic insulin resistance in association with decreased hepatic
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ceramides were recently reported in mice with adipose- or liver-specific inducible
adiponectin receptor overexpression [96]. In summary, mouse models of altered ceramide
synthesis appear to develop complex and sometimes dramatic changes in hepatic lipids.
These phenotypes point to critical metabolic functions of hepatic ceramides, but, because of
these potentially confounding changes in hepatic lipids, cannot address the question of
whether hepatic ceramides directly impair insulin action. A related unresolved question is
whether improvements in hepatosteatosis are necessary for the beneficial effects of reducing
hepatic ceramides on hepatic insulin action.

Concluding Remarks and Future Perspectives

The Bradford Hill criteria provide a conceptual framework for assessing putative cause-
effect relationships in biology [97]. We now attempt a brief evaluation of DAG and ceramide
as causal factors in lipid-induced hepatic insulin resistance using these criteria.

The first and second criteria are strength of association and consistency. How well do
hepatic DAG and ceramide levels correlate with hepatic insulin resistance, and is the
correlation reproducible across investigators? Three studies have addressed this question
directly in humans [31,35,37]. Hepatic DAG was associated with hepatic insulin resistance
in all three studies. In contrast, hepatic ceramide content was unrelated to hepatic insulin
resistance in two of the three available human studies [31,35,37]. Here, a caveat is the
paucity of data on specific ceramide species (e.g., C16:0) hypothesized to mediate hepatic
insulin resistance, though high-fat feeding has been reported not to increase C16:0
ceramides in five strains of mice [73].

The third criterion is specificity. Are intrahepatic DAG and ceramide accumulation
associated specifically with hepatic insulin resistance, or do they have other
pathophysiological consequences? Bioactive lipids, including DAG and ceramides, may also
contribute to the inflammation and oxidative stress that enable progression of steatosis to
steatohepatitis, and these fibrotic and inflammatory changes likely exert metabolic effects of
their own [13,98]. Further, the observation that increasing hepatic ceramide content drives
hepatic lipid accumulation confounds attempts to ascribe hepatic insulin resistance to direct
ceramide action. In general, the profound alterations in liver and plasma lipids comorbid
with hepatic insulin resistance have engendered reluctance to the hypothesis that hepatic
lipids drive hepatic insulin resistance [99]. Overall, this criterion poses challenges for both
DAG and ceramides.

The fourth criterion is temporality. If DAG or ceramides cause hepatic insulin resistance,
they must accumulate prior to the onset of insulin resistance. Longitudinal human studies
addressing this question are not available, but rodent studies are. In C57BL/6 mice, insulin
resistance to suppression of HGP is present after just one week of high fat feeding [71]. At
this time point, IHTG and intrahepatic DAG were increased, but ceramides (including C16:0
ceramides), were unchanged [71]. Similar results were observed in rats fed a three-day high
fat diet, and held whether the diet primarily contained saturated or unsaturated fats [75].
Rodent studies which have observed increased hepatic ceramides have used much longer
high fat diet protocols, such as 8 weeks [61] or 16 weeks [80]. While these data do not
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formally meet the criterion of temporality for DAG (because both DAG elevations and
insulin resistance were present at these early time points), it may not be experimentally
feasible to capture a time point in which DAG is elevated but the DAG-PKCe-INSR axis has
not yet induced hepatic insulin resistance.

The fifth criterion is the presence of a biological gradient or dose-response relationship. As
discussed above, the association between intrahepatic DAG and hepatic insulin resistance,
whether measured by HOMA-IR or suppression of HGP, spans a wide dynamic range. In
one study, a fourfold increase in intrahepatic DAG was associated with an approximately
twofold increase in HOMA-IR [31]; in another, a fourfold increase in intrahepatic DAG was
associated with an approximately twofold decrease in insulin-mediated suppression of HGP
[35]. Intrahepatic ceramides are not associated with hepatic insulin resistance in the human
or rodent studies for which dose-response data are available.

The sixth criterion is biological plausibility. Is there a viable, experimentally supported
mechanism by which DAG or ceramides may mediate hepatic insulin resistance? For DAG,
PKCe phosphorylation of INSR Thr1160 and consequent inhibition of INSR tyrosine kinase
activity provides a direct mechanism linking intrahepatic DAG to impaired insulin signaling
[43,45]. The mechanistic picture for ceramides is somewhat more blurred. An AKT-centric
mechanism has long been favored; newer mechanisms involving hepatocellular lipid
oxidation, VLDL export, CD36 activation, and mitochondrial dysfunction are intriguing but
are indirect [61,68,69,100]. One commonality of these latter mechanisms is the conclusion
that ceramides drive hepatosteatosis. If true, the deleterious effects of hepatic ceramides may
be indirect: ceramides promote hepatosteatosis, and hepatosteatosis, through the DAG-
INSR-PKCe axis, drives insulin resistance.

