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Abstract

Control of plasma glucose level is essential to organismal survival. Sustained inflammation has
been implicated in control of glucose homeostasis in cases of infection, obesity, and type 2
diabetes; however, the precise role of inflammation in these complex disease states remains poorly
understood. Here, we find that sustained inflammation results in elevated plasma glucose due to
increased hepatic glucose production. We find that sustained inflammation suppresses CYP7A1,
leading to accumulation of intermediate metabolites at the branch point of the mevalonate
pathway. This results in prenylation of RHOC, which is concomitantly induced by inflammatory
cytokines. Subsequent activation of RHO-associated protein kinase results in elevated plasma
glucose. These findings uncover an unexpected mechanism by which sustained inflammation
alters glucose homeostasis.
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Introduction

The plasma glucose level is homeostatically maintained to ensure its continuous supply to
target tissues while avoiding the toxic effects of hyperglycemia. Multiple physiologic states
are associated with altered plasma glucose levels: pregnancy, infection, and persistent stress
all are accompanied by hyperglycemia (Andrews and Walker, 1999; Barbour et al., 2007;
Butte, 2000; McGuinness, 2005), while extended food restriction is associated with reduced
plasma glucose level (Redman and Ravussin, 2009). The mechanism and rationale for these
observed changes in plasma glucose level remain largely unknown, although the alteration in
glucose concentration likely functions as a means to redistribute nutrients in an effort to
adapt to changing physiologic priorities (Kotas and Medzhitov, 2015).

Inflammation is a protective response to infection and injury, but it operates at the expense
of normal tissue function (Okin and Medzhitov, 2012). In particular, it is increasingly
appreciated that inflammation can affect systemic glucose homeostasis. Critically ill patients
in the intensive care unit are known to develop hyperglycemia (Mizock, 2001), and the
degree of hyperglycemia correlates with increased morbidity and mortality (Falciglia et al.,
2009). Additionally, patients with rheumatoid arthritis are known to have a 50% increased
risk of developing type 2 diabetes mellitus (T2DM), and this risk is reduced by treatment
with anti-inflammatory therapies (Solomon et al., 2010; 2011). Furthermore, work over the
past two decades has indicated that low-grade inflammation plays an important role in the
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altered glucose homeostasis seen in obesity (Donath and Shoelson, 2011; Gregor and
Hotamisligil, 2011; Olefsky and Glass, 2010).

Several models have been developed to examine the effects of inflammation on glucose
homeostasis. Continuous intraperitoneal (i.p.) infusion of lipopolysaccharide (LPS) in mice
results in fasting hyperglycemia due to increased hepatic glucose production (Cani et al.,
2007). Additionally, chronic activation of 1B kinase (IKK) in the livers of mice results in a
T2DM-like phenotype (Cai et al., 2005) while inactivation of hepatic IKK in obese mice
prevents hepatic insulin resistance (Arkan et al., 2005). Although these studies suggest the
liver is a target for inflammatory control of glucose homeostasis, the mechanisms involved
remain incompletely understood.

There are many possible mechanisms whereby inflammation could affect glucose
homeostasis. For example, inflammation could directly control glucose production in the
liver. However, inflammatory signals rapidly suppress the rate-limiting enzymes of
gluconeogenesis (Feingold et al., 2012; McGuinness, 2005). Alternatively, inflammatory
signals, such as TNF, IL-1%, and IL-6, could suppress glucose utilization by muscle, liver,
and fat by suppressing insulin signaling in these organs, possibly through activation of
inflammatory kinases, including IKK and JNK (Donath and Shoelson, 2011; Gregor and
Hotamisligil, 2011; Johnson and Olefsky, 2013; Odegaard and Chawla, 2013). However,
kinase activity is rapid and tightly controlled by multiple negative feedback mechanisms,
suggesting that physiologic alterations of metabolism induced by acute inflammation are
likely to be distinct from pathologic alterations associated with sustained inflammation.
Thus, the mechanisms through which sustained inflammation regulates glucose homeostasis
remain poorly understood, despite the well appreciated importance of sustained
inflammation in a variety of pathological conditions (Nathan and Ding, 2010).

