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Abstract

Context: Excessive adipose glucocorticoid action is associated with insulin resistance, but the
mechanisms linking adipose glucocorticoid action to insulin resistance are still debated. We
hypothesized that insulin resistance from excess glucocorticoid action may be attributed in part to
increased ectopic lipid deposition in liver.

Methods: We tested this hypothesis in the adipose specific 11p-Hydroxysteroid dehydrogenase-1
(HSD11B1) transgenic mouse, an established model of adipose glucocorticoid excess. Tissue
specific insulin action was assessed by hyperinsulinemic-euglycemic clamps, hepatic lipid content
was measured, hepatic insulin signaling was assessed by immunoblotting. The role of hepatic lipid
content was further probed by administration of the functionally liver-targeted mitochondrial
uncoupler, Controlled Release Mitochondrial Protonophore (CRMP).

Findings: High fat diet fed HSD11B1 transgenic mice developed more severe hepatic insulin
resistance than littermate controls (endogenous suppression of hepatic glucose production was
reduced by 3.8-fold, P < 0.05); this was reflected by decreased insulin-stimulated hepatic insulin
receptor kinase tyrosine phosphorylation and AKT serine phosphorylation. Hepatic insulin
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resistance was associated with a 53% increase (P < 0.05) in hepatic triglyceride content, a 73%
increase in diacylglycerol content (P < 0.01), and a 66% increase in PKCe translocation (P <
0.05). Hepatic insulin resistance was prevented with administration of CRMP by reversal of
hepatic steatosis and prevention of hepatic diacylglycerol accumulation and PKCe activation.

Conclusions: These findings are consistent with excess adipose glucocorticoid activity being a
predisposing factor for the development of lipid (diacylglycerol-PKCe)-induced hepatic insulin

resistance.
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1. INTRODUCTION

Disordered adipose glucocorticoid metabolism has been implicated in the pathogenesis of
insulin resistance and type 2 diabetes (T2D). Specifically, increased adipose 11pB-
hydroxysteroid dehydrogenase type 1 (HSD11B1) activity, which regenerates active cortisol
from inactive metabolites, has been associated with obesity and insulin resistance in humans
[1, 2] with obesity and insulin resistance; furthermore, a mouse model with adipose specific
overexpression of HSD11B1 [3, 4] readily develops obesity and insulin resistance. In
contrast, whole-body HSD11B1 knockout [5] and HSD11B2 overexpression (which
inactivates corticosterone and cortisol) in adipose [6] both protect from obesity and insulin
resistance. Knockdown of HSD11B1 in adipose tissue with ShRNA prevents high-dose
glucocorticoid induced glucose intolerance in mice [7]. Additionally, pharmacologic
knockdown of the glucocorticoid receptor in adipose and liver with an antisense
oligonucleotide led to reductions in plasma glucose, insulin, and basal glucose production in
multiple rodent models [8]. However, thus far studies of adipose-specific glucocorticoid
receptor knockout mice have produced conflicting results. One study demonstrated
attenuated weight gain, adiposity, hepatic steatosis, and glucose intolerance [9], while
another demonstrated no protection from hepatic steatosis and exacerbation of high fat diet
induced glucose intolerance [10].

These disparate results highlight the lack of a clear mechanisms linking adipose
glucocorticoid action to insulin resistance. Prevailing hypotheses for the relationship
between increased adipose glucocorticoid metabolism and insulin resistance have proposed
that increased release of regenerated cortisol from specific adipose beds (e.g. visceral
adipose tissue) alter hepatic glucose and lipid metabolism, or that increased adipose
glucocorticoid action alters local immune infiltrates and/or circulating adipokine profiles [3,
11]. In this work we sought to test an alternative hypothesis: that altered adipose
glucocorticoid action drives alterations in adipose function resulting in increased ectopic
lipid deposition and lipid-induced insulin resistance.