The seventh criterion is coherence. All available data, ideally, should fit the model. Table 1
provides a comprehensive overview of directional changes in hepatic insulin action, IHTG,
hepatic DAG, PKCe translocation, and hepatic ceramides in studies assessing these
parameters in humans and rodents. This criterion has been a major sticking point for the
DAG-PKCe-INSR hypothesis of hepatic insulin resistance. Occasionally, conflicting reports
arise concerning whether a given model displays hepatic insulin sensitivity or hepatic insulin
resistance [51,52]. Additionally, the existence of several rodent models of genetically
perturbed lipid handling with preserved hepatic insulin sensitivity despite increased hepatic
DAG has led some investigators to conclude, perhaps justifiably, that increased intrahepatic
DAG per seis insufficient for hepatic insulin resistance. As discussed above, however, this
may reflect an oversimplified view of the sources and sites of hepatocellular DAG. There is
also significant underappreciation in the field of the potentially confounding contribution of
extrahepatic insulin action to readouts of “hepatic insulin action” such as the suppression of
HGP [4,101,102]. An emerging paradigm emphasizes the importance of direct hepatic
insulin action (and thus the DAG-PKCe-INSR axis) in the glycogen-replete state, where
modulation of glycogen metabolism is a major controller of HGP, and the importance of
indirect hepatic insulin action (e.g., lipolytic control of gluconeogenesis) in the glycogen-
depleted state, where gluconeogenesis is the most critical component of HGP [4,103]. We
further speculate that the DAG-PKCe-INSR axis is particularly relevant in the early stages
of NAFLD (modeled by short-term high fat diets in rodents), and that the progression of
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whole-body insulin resistance is accompanied by the development of extrahepatic factors
that increase HGP, such as inflammation and dysregulated lipolysis, that “dilute” the
quantitative significance of direct lipid-induced hepatocellular insulin resistance. The forest
can be difficult to appreciate amidst these trees. Yet ceramides also struggle with coherence.
The consistent inability of multiple groups to observe increased hepatic ceramides in
humans or rodents with lipid-induced hepatic insulin resistance, and the lack of a plausible
mechanism directly linking ceramide action to impaired insulin signaling, are major
challenges for the ceramide hypothesis of hepatic insulin resistance.

The eighth criterion is experiment. When DAG or ceramide levels are experimentally
manipulated, does hepatic insulin resistance change accordingly? For DAG, models where
hepatosteatosis is specifically and acutely reversed and hepatic insulin sensitivity is
improved provide inferential evidence that reducing DAG reverses hepatic insulin resistance.
Liver-targeted mitochondrial uncoupling in various formulations achieves this outcome,
without altering hepatic ceramides [20,23,24]. Mouse models perturbing the pathway of
triacylglycerol biosynthesis have been remarkably consistent with the DAG-PKCe
hypothesis, including mtGPAT/~ mice [46], mtGPAT-overexpressing mice [47], mice with
Lipin1 [49] or Lipin2[48] knockdown, LijpinZ-overexpressing mice [48], Dgat2-
overexpressing mice [52], and rats with Dgat2 knockdown [50]. The ceramide hypothesis
also performs well on this criterion. Animal models in which ceramides are altered and
hepatic insulin action moves in the predicted direction include: myriocin-treated rats[76],
lard oil-infused rats [76,81], Des1*'~ mice [76], adiponectin-treated mice [84], CerS2+~
mice [69], liver-specific CerS6~'~ mice [68], and liver-specific acid-ceramidase
overexpressing mice [61]. However as noted above these perturbations also lead to parallel
alterations in hepatic lipogenesis, which impact any conclusions regarding the causal role of
ceramides per se in mediating hepatic insulin resistance.

The final Bradford Hill criterion is analog — the principle that if causality has been
established for one cause-effect pair, the burden of proof for related cause-effect pairs in the
future should not be as strong. Both DAG and ceramide emerged as putative mediators of
lipid-induced hepatic insulin resistance after first being established as putative mediators of
lipid-induced skeletal muscle insulin resistance, and both hypotheses likely benefited from
this familiarity among investigators. Yet the mechanisms now proposed for DAG- and
ceramide-induced hepatic insulin resistance are somewhat different than those identified in
skeletal muscle. In muscle, DAG is hypothesized to activate a different novel PKC isoform,
PKC®, with unclear targets in proximal insulin signaling [104]. The hepatic DAG-PKCe-
INSR axis, despite emerging more recently, is now better understood than the analogous
DAG-PKCB® axis in skeletal muscle. By contrast, ceramide-induced insulin resistance
remains better studied in skeletal muscle than liver [65,66]. Additionally, many key
mechanistic studies describing ceramide inhibition of AKT were carried out in myotubes,
and have not been replicated in hepatocytes. As with DAG, however, recent progress in
ceramide-induced insulin resistance has primarily concerned the liver [37,61,68,69].