Here, we investigated the effect of sustained inflammation on systemic glucose homeostasis.
We found that sustained inflammation resulted in fasting hyperglycemia and
hyperinsulinemia due to increased hepatic glucose production. Sustained inflammation
suppressed CYP7AL, the rate-limiting enzyme of the bile acid biosynthesis pathway, and
this suppression was required for the development of hyperglycemia. Suppression of
CYP7AL1 led to accumulation of intermediate metabolites of the mevalonate pathway,
resulting in prenylation and stabilization of RHOC, a small GTPase induced by
inflammation in hepatocytes, with subsequent activation of RHO-associated protein kinase
(ROCK), leading to fasting hyperglycemia. Finally, we demonstrate that inhibition of ROCK
in obese mice can improve glucose homeostasis. Together, our study provides insight into
mechanisms that control glucose homeostasis under conditions of sustained inflammation.

Sustained Inflammation Alters Glucose Homeostasis

To study the impact of sustained inflammation on glucose homeostasis, we devised a model

whereby mice were given daily i.p. injections of low-dose LPS for 7 days (7D-LPS), or PBS
as a control. 7D-LPS treatment induced fasting hyperglycemia and hyperinsulinemia (Figure
1A) without any effect on body weight (Figure S1A). Glucose tolerance test (GTT) revealed
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that 7D-LPS mice displayed mild glucose intolerance (Figures 1B and S1B). The shapes of
the GTT curves from 7D-LPS and PBS treated mice were similar, suggesting that the
observed difference was likely due to the initial difference in fasting glucose levels. Indeed,
7D-LPS treated mice retained elevated plasma glucose levels 120 minutes after glucose
injection (Figure 1B) despite similar glucose-induced insulin secretion (Figure S1C).
Additionally, insulin tolerance test (ITT) of 7D-LPS mice demonstrated mildly impaired
insulin tolerance (Figures 1C and S1D). 7D-LPS mice had a similar initial response to
insulin injection, with a nadir identical to PBS mice; however, serum glucose levels of 7D-
LPS mice returned to an elevated level over the course of the ITT and remained elevated for
up to 6 hours after insulin injection (Figure 1C). These data suggest that the main effect of
7D-LPS treatment is the establishment of an elevated fasting glucose level that is stable in
the face of perturbation.

Plasma glucose levels are regulated primarily by hepatic glucose production (HGP) and
glucose uptake into skeletal muscle and adipose tissue. Two possibilities exist to explain the
fasting hyperglycemia seen in 7D-LPS mice: increased glucose production or decreased
glucose uptake by peripheral tissues. To evaluate these possibilities, we performed a
hyperinsulinemic-euglycemic clamp, and found that 7D-LPS mice demonstrated increased
endogenous glucose production without any difference in peripheral glucose uptake (Figure
1D). Alongside elevated glucose production, we found that 7D-LPS mice had elevated
‘homeostatic model assessment” (HOMA) (Figure S1E), consistent with prior work
(Berglund et al., 2008). Studies of insulin signaling in muscle, adipose tissue, and liver
revealed that 7D-LPS treated mice had reduced insulin-stimulated AKT phosphorylation in
the liver and adipose tissue while the muscle was largely unaffected (Figure 1E). The
preservation of muscle insulin signaling is consistent with our hyperinsulinemic-euglycemic
clamp data indicating no difference in glucose uptake during clamp conditions (Figure 1D),
as skeletal muscle is the primary initial consumer of glucose in response to an insulin bolus
(Shulman, 2014). Taken together, these data suggest that the primary effects of 7D-LPS are
on the liver, resulting in increased HGP and fasting hyperglycemia, and reduced hepatic
insulin signaling.

Sustained Inflammation Alters Liver Size and Reduces Triglyceride Content

We next sought to characterize the effects of 7D-LPS on the liver. 7D-LPS treated mice had
increased liver weight as a percentage of body weight (Figure S2A). Furthermore, liver
weight was highly correlated with fasting glucose levels (Figure S2B); we did not observe
alteration in hepatic tissue architecture (Figure S2C). Prior work suggested that elevated
liver triglycerides can be one cause of fasting hyperglycemia and reduced hepatic insulin
signaling (Perry et al., 2014). Surprisingly, livers from 7D-LPS mice had reduced
triglyceride content without alteration in non-esterified fatty acids (Figure S2D).
Additionally, 7D-LPS treatment resulted in a small but significant increase in liver
cholesterol levels (Figure S2D). Increased expression of gluconeogenesis genes could
explain the fasting hyperglycemia seen with 7D-LPS treatment; however, 7D-LPS
suppressed PEPCK expression without altering other genes involved in HGP (Figure S2E).
These data indicate that previously described mechanisms cannot fully explain the increased
HGP seen after 7D-LPS treatment.
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Establishment of Ex Vivo Model System Using Primary Hepatocytes