The link between increased adipose glucocorticoid action and ectopic lipid deposition is
supported by several studies. In humans, single nucleotide polymorphisms in the HSD11B1
gene are associated with changes in hepatic fat deposition [12]. Whole-body pharmacologic
HSD11B1 inhibition in mice reduces hepatic steatosis, though this has been attributed to
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potentially increased hepatic lipid oxidation [13]. In contrast, liver-specific HSD11B1
knockout mice [14] were not significantly protected from the development of hepatic
steatosis or dysregulated glucose metabolism when fed a high fat diet. We propose that
changes in hepatic steatosis seen with whole body HSD11B1 knockdown may be attributed
in large part to changes in glucocorticoid action in white adipose tissue (WAT), and these
changes in ectopic lipid drive alterations in insulin action.

To examine this hypothesis, we placed HSD11B1 Tg mice on a high fat diet (HFD) and
assessed /n vivotissue specific insulin action by the hyperinsulinemic-euglycemic clamp
technique. Since body weight can be a confounding factor in metabolic studies, and
HSD11B1 Tg mice gain more weight than wild type mice as they get older, we studied these
mice before body weights diverged. We also sought to establish whether hepatic lipid
accumulation was necessary for the development of hepatic insulin resistance. We used a
mitochondrial protonophore which specifically increases hepatic lipid oxidation and
prevents fatty liver, and assessed insulin sensitivity in HFD fed HSD11B1 Tg mice. Thus,
these studies test whether ectopic lipid accumulation provides a link between excess adipose
glucocorticoid action and impaired hepatic insulin action.

2. METHODS

2.1 Animals

Adipose specific HSD11B1 transgenic mice (transgene under the aP2 promoter) on an FVB/
NTac background were obtained from Charles River Laboratory and were bred with wild
type FVVB/NTac mice obtained from Taconic. Studies were performed in age-matched mice
(8-12 weeks old), transgenic mice were studied against littermate controls. Rodents were
housed in accordance with the Guide for the care and use of laboratory animals and standard
operating procedures of the Yale Animal Resource Center. Mice were multiply housed (2-5/
standard cage, when possible) at 72+2° F, 30-70% humidity, with a 12:12 hr light/dark cycle,
in individually vented cage racks on corncob bedding. Chlorinated water was provided either
by automatic water or bottles. Male mice were chosen for all studies. For hyperinsulinemic
clamp studies, jugular vein catheters were placed. At least six days were allowed for
recovery from surgery before infusions were performed. Rodents were maintained on
standard regular chow (Envigo 2108S: 24% protein/ 58% carbohydrate/ 18% fat calories);
high fat feeding was performed with a standard high fat diet (Research Diets D12492: 20%
protein/ 20% carbohydrate/ 60% fat calories) or a matched high fat diet containing 7.5 ¢
continuous release mitochondrial protonophore (CRMP) per kg diet. Mice were allocated to
experimental group by genotype; in experiments in which CRMP was used, assignment to
HFD or HFD + CRMP was performed in a randomized fashion. Basal tissues were taken
under isoflurane anesthesia in the early afternoon after a 6 hour fast and infusions were
performed in the awake state in the morning following an overnight fast.

All procedures were approved by the Institutional Animal Care and Use Committee of the
Yale University School of Medicine. This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. Surgeries were performed under isoflurane anesthesia, and carprofen
analgesia was provided in the postoperative period. All euthanasia was performed either
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with intravenous pentobarbital in animals with jugular vein catheters, or under isoflurane

anesthesia in non-catheterized animals. Care was taken throughout the study to minimize
suffering.

2.2 Plasma Biochemical Analysis

Glucose concentrations were determined using a YSI (2700 select) or with a standard kit
(Sekisui). Standard kits were also used to measure plasma fatty acids (Wako) and
triglycerides (Sekisui). Insulin concentrations were determined by radioimmunoassay (EMD
Millipore). Leptin concentrations were determined by ELISA (Abcam). Plasma m+16
palmitate enrichment was assessed by GC/MS after extraction from 5-10 pL plasma in
chloroform:methanol as previously described [15].