Lipid-induced hepatic insulin resistance is no longer a new stage, and neither DAG nor
ceramides are new players. Our current assessment of the available data is that the DAG-
PKCe-INSR axis is the strongest candidate mechanism identified to account for the
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epidemiological link between hepatic steatosis and hepatic insulin resistance. It is unlikely to
be the only such mechanism, and there is undoubtedly still ample room for development and
testing of new hypotheses, especially in humans, investigating how lipids impair
hepatocellular insulin action (see Outstanding Questions). Given the critical role for lipid-
induced hepatic insulin resistance in the pathogenesis of type 2 diabetes, understanding this
process has important implications for the development of novel drugs to treat T2D —
which the USA Centers for Disease Control (CDC) predicts will impact one in three
Americans by 2050 [105].
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Insulin resistance

A condition in which the cellular response to a given ambient insulin concentration is
decreased relative to a normal control. Insulin resistance as generally understood
incorporates both decreased insulin sensitivity (a right shift in the insulin dose-response
curve) and decreased insulin responsiveness (an impaired maximal response to high insulin
concentrations). Insulin resistance has diverse manifestations in different tissues, and is a
component of the ‘metabolic syndrome’ that predicts incident type 2 diabetes

Nonalcoholic fatty liver disease (NAFLD)

Increased liver triglyceride content without an alternative etiology (e.g., alcohol use,
starvation, medications). NAFLD is a risk factor for nonalcoholic steatohepatitis (NASH)
and hepatocellular carcinoma. NAFLD may or may not be accompanied by biochemical
signs of hepatocellular injury such as elevated serum transaminase activity, and is clinically
silent in many patients

Diacylglycerol (DAG)

A class of lipids consisting of a three-carbon glycerol backbone, two carbons of which are
linked to fatty acyl chains of varying lengths. DAG exists in three stereoisomers (sr+1,2;
sn-1,3 and sn-2,3); only sn-1,2-DAG is capable of activating protein kinase C (PKC)
isoforms. DAG is generated through several metabolic fluxes, including triglyceride
hydrolysis, triglyceride synthesis, and phosphoinositide hydrolysis

Ceramide

A large class of lipids, many of which derive from the condensation of serine and palmitoyl
CoA by serine palmitoyltransferase (SPT). Many ceramide species are bioactive and
participate in diverse cellular signaling pathways
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Trends Box

Nonalcoholic fatty liver disease (NAFLD) is the most common liver disease
in industrialized nations, and is strongly associated with hepatic insulin
resistance, a key driver of type 2 diabetes.

Though stored hepatic triglyceride is not thought to directly impair insulin
action, two lipid classes proposed to mediate lipid-induced hepatic insulin
resistance are ceramides and diacylglycerols (DAG).

A causal role for DAG in hepatic insulin resistance is supported by human
correlative studies and a direct pathophysiological mechanism in rodents, but
challenged by a few rodent models with increased hepatic DAG but preserved
hepatic insulin sensitivity.

A causal role for ceramides in hepatic insulin resistance is supported by
several rodent models in which decreasing ceramides improves hepatic insulin
action, but challenged by an inconsistent relationship between hepatic
ceramide content and hepatic insulin resistance.
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Outstanding Questions Box

. Avre there specific intracellular pools of DAG, or DAG generated by specific
fluxes, that are more or less capable of activating the DAG-PKCe-INSR axis
in the hepatocyte?

. What is the subcellular localization of the DAG-PKCe-INSR interaction?
How stable is INSR inhibition by Thr1160 phosphorylation?

. How might ceramides directly or indirectly impair hepatocellular insulin
action? Are mechanisms previously identified in other cell types, such as
AKT inhibition, functional in hepatocytes? How might specific ceramide
species, such as C16:0, fit into these mechanisms?

. Is protection from hepatosteatosis necessary for the insulin-sensitizing effects
of decreased hepatic ceramides?

. Avre intrahepatic DAG and/or ceramide accumulation safely druggable targets
in humans?
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Figure 1. The DAG-PKCe-INSR axis in lipid-induced hepatic insulin resistance
In subjects with increased intrahepatic triglyceride (IHTG), sn-1,2-diacylglycerol (DAG)

accumulates. DAG activates protein kinase C (PKC) isoforms, and activation of the &
isoform (PKCe) is most consistently observed in insulin-resistant liver. PKCe
phosphorylates insulin receptor (INSR) Thr1160, resulting in inhibition of INSR tyrosine
kinase activity. All downstream arms of hepatocellular insulin signaling, including
stimulation of net glycogen synthesis, transcriptional upregulation of de novo lipogenic
genes, and transcriptional downregulation of gluconeogenic genes, are predicted to be
affected by this mechanism.
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Figure 2. Ceramides in lipid-induced hepatic insulin resistance
Studies in cultured cells have identified two putative direct mechanisms for ceramide-

induced insulin resistance. In one, ceramide activation of protein kinase C-C (PKC()
impairs translocation of AKT to the plasma membrane, preventing AKT from participating
in insulin action. In the other, ceramide activation of protein phosphatase 2A leads to
dephosphorylation and inactivation of AKT. The relevance of these mechanisms to
hepatocellular insulin resistance has not been thoroughly investigated. Long-chain ceramides
may also promote hepatic lipid accumulation. Promoting ceramide degradation, either
through forced expression of acid ceramidase or through harnessing the intrinsic ceramidase
activity of the adiponectin receptor (AdipoR) has been shown to improve multiple metabolic
parameters in mice.
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