To investigate the mechanism driving increased HGP, we employed primary hepatocytes as
an ex vivo model system, using reduced insulin signaling as a readout for the effects of
sustained inflammation on hepatocyte function. The parenchymal effects of LPS are
mediated largely through tissue resident macrophage production of inflammatory cytokines,
such as IL-1p and TNF. 7D-LPS treatment induced the expression of /LB and 7NFin the
liver (Figure S2F); we selected TNF to model sustained inflammation ex vivo. Prolonged
stimulation with TNF for 2 days (2D-TNF) was required to reduce insulin-stimulated AKT
phosphorylation (Figures 2A & S2G). AKT phosphorylates multiple downstream proteins
that are responsible for carrying out the cellular effects of insulin signaling (Pearce et al.,
2010). 2D-TNF treatment suppressed phosphorylation of two AKT target proteins, forkhead
box O1 (FOXO1) and glycogen synthase kinase 3B (GSK3R) (Figure 2B). These results
indicate that 2D-TNF treatment of primary hepatocytes ex vivo recapitulates the reduced
insulin signaling seen after 7D-LPS treatment.

Prior work has indicated that TNF alters insulin signaling in adipocytes through JINK
mediated phosphorylation of insulin receptor substrate 1 (IRS-1) on serine 307 (S307)
(Gregor and Hotamisligil, 2011). The initial work demonstrating importance of IRS-1 serine
phosphorylation showed that this only explained altered insulin signaling in the adipose
tissue and skeletal muscle, but had no effect in the liver (Hotamisligil et al., 1996). In
agreement with these earlier studies, treatment with TNF did not result in increased IRS-1
S307 phosphorylation (IRS-1 pS307), even during times where JNK was activated (Figures
2C & S2H). Furthermore, in primary hepatocytes isolated from mice carrying a point
mutation in IRS-1 where S307 is mutated to alanine (Copps et al., 2010), we observed no
difference in the 2D-TNF suppression of insulin-induced AKT phosphorylation (Figure 2D).
These data indicate that consistent with prior work, IRS-1 pS307 does not explain the effect
of 2D-TNF on hepatocyte insulin signaling.

Suppression of CYP7AL is Required for the Effects of Sustained Inflammation on Fasting
Glucose Level

The requirement for sustained inflammation suggested that a transcriptional change might
drive the observed effects on the liver. TNF regulates transcription through the NF-xB and
cJun pathways (Chen, 2002). Inhibition of NF-xB transcriptional activity using adenoviral
over-expression of the NF-xB super repressor (dominant negative 1xBa, with serine 32 and
36 mutated to alanine) (Ghosh et al., 1998) prevented 2D-TNF suppression of insulin
signaling (Figure 3A). These data indicate that TNF suppresses insulin signaling through
NF-kB-mediated transcription.

Based upon these results, we performed whole-genome gene expression analysis on primary
hepatocytes after short (2 hour) and long (2 day) treatment with TNF. Use of these two time
points allowed us to isolate changes in transcription that were unique to 2D-TNF
suppression of insulin signaling. 2D-TNF altered expression of 870 genes by > 1.5 fold
(Figure 3B, full data available in Table S1). To identify patterns of gene expression changes,
we subjected the genes induced or suppressed exclusively after 2D-TNF treatment to
pathway analysis using the NIH’s DAVID software (Huang et al., 2009a; 2009b). We found
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numerous pathways enriched in genes suppressed after 2D-TNF treatment (Figure 3C). No
pathways were enrichment in genes induced after 2D-TNF treatment (Figure S3A). We were
particularly interested in the observed enrichment of the bile acid (BA) biosynthetic pathway
given the multitude of research indicating that BAs play a role in glucose homeostasis
(Calkin and Tontonoz, 2012; de Aguiar Vallim et al., 2013). BA synthesis is controlled by
the rate limiting enzyme, CYP7AL (Thomas et al., 2008). 2D-TNF treatment suppressed
expression of CYP7AI1and this suppression depended upon NF-xB transcriptional activity
(Figures 3D-E). 2D-TNF treatment of primary hepatocytes suppressed CYP7AL1 protein
levels while 7D-LPS treatment suppressed liver CYP7A1 protein levels (Figures S3B-C).
These data indicate that sustained inflammation suppresses CYP7AL.