2.3 Hyperinsulinemic-euglycemic clamp studies

2.4 Tissue

2.5 Tissue

Hyperinsulinemic-euglycemic clamps were performed as previously described [16].
[3-3H]glucose (Perkin-Elmer) was infused at a rate of 0.05 pCi/min for 120 min to assess
basal turnover. Following the basal infusion, human insulin (Novo Nordisk) was given as a
prime [7.14 mU/(kg-min) x3 min] then continuous [2.5 mU/(kg-min)] infusion; along with a
variable infusion of 20% dextrose to maintain euglycemia (100-120 mg/dL), and
[3-3H]glucose at a rate of 0.1 pCi/min. During both basal and clamped periods,
[13C1g]palmitate was infused at 0.5-2.0 umol/kg-min. Plasma samples were obtained by tail
massage at 0, 25, 45, 65, 80, 90, 100, 110, 120, 130, and 140 min. At the end of the clamp,
mice were anesthetized with pentobarbital, tissues were rapidly excised and snap-frozen in
liquid nitrogen. In all conditions, turnover rates were determined by isotope dilution after the
infusion reached steady state.

lipid isolation

Lipids were extracted from tissues in ice cold 2:1 chloroform:methanol. For triglyceride
measurements, lipids were extracted with shaking at room temperature for 3-4 hours, and
phase separation was achieved with HoSO,4. For hepatic diacylglycerol measurements, lipids
were first extracted from cytosolic/lipid droplet and membrane-associated fractions by a
modified version of a previously described protocol [17]. Liver homogenates were separated
by ultracentrifugation at 100,000xg for one hour. The pellet contains plasma membrane
lipids while the supernatant contains cytosolic lipids, including lipid droplets. The
chloroform:methanol extraction was then performed from each fraction, using water to
achieve phase separation. The organic layer was removed, dried under nitrogen gas, and
lipids were resuspended in hexane:methylene chloride:ether (89:10:1). Diacylglycerols were
separated from triacylglycerols using a diol bonded SPE column (Waters) [18]. For hepatic
ceramide measurements, choroform:methanol phase separation was achieved with water, and
the organic layer was collected.

lipid measurements

Triglyceride content was measured using the Sekisui Triglyceride-SL kit (Sekisui).
Diacylglycerols and ceramides were measured by LC-MS/MS as described previously [18],
by a technician blinded to experimental group assignment.
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2.6 Western blotting

Tissue was homogenized in ice-cold homogenization buffer with protease and phosphatase
inhibitors (cOmplete MINI + PhosSTOP (Roche)). Proteins were resolved by SDS-PAGE
using a 4-12% gradient gel and electroblotted onto polyvinylidene difluoride membrane
(DuPont) using a semi-dry or wet-transfer cell. The membrane was then blocked with 5 %
(w/v) nonfat dried milk or bovine serum albumin, and incubated overnight with primary
antibody. After washing, membranes were incubated with horseradish peroxidase-
conjugated secondary antibody (Cell Signaling Technology) for 60 minutes. Detection was
performed with enhanced chemiluminescence.

For PKCe translocation, cytoplasm and plasma membrane were separated by
ultracentrifugation as previously described [19, 20], and Western blotting was performed as
described above.

Antibodies were purchased from: 1. Cell Signaling Technology- IR (3020S),
phosphorylated IR (Tyr 1162, 3918S), Akt (2920S), phosphorylated Akt (Ser473, 9721S);
BD Biosciences-PKCe (610086); Abcam Inc.- sodium potassium ATPase (Ab7671); Santa
Cruz Biotechnology-GAPDH (sc-25778).

2.7 Body Composition and Metabolic Cage Studies

Body composition in mice was measured by 1H magnetic resonance spectroscopy using a
Bruker Minispec analyzer. Energy expenditure and caloric intake were measured in a
Comprehensive Laboratory Animal Monitoring System (CLAMS; Columbus Instruments).
Mice were allowed to acclimate to the metabolic cages for 24 hours before beginning data
collection.

2.8 Oral fat tolerance tests

Overnight fasted mice received a gavage of vegetable oil (400 pL per mouse) labeled with
3H triolein (Perkin Elmer, 10 pCi per mouse). Blood was sampled at 0,1,2,3,4, and 6 hours
for total plasma triglyceride and for chylomicron measurement by scintillation counting.