To test whether suppression of CYP7A1 was important for the effects of sustained
inflammation on glucose homeostasis, we utilized two methods to augment CYP7A1
expression. First, Liver X Receptor (LXR) is known to induce CYP7A1 transcription
(Calkin and Tontonoz, 2012). Treatment of primary hepatocytes with LXR agonist
TO901317 blunted the 2D-TNF effect on CYP7A1 expression and improved insulin
signaling (Figures 3F-G). Second, we used mice with hepatocyte specific transgenic over-
expression of CYP7AL (CYP7A1-TG) (Miyake et al., 2001). Primary hepatocytes isolated
from CYP7A1-TG animals were refractory to effects of 2D-TNF on insulin signaling
(Figure 3H). Additionally, CYP7A1-TG animals were resistant to 7D-LPS induction of
hyperglycemia, hyperinsulinemia, and HOMA (Figures 31 & S3D). Collectively, these data
indicate that suppression of CYP7AL is required for 7D-LPS induction of fasting
hyperglycemia.

Suppression of CYP7A1 Does Not Regulate Hepatic Glucose Production Through Altered
Transcription

The observation that suppression of CYP7A1 was required for 7D-LPS induction of fasting
hyperglycemia prompted us to further investigate the mechanism by which this occurred.
Given the importance of CYP7AL in regulation of BA synthesis, and BA ability to regulate
glucose metabolism, we envisioned three possible mechanisms that could explain how
suppression of CYP7AL1 is required for 7D-LPS induction of fasting hyperglycemia and how
CYP7AL1-TG mice are protected. First, suppression of CYP7A1 could increase plasma BAs.
Second, CYP7A1 suppression could alter interstitial BA concentrations. Third, it is possible
that overexpression of CYP7AL1 alters the effects of 7D-LPS or preferentially suppresses
machinery responsible for HGP.

We began by measuring plasma BA concentrations, and found no difference between PBS
and 7D-LPS treated animals (Figure 4A). To address options 2 and 3, we performed RNA
sequencing (RNA-seq) on livers of wild type (WT) and CYP7A1-TG animals treated with
7D-LPS or PBS. RNA-seq revealed that over 3900 genes were differentially expressed in at
least one condition (Figures 4B & S4A, full data available in Table S2). BAs mediate
transcriptional effects through FXR, and evaluation of FXR target genes revealed
generalized suppression by 7D-LPS regardless of genotype (Figures 4C-D). Furthermore,
there did not appear to be substantial induction of FXR target genes in CYP7AL1-TG livers
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(Figures 4C-D). These data suggest that local BA concentrations are likely unaffected by
7D-LPS treatment or CYP7AL overexpression.

To evaluate whether CYP7A1 overexpression altered response to 7D-LPS, we first asked
whether cytokine expression was altered in CYP7AL-TG animals, and found no difference
in induction of 7NF (Figure 4E). Bioinformatics analysis demonstrated that genes in 7D-
LPS treated animals clustered together, suggesting that this was primary driver of gene
expression change (Figures 4F & S4A). Further analysis revealed that CYP7A1
overexpression affected transcript levels of genes involved in sterol and cholesterol
metabolism, and that this effect was driven by a core group of 123 genes that were similarly
regulated when comparing between genotypes in either the PBS or 7D-LPS treated
conditions (Figures S4B-D). Additionally, evaluation of 7D-LPS gene induction
demonstrated altered transcript levels of genes involved in the immune response, and this
was driven by a group of 1505 genes with shared regulation regardless of genotype (Figure
S4E). We did not observe enrichment for genes involved in gluconeogenesis (Figures S4B-
E).

To further evaluate whether CYP7A1-TG expression altered 7D-LPS responsiveness, we
performed weighted gene correlation network analysis (WGCNA) of the differentially
expressed genes (Langfelder and Horvath, 2008). WGCNA identified 7 distinct gene
modules whose expression is highly correlated across conditions (Figure S4F). The yellow
and green modules were highly correlated with CYP7A1-TG animals treated with PBS, and
gene ontology (GO) analysis revealed that these genes clustered in the same pathways as the
123 differentially expressed genes above (Figure S4G). The brown module was enriched in
7D-LPS treated CYP7AL-TG animals, however GO analysis of these genes did not reveal
significant enrichment in any pathway (Figure S4G). Thus, these data suggest that
transcriptional effects are insufficient to explain the mechanism by which altering CYP7A1
expression regulates fasting glycemia.

Sustained Inflammation Alters Hepatic Mevalonate Pathway Flux

The absence of a transcriptional explanation for the effects of CYP7A1 prompted us to
explore alternative mechanisms. CYP7A1 acts to convert cholesterol into 7-a-
hydroxycholesterol (Figure 5A). This first step is also at the end of the cholesterol
biosynthetic pathway, a branch of the mevalonate pathway (Goldstein and Brown, 1990).
Therefore, we examined whether 2D-TNF suppression of CYP7A1 led to accumulation of
cellular cholesterol. However, 2D-TNF treatment had no effect on cellular cholesterol levels
(Figure S5A), likely due to compensatory regulatory mechanisms that prevent cholesterol
elevation to avoid toxicity (Tabas, 2002).

Cholesterol is one of many products of the mevalonate pathway, along with ubiquinone,
sterols, and isoprenoids (Goldstein and Brown, 1990). Thus, the absence of cholesterol
accumulation suggested that suppression of CYP7A1 led to accumulation of other
metabolites. The last common metabolite in the synthesis of all products of the mevalonate
pathway is farnesyl pyrophosphate (FPP). We reasoned that the suppression of cholesterol
conversion into BA caused a general reduction in flux through that arm of the pathway, and
that substrate was being redistributed to other branches of the mevalonate pathway. Given

Cell. Author manuscript; available in PMC 2017 April 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Okin and Medzhitov

Page 8

that cholesterol is the major product of the mevalonate pathway in the liver, we thus
reasoned that FPP would accumulate in response to 2D-TNF treatment. To test this
hypothesis, we developed a liquid chromatography-tandem mass spectrometry (LC-MS/MS)
assay to analyze isoprenoid composition of primary hepatocyte lipid extracts. LC-MS/MS
analysis of lipid extracts from primary hepatocytes demonstrated that 2D-TNF treatment led
to a 40% increase in FPP levels (Figure 5B). This was not due to increased synthesis, as we
did not detect accumulation of the upstream metabolite dimethylallyl pyrophosphate, nor did
we detect changes in expression of HMG-CoA reductase or HMG-CoA synthase 1, two
proximal enzymes responsible for initiating sterol synthesis (Figures S5B-C). The
accumulation of FPP prompted us to investigate what other metabolites accumulated under
inflammatory conditions. FPP can undergo a single enzymatic modification by
geranylgeranyl diphosphate synthase to form geranylgeranyl pyrophosphate (GGPP),
another lipid species used for isoprenylation (Liao and Laufs, 2005). We found that 2D-TNF
treatment substantially increased GGPP levels (Figure 5B). To determine whether
accumulation of FPP and GGPP depended upon suppression of CYP7A1, we analyzed lipid
extracts from WT and CYP7A1-TG primary hepatocytes. Overexpression of CYP7A1
prevented 2D-TNF induction of FPP and GGPP concentrations (Figure 5C). These data
indicate that 2D-TNF treatment induces accumulation of FPP and GGPP and that this
depends on suppression of CYP7AL.

Based upon these observations, we set out to determine whether accumulation of FPP and
GGPP are required for the effects of sustained inflammation on glucose homeostasis. Both
FPP and GGPP are biosynthetic products of the mevalonate pathway, which can be inhibited
using the statin drugs. Co-treatment with atorvastatin hemicalcium prevented the 2D-TNF
mediated accumulation of FPP and GGPP (Figure 5D). Furthermore, statin treatment was
sufficient to prevent 2D-TNF mediated suppression of insulin signaling (Figure 5E). Finally,
co-administration of atorvastatin alongside 7D-LPS prevented the development of fasting
hyperglycemia, hyperinsulinemia and elevation in HOMA, without effecting LPS induction
of TNF (Figures 5F & S5D-E). Taken together, these data suggest that accumulation of FPP
and GGPP mediate the effects of 7D-LPS on fasting glucose levels.