2.9 Quantitative PCR

Total RNA was isolated from tissue using Qiazol (Qiagen) reagent and was further purified
with the RNeasy kit (Qiagen). The abundance of transcripts was assessed by real-time PCR
on an Applied Biosystems 7500 Fast Real-Time PCR System with a SYBR Green detection
system (Bio-Rad). The expression data for each gene of interest were against p-actin as the
invariant control and relative expression determined using amplification efficiencies [21].
Primer sequences: g-actin ~ CCAGATCATGTTTGAGACCTTC; R-
CATGAGGTAGTCTGTCAGGTCC; Leptin (From the PrimerBank Database: PrimerBank
ID 34328437c1, https://pga.mgh.harvard.edu/primerbank/) ~
GTGGCTTTGGTCCTATCTGTC; R-CGTGTGTGAAATGTCATTGATCC.

2.10 Statistical Analysis

Statistical analysis of the data, was performed using GraphPad Prism 7. When two groups
were compared, the Student’s unpaired T-test was used. When three or more groups were
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compared, as all of the groups were mutually exclusive (i.e. transgenic mice treated with
vehicle were not the same as the transgenic mice treated with CRMP), a one-way ANOVA
analysis was used followed by Tukey's Multiple Comparison test. P values less than 0.05
were considered significant.

3. RESULTS

3.1 Basal parameters after two weeks high fat diet

Chronic high fat diet feeding leads to body weight divergence in adipose specific HSD11B1
transgenic (HSD Tg) mice after 3-4 weeks [3]. To avoid the confounding effect of obesity,
we fed HSD Tg mice and littermate control mice (WT) high fat diet (HFD) for two weeks,
with or without the Continuous Release Mitochondrial Protonophore (CRMP). Basal
parameters were assessed after a six hour fast (Table 1). Body weight, epidydimal adipose
tissue weight, and plasma parameters were unaffected by genotype or CRMP treatment
status.

3.2 High fat diet fed HSD Tg mice demonstrate reduced hepatic insulin sensitivity

We evaluated whole body and tissue specific insulin action after two weeks of high fat
feeding using a hyperinsulinemic-euglycemic clamp. Euglycemia was maintained
throughout the clamp period, and stable glucose infusion rates were achieved (Figure 1A-B).
Hepatic insulin sensitivity, as assessed by insulin-mediated suppression of endogenous
glucose production (EGP), was markedly reduced in HSD Tg mice as compared with WT;
this phenotype was reversed by treatment with CRMP (Figure 1C-D). In contrast, whole
body insulin mediated glucose disposal was unchanged with the adipose HSD11B1
transgene or with CRMP treatment (Figure 1E).

3.3 Lipid-induced hepatic insulin resistance is exacerbated by the adipose HSD11B1

transgene

The observed reversal of hepatic insulin resistance with CRMP treatment is consistent with
lipotoxic hepatic insulin resistance. Hepatic triglyceride concentration was increased in HSD
Tg mice (compared with WT), and this increase was prevented by CRMP treatment (Figure
2A). Similarly, whole cell DAG concentration, cytosolic fraction DAG concentration, and
membrane fraction DAG concentration were all increased in HSD Tg mice, while these
increases in DAG concentrations were prevented by treatment of HFD-fed HSD Tg mice
with CRMP (Figure 2B-D, Supplemental Figure 1). Ceramides have also been implicated in
the pathogenesis of lipid-induced insulin resistance. However, hepatic ceramide
concentration was lower in the insulin resistant HSD Tg mice and not affected by CRMP
treatment (Figure 2E).

Increases in hepatic Sr-1,2-DAG activate PKCe, which then impairs hepatocellular insulin
signaling [22]. PKCe membrane translocation, a measure of PKCe activation, was increased
in HSD Tg mice as compared with WT (Figure 3A). CRMP treatment normalized PKCe
translocation. Activated PKCe can phosphorylate the insulin receptor kinase at threonine
1150, inhibiting its tyrosine kinase activity and downstream phosphorylation events [23].
Indeed, insulin mediated hepatic IRK auto-tyrosine phosphorylation was reduced by 46% in
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HSD Tg mice as compared with WT, and was restored by CRMP treatment (Figure 3B).
Similarly, insulin-stimulated Akt phosphorylation was reduced in HSD Tg mice, and was
improved in HSD Tg mice treated with CRMP (Figure 3C).