Inflammation-Induced Stabilization of RHOC and Activation of RHO-Associated Protein
Kinase Regulate Glucose Homeostasis

Although FPP is a common precursor for all biosynthetic products of the mevalonate
pathway, the accumulation of GGPP suggested that increased substrate availability could
lead to increased isoprenylation, and that this may be one way by which accumulation of
FPP and GGPP regulated glucose metabolism. Isoprenylation is a post-translational
modification of proteins whereby either FPP or GGPP are covalently added to the C-
terminus of a protein containing a —CaaX consensus sequence by either farnesyltransferase
(FTase) or geranylgeranyltransferase (GGTase) (Magee and Seabra, 2005; Zhang and Casey,
1996). We found that inhibition of both enzymes with prenyltransferase inhibitors (PTIs;
LB42708, FTase, and GGTI-2133, GGTase) blunted the 2D-TNF mediated reduction of
insulin signaling (Figure 6A).
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Isoprenylation of target proteins typically confers two properties: protein stability and
subcellular localization (Zhang and Casey, 1996). At baseline, most constitutively expressed
isoprenylated proteins exist exclusively in the prenylated form, suggesting that the increase
in prenylation precursors alone would not be sufficient to regulate insulin signaling, unless
the target protein is either inducible or has a short half-life. Because TNF-induced NF-xB
was required to alter insulin signaling in hepatocytes, we hypothesized that 2D-TNF induces
expression of a protein that is a target for isoprenylation and thus functions to sense the
increased FPP and GGPP abundance. Such protein should have three properties: (1) it must
be induced by 2D-TNF treatment, (2) its function and/or stability must depend upon
isoprenylation, and (3) it is likely to be a relatively poor substrate for FPP and GGPP
transferases, so that its prenylation only occurred when the abundance of FPP and GGPP is
increased. Interrogation of 2D-TNF-induced gene expression data revealed 17 differentially
expressed proteins containing —CaaX motifs (Figure S6A). RT-qPCR confirmation of genes
whose expression changed > 1.5 fold identified RHOC as the only target with reproducible
induction by 2D-TNF treatment (Figure 6B). Furthermore, induction of RHOC required NF-
kB (Figure 6C), suggesting that it was part of the transcriptional program important for
inhibiting insulin signaling (requirement 1 above). Treatment of primary hepatocytes with
2D-TNF and PTIs prevented induction of RHOC without altering RHOC transcript levels
(Figures 6D & S6B), indicating that isoprenylation is required for stability of RHOC during
inflammation (requirement 2 above). The activity of RHOC is controlled through GTP
loading, with RHOC-GTP active and RHOC-GDP inactive (Etienne-Manneville and Hall,
2002). 2D-TNF treatment increased the active, RHOC-GTP bound form, and this increase
was prevented by co-treatment with PTIs (Figure 6D). Finally, the —CaaX motif of RHOC
(—-CPIL) has proline at position +2, which is conserved among RHOC in mammals and
birds, and unusual for —CaaX motifs in that small hydrophobic amino acids are preferred at
that position (Maurer-Stroh and Eisenhaber, 2005). The presence of proline at position +2 of
the —CaaX motif, deviating from the consensus sequence, might make RHOC a suboptimal
substrate for FTase and GGTase, and therefore it may be only isoprenylated when FPP and
GGPP are abundant, as would occur when CYP7AL is suppressed (requirement 3 above).
Collectively, these data suggest that isoprenylation may be one mechanism through which
sustained inflammation regulates hepatic insulin signaling and that this effect may be
mediated through stabilization of RHOC.

RHO proteins are known to activate RHO-associated protein kinase (ROCK), and one
unique aspect of RHOC, compared to RHOA and RHOB, is its high affinity for activating
ROCK (Huang et al., 2013). ROCK coordinates multiple cellular functions and has been
implicated in the regulation of insulin signaling, although its role in the liver has not been
explored (Huang et al., 2013). 2D-TNF treatment increased ROCK activity in an
isoprenylation dependent manner, as measured by phosphorylation of ROCK target myosin
light chain 2 (MLC2) (Figure 6E). To test whether inhibition of ROCK would prevent 2D-
TNF effects on hepatocyte insulin signaling, we co-treated cells with two separate ROCK
inhibitors, H-1152 and Y-27632. Inhibition of ROCK prevented 2D-TNF suppression of
insulin signaling (Figure 6F), suggesting that this could be one pathway through which
inflammation regulates insulin signaling. 7D-LPS treatment of mice had similar effects,
increasing RHOC levels and ROCK activity in the liver (Figure S6C-E). Co-treatment of
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mice with 7D-LPS and Y-27632 prevented the elevation in fasting glucose (Figure 6G),
indicating that this pathway may be important in the inflammatory control of glucose
homeostasis.

Inhibition of ROCK Ameliorated Glucose Homeostasis in High Fat Fed Mice

The observation that ROCK plays a role in the regulation of glucose metabolism by 7D-LPS
suggested to us that this could represent a pharmacologic target to treat the dysglycemia seen
in obesity. To test the role of ROCK in regulation of metabolic function during obesity, we
fed mice a high fat diet (HFD) for 12 weeks, after which we treated them with ROCK
inhibitor Y-27632 for 2 weeks (Figure S7A). Treatment with Y-27632 did not change body
weight, fasting glucose, fasting insulin, or HOMA (Figures S7B-C). However, Y-27632
treatment resulted in improved glucose and insulin tolerance (Figures 6H-K) in HFD mice
without any effect on mice fed normal chow (Figures S7D-G). These data suggest that
inhibition of ROCK can improve glucose homeostasis in already obese mice.

Discussion

Although it is widely appreciated that inflammation plays an important role in the control of
plasma glucose levels, direct insight into the rationale for such control, especially in the
context of chronic or sustained inflammation, has remained unclear. Inflammation’s unique
ability to alter target tissue function as a means to restore homeostasis suggested that this
capability could explain inflammation’s effect on glucose metabolism. Here, we provide
evidence that suppression of a tissue function unique to the liver is responsible for
inflammation’s ability to regulate fasting glycemia (Figure 7A). Specifically, our data
indicate that sustained inflammation suppresses the rate-limiting enzyme of bile acid (BA)
biosynthesis, CYP7A1, and that this suppression results in elevated fasting glucose through
regulation of the hepatic mevalonate pathway.

Previous work has indicated that regulation of BAs plays a role in control of glucose
homeostasis (Thomas et al., 2008). Studies suggesting an important role for FXR (Prawitt et
al., 2011) and serum BA signaling through TGRS (Thomas et al., 2009) have demonstrated
how BAs can function as signaling molecules to achieve cell extrinsic regulation of glucose
homeostasis. Our finding that suppression of CYP7AL is required for hyperglycemia seen
with 7D-LPS treatment (Figure 31) supports existing data by demonstrating that direct
control of the BA biosynthetic machinery effects glucose homeostasis.

The requirement of suppression of CYP7AL led us to ask whether it functioned in a cell
extrinsic or cell intrinsic fashion. The primary cell extrinsic effect of CYP7A1 suppression is
on BA production. 7D-LPS treatment did not alter circulating BA concentration (Figure 4A).
Circulating BAs could remain stable secondary to alterations in enterohepatic recirculation,
and it is possible that hepatic interstitial BA concentration is increased by 7D-LPS treatment,
resulting in activation of FXR. However, we did not find an effect of 7D-LPS treatment on
FXR target genes (Figures 4C-D), suggesting that interstitial BA concentrations were
unchanged. The cell intrinsic effect of CYP7AL suppression would be on flux through the
mevalonate and bile acid pathway (Figure 5A). Indeed, we found that suppression of
CYP7AL led to accumulation of FPP and GGPP, two metabolites in the mevalonate pathway

Cell. Author manuscript; available in PMC 2017 April 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Okin and Medzhitov

Page 11

(Figures 5B-C). Using a statin inhibited accumulation of FPP and GGPP, prevented 2D-TNF
suppression of primary hepatocyte insulin signaling, and prevented 7D-LPS induction of
hyperglycemia (Figures 5D-F). These data indicate that inflammation regulates fasting
glucose homeostasis through cell intrinsic effects on metabolite flux through the mevalonate
pathway, consistent with research indicating that the primary mechanism for control of
glucose homeostasis is posttranslational (Lin and Accili, 2011). Furthermore, it is known
that BA sequestrants, drugs that induce BA biosynthesis and increase flux through the
mevalonate pathway, improve glucose tolerance in diabetic patients (Goldberg et al., 2008;
Staels and Fonseca, 2009). Our data suggest a mechanism for how BA sequestrants improve
glucose homeostasis in diabetic individuals.