3.4 Linking adipose glucocorticoid excess to ectopic lipid accumulation

White adipose tissue (WAT) dysfunction could cause ectopic lipid deposition by
dysregulation of WAT lipolysis, alterations in whole-body energy balance, or impaired
clearance of chylomicron triglyceride. WAT lipolysis was unchanged in HSD TG mice:
neither plasma nonesterified fatty acid levels (Figure 4A) nor the rate of fatty acid flux in
basal and hyperinsulinemic conditions (Figure 4B), was altered in HSD Tg mice. Energy
balance was assessed in metabolic cages, monitoring energy expenditure by indirect
calorimetry and energy intake by assessment of food consumption. HSD Tg mice had an
increase in food intake (Figure 5A+C), while whole-mouse energy expenditure was
unchanged (Figure 5B+D). Consistent with the observed increase in food intake, both fed-
state plasma leptin concentration and WAT leptin mRNA expression were decreased in HSD
Tg mice (Figure 5E+F). Oral fat tolerance tests were performed by gavage of vegetable oil
labeled with 3H triolein (Figure 6A) to assess postprandial plasma chylomicron clearance.
Plasma chylomicron levels, as reflected by plasma 3H, were higher in HSD Tg mice than
WT mice (Figure 6B) and suggest impaired adipose clearance of chylomicron triglyceride.
Thus, in the HSD Tg mouse, excess adipose glucocorticoid action may lead to hepatic
steatosis by increasing net energy intake and reducing postprandial plasma triglyceride
extraction.

4. DISCUSSION

Adipose glucocorticoid excess is associated with obesity and insulin resistance [3-8]; yet the
underlying cellular mechanism causing this insulin resistance remains debated. Studies of
the HSD Tg mouse, which recapitulates many features of the metabolic syndrome [3], did
not clearly provide a mechanism accounting for insulin resistance. The numerous
mechanisms that have been proposed largely focus on the release of some factor from the
adipose tissue, such as glucocorticoids, cytokines or adipokines. The present studies offer an
alternative mechanistic link between adipose glucocorticoid excess and hepatic insulin
resistance. Specifically, adipose glucocorticoid excess leads to hepatic steatosis, sr+1,2-DAG
mediated PKCe activation, and impaired insulin signaling. Treatment with a liver specific
protonophore reverses the fatty liver, prevents PKCe activation and normalizes insulin
signaling. Several aspects of this study merit further consideration, including how these
studies differ from prior studies, what we can learn about how adipose glucocorticoid excess
may cause ectopic lipid accumulation, and how this knowledge can inform drug
development.

Our studies demonstrate that insulin resistance in HFD fed HSD Tg mice is largely
attributed to ectopic lipid accumulation, without needing to invoke other adipose derived
factors (e.g. adipokines, cytokines or excess glucocorticoid release). Short term fat fed HSD
Tg mice were specifically prone to excess hepatic insulin resistance, while peripheral insulin
action as reflected by glucose disposal during the clamp was unaffected by the adipose
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transgene. The ability of CRMP, at doses where it is a liver-specific mitochondrial uncoupler
[24] with little accumulation in extrahepatic tissues, to reverse hepatic insulin resistance in
HSD Tg mice further supports the hypothesis that it is the ectopic lipid accumulation that
causes insulin resistance in this model. In addition, in all three models (WT, HSD Tg and
HSD Tg+CRMP) hepatic DAG content was concordant with PKCe activation and with
hepatic insulin resistance. In contrast, there was no relation between hepatic ceramide
content and insulin resistance. The observed discordance between hepatic diacylglycerol
content and hepatic ceramide content may be somewhat surprising, but the biosynthesis of
these lipids occurs by discrete pathways that may be regulated independent of one another.

The effect we observed of CRMP on HSD Tg mice mimics the effects of CRMP (and the
mechanistically related uncoupler, DNP-ME) on HFD-fed wild type rodents and on
lipodystrophic regular chow fed mice, as we observed reduced hepatic lipid content and
improved hepatic insulin sensitivity [24-26]. Of note, the prior studies of functionally liver
targeted mitochondrial uncouplers demonstrated no effect of these uncouplers on either
whole animal energy expenditure or on food intake; these uncouplers specifically exert their
metabolic effects by depletion of hepatic lipid content.

The present studies had several key differences from prior studies of HSD Tg mice. Previous
studies of HSD Tg mice were done after a divergence in body weight (high fat diet fed HSD
Tg mice diverge in body weight with respect to wild type mice in early adulthood) [3]. This
marked weight difference would introduce multiple confounding factors. Chronic obesity
alters whole body metabolism in many ways, such as by increased inflammation or
alterations in mitochondrial content [27, 28], while hepatic insulin resistance is an early
finding in HSD Tg mice specifically associated with ectopic lipid.

HSD Tg mice have two key changes that lead to ectopic lipid accumulation: they have
increased food intake and decreased postprandial plasma lipid clearance. Appetite
dysregulation is an important mechanism by which adipose glucocorticoid excess could lead
to ectopic lipid deposition in weight-matched HSD Tg mice. A reduction in fed plasma
leptin mMRNA expression and plasma concentration is consistent with increased food intake.
This finding was unexpected, as acute glucocorticoid exposure drives adipose leptin
production, and previously HSD Tg mice were reported to be hyperleptinemic rather than
hypoleptinemic [3]. Moreover, the reduction in adipose Lep expression was evident only in
fed HSD Tg mice, not fasted. It may be that while acute glucocorticoid exposure drives
leptin expression, chronic glucocorticoid action blunts physiological postprandial Lep
expression. In addition, we report a reduction in postprandial triglyceride clearance in HSD
Tg mice. This would divert more chylomicron remnants to the liver and fuel esterification of
dietary fatty acids into hepatic lipid species. Finally, we did not observe increased lipolysis
in the HSD Tg mice. The role of glucocorticoids in the regulation of lipolysis is complex:
glucocorticoids can acutely promote adipose lipolysis [29], but excess circulating
glucocorticoids may only be permissive for increased lipolysis in states where
catecholamines or insulin are also altered [30]. In the HSD Tg mouse model, it may be that
chronic increases in adipose glucocorticoid action lead to adaptive changes that dampen
glucocorticoid mediated lipolysis. Nonetheless, altered adipose lipolysis does not appear to
contribute to nonalcoholic fatty liver disease (NAFLD) and insulin resistance in this model.
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Combining the effects of excess glucocorticoid action on adipose tissue described here with
the known effects of glucocorticoids on hepatic lipid metabolism, we can assemble a more
complete picture explaining how excess systemic glucocorticoids leads to NAFLD. Normal
hepatic glucocorticoid action drives de novo lipogenesis and suppresses hepatic fatty acid
oxidation [31]. Under routine, low-stress conditions, this glucocorticoid-driven lipid
synthesis is likely balanced by glucocorticoid-stimulated VLDL secretion [31, 32]. In the
setting of glucocorticoid excess this balance is disrupted, both by suppressed mobilization of
stored intrahepatocellular triglyceride seen with excess hepatic glucocorticoid action [33],
and by increased delivery of lipids to the liver due to excess adipose glucocorticoid action.
To restore the balance of hepatic lipid metabolism in NAFLD, selective glucocorticoid
receptor agonists have been developed, leveraging the beneficial effects of glucocorticoids
on hepatic lipid metabolism while attempting to avoid the deleterious effects [34]. An
improved understanding of excess adipose glucocorticoid action may help to inform further
development of this intriguing pharmacologic strategy.