The observation that statin use could prevent the effects of inflammation on glucose
metabolism was surprising. Recent work has identified an association between long-term
statin use and an increased incidence of T2DM in humans (Ridker et al., 2012; Sattar et al.,
2010). It is likely that the discordance between our data and the observations in humans is
can be explained by the combination of at least two differences. First, the studies linking
long-term statin use in humans evaluated the effects of the drug on T2DM secondary to
obesity, while our study looked at the effect of statins in the context of the effect of sustained
inflammation on fasting glucose levels. Obesity is a complex disease where multiple
mechanisms are involved in the regulation of glucose homeostasis. Thus, statin treatment
could positively influence the effects of inflammation while negatively influence a different
mechanism. Second, statin use is known to be pleiotropic (Liao and Laufs, 2005) and
influenced by duration of treatment. The studies which link statin use to human development
of T2DM are conducted over years, compared to the week-long treatment we used in mice.
Indeed, short term treatment of rats on a HFD with statins has been shown to improve
glucose homeostasis (Lalli et al., 2008) while prolonged statin treatment of mice worsens
glucose tolerance (Nakata et al., 2006). Although the association between statin use and
development of T2DM has been well documented, the mechanism behind this association
remains unknown. We have provided a mechanism explaining how statin treatment can
improve dysregulated glucose homeostasis involved with inflammation, but given the
pleiotropic effects of obesity, more research will be needed to tease apart the differences in
the effects of statin treatment on glucose metabolism.

Previous work has implicated RHO-associated protein kinase (ROCK) in the regulation of
glucose homeostasis (Huang et al., 2013). Much of this work has focused on the role of
ROCK in adipose tissue (Chun et al., 2012; Lee et al., 2014) and muscle (Lee et al., 2009),
while its role in the liver remains unexplored. Interestingly, the role of ROCK differs based
upon the tissue evaluated, with adipose tissue ROCK activity associated with impaired
insulin signaling and muscle ROCK activity associated with improved insulin signaling
(Huang et al., 2013) Furthermore, the upstream activators of ROCK have yet to be identified
(Huang et al., 2013). Here, we provide evidence that sustained inflammation induces hepatic
RHOC, which is subsequently stabilized by isoprenylation (Figures 6B-D). RHOC is known
to be a strong inducer of ROCK (Wheeler and Ridley, 2004), and we find that induction of
RHOC results in activation of ROCK, which is required for the hyperglycemia and hepatic
insulin resistance seen in sustained inflammation (Figures 6E-G). These data provide
evidence that hepatic ROCK can play a role in the regulation of glucose metabolism.
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The identification of ROCK as a downstream modulator of glucose homeostasis in response
to sustained inflammation suggests it could be an attractive target in conditions of obesity.
Sustained inflammation is one of many mechanisms known to alter glucose homeostasis
during obesity, with others including ER stress, lipid deposition, and dysbiosis (Gregor and
Hotamisligil, 2011; Johnson and Olefsky, 2013; Shulman, 2014). Applying our finding that
ROCK is induced by sustained inflammation, we found that inhibition of ROCK could
restore glucose homeostasis in already obese mice (Figures 6H-K).

In summary, our data suggest a two-component model for how sustained inflammation
regulates glucose metabolism. Two branches of inflammation-induced effects in hepatocytes
(induction of RHOC expression and accumulation of FPP and GGPP) combine to increase
fasting glucose. Inflammatory signaling in this context operates through a coherent feed-
forward loop with an AND gate (Figure 7B) (Alon, 2007). When one branch of the pathway
is delayed compared to the other, this signaling network motif can detect signal persistence.
In this case, the time required for accumulation of FPP and GGPP may explain why
sustained inflammation is required to alter glucose homeostasis. These data suggest that
sustained inflammation likely regulates homeostasis through persistent suppression of tissue
metabolic function in combination with specific programs induced by inflammatory
signaling.

Caveats and Open Questions

Our data suggest that sustained inflammation controls glucose homeostasis through
regulation of the hepatic mevalonate pathway. As with most studies, there are several
limitations of this work that we would like to point out:

« The difference between statin use in our model and the observed effects of statins
on increasing development of T2DM remains unclear.

»  While we implicate ROCK in regulation of insulin signaling and