The role of adipose #SD11B1in human metabolic disease is incompletely understood.
Evidence from studies of human physiology suggests there may be an interplay between
whole body energy metabolism and subcutaneous WAT 11p-hydroxysteroid dehydrogenase
activity. Circulating fatty acids and insulin appear to regulate WAT 11B-hydroxysteroid
dehydrogenase-1 activity in lean but not obese patients [35, 36]. Studies of the HSD11B1
gene are conflicted regarding a relationship with metabolic disease. Polymorphisms in the
HSD11B1 gene are associated with fatty liver and type 2 diabetes (T2D) with or without
metabolic syndrome [12, 37, 38]. Adipose HSD11B1 expression and activity are sometimes
seen to correlate with insulin resistance or polycystic ovary syndrome [39-43]; while other
studies show HSDI11B1 expression correlates with obesity rather than metabolic disease [38,
44], and the relationship between gene expression and fasting insulin may vary depending
on tissue bed [45]. Such conflicting data underscores the need for both mechanistic and
clinical investigations of the effects of adipose tissue glucocorticoid action.

Certainly, adipose glucocorticoid excess may be an aspect of adipose dysfunction that drives
metabolic derangements in obese humans. As such, addressing the question of how adipose
glucocorticoid action modulates systemic insulin action is not simply an academic exercise,
rather it could impact our understanding of the pathophysiology of insulin resistance and
inform therapeutic strategies. The results of this study of HSD Tg mice may help to explain
the mixed results seen in phase 2 trials of inhibitors of 11B-hydroxysteroid dehydrogenase
for the treatment of Type 2 Diabetes [46, 47]. If the metabolic consequences of excess
adipose glucocorticoid action are due to ectopic lipid accumulation, then the efficacy of
alteration of glucocorticoid activation pathways may be blunted without concomitant
reversal of ectopic lipid accumulation.

5. CONCLUSIONS

In summary, adipose glucocorticoid excess in mice exacerbates hepatic insulin resistance
through the development of hepatic steatosis and DAG-nPKC mediated lipotoxicity.
Increased adipose HSD11B1 expression may predispose patients to metabolic disease by the
same mechanisms. Treatments directed at amelioration of ectopic fat deposition, either by
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redirection of fat to eutopic white adipose tissue storage or by increasing fat catabolism, will
be central to any such insulin sensitizing strategy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

HSD11B1 11B-Hydroxysteroid dehydrogenase-1

CRMP Controlled Release Mitochondrial Protonophore

AKT Protein kinase B

PKC Protein kinase C

nPKC Novel protein kinase C

T2D Type 2 diabetes

HSD Tg Adipose HSD11B1 transgenic

WT Wild type

IRB/IRK Insulin receptor B/Insulin receptor kinase

GAPDH Glyceraldehyde 3-phosphate dehydrogenase

LC-MS/MS Liquid chromatography with tandem mass spectrometry

EGP Endogenous glucose production

DAG Diacylglycerol

WAT White adipose tissue

DNP-ME Dinitrophenol-methyl ester
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Highlights

Adipose glucocorticoid excess drives hepatic insulin resistance (IR) before
obesity

This IR is associated with hepatic steatosis; reversed by ectopic lipid
depletion

Hepatic IR is consistent with diacylglycerol-PKCe mediated IR

More energy intake and reduced chylomicron clearance may explain
hepatosteatosis
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Two week high fat diet fed Wild Type Fvb mice, HSD Tg mice, and HSD Tg mice treated

with CRMP were studied by hyperinsulinemic euglycemic clamps. A. Plasma glucose
during the clamp. B. Glucose infusion rate (GINF) during the clamp. C. Endogenous

glucose production (EGP) in both the basal and hyperinsulinemic clamped state for each

group. D. Insulin mediated suppression of EGP, represented as percent suppression. E.

Insulin stimulated whole body glucose disposal (Rq). Insulin levels during the clamp were
83+ 12 (WT), 67 + 13 (HSD Tg), and 68 + 8 (HSD Tg + CRMP)- insulin level differences
were nonsignificant whether compared by ANOVA or students t-test. Data are the mean +
SEM of n = 11 (WT), n =8 (HSD Tg), and n = 10 (HSD Tg + CRMP).
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Figure 2. Hepatic lipid species.
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Hepatic lipid species assessed in six hour fasted, two week high fat diet fed Wild Type Fvb
mice, HSD Tg mice, and HSD Tg mice treated with CRMP. A. Hepatic triglyceride content.
B. Hepatic total diacylglycerol (DAG) content. C. Hepatic cytoplasm + lipid droplet
diacylglycerol content. D. Hepatic membrane diacylglycerol content. E. Hepatic ceramide
content. Data are the mean + SEM of n = 7-8 samples in each group.
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Figure 3. Hepatic insulin action.
A. Hepatic PKCe activation in six hour fasted livers, assessed by PKCe translocation. B.

Hepatic insulin receptor kinase (IRK) tyrosine phosphorylation in the basal and clamped
states. Blots on left compare WT livers with HSD Tg livers. Blots on right compare HSD Tg
livers with HSD Tg + CRMP livers. For clarity, graphical representation includes data from
both sets of immunablots (normalized to untreated transgenic samples- the samples run on
both sets of blots); for statistical analysis, only quantitation from within the same
immunoblots was used. C. Hepatic insulin-stimulated Akt phosphorylation. Blots on top
compare WT with HSD Tg; blots on bottom compare WT with HSD Tg + CRMP. Bar graph
represents stimulation of Akt (phosphorylated Akt vs. total Akt), normalized to WT.
Densitometry of individual groups presented in Supplemental Figure 2. Data are the mean +
SEM of n =7 in each group (A); n = 6 in each group (B-C).
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Figure 4. Plasma fatty acid parameters.
Plasma fatty acids, indices of adipose lipolysis, studied in WT and HSD Tg mice. A.

Clamped plasma nonesterified fatty acid concentrations. B. Basal and clamped fatty acid
turnover, expressed relative to basal fatty acid turnover. Data are the mean £ SEM of n = 7-8
samples in each group (A), and n = 10-18 in each group (B).
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Figure 5. Plasma leptin levels and assessment of energy balance in metabolic cages.
A. Food intake in metabolic cages, normalized to total body mass, averaged over the course

of the study period. B. Energy expenditure in metabolic cages, normalized to total body
mass, averaged over the course of the study period. C. Hourly food intake, normalized to
total body mass, averaged over the study period. WT- open circles; HSD transgenic- closed
squares. D. Hourly energy expenditure, normalized to total body mass, averaged over the
course of the study period. WT- open circles; HSD transgenic- closed squares. E. Fed-state
early-morning plasma leptin levels. F. Adipose leptin gene expression in fed (left) or fasted
(right) states. Data are the mean + SEM of 12-14 animals in each group (A-D); n = 4-6
samples in each group (E-F).

Metabolism. Author manuscript; available in PMC 2020 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Abulizi et al.

4000+

3000+

2000+

1000+

Plasma Triglyceride
(mg/dL)

S 10000+
- WTFVB =
= HSDTG O 35000-
[
'-g 6000
8
> 4000
2
=y -
= 2000
0 : . . : & B
0 2 4 6 8
time (hours) B

A

*%

Page 20

Figure 6. Oral fat tolerance tests.
Gavage of vegetable oil labeled with 3H-Triolein at time = 0. A. Plasma triglycerides vs.

time. B. Plasma chylomicrons reflected by 3H-Triolein counts vs. time, represented as DPM
in 5 pL plasma. Data are the mean = SEM of n = 14 per group (A), n = 9-10 per group (B). *
P <0.05; ** P <0.01.
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Table 1:

Basal Body weights and Serum Chemistries.

Six hour fasted parameters.

WT HSD Tg WT + HSD Tg +
CRMP CRMP
n=8 n=7 n=7 n=8

Body Weight (g)

Epidydimal WAT Weight (g)
Insulin (U/mL)

Plasma Triglyceride (mg/dL)
NEFA (mM)

Glucose (mg/dL)

29.3+0.9 29.6+1.0 30.1+1.0 30.1+1.2
1.06+0.12 1.06+0.12 1.19+0.10 1.07%0.12

13+4 17+4 224 19+4
9112 79+12 128 +16 115+8
0.48+0.02 043+0.03 0.62+007 051+0.04
257+9 281+24 250+ 20 256 +23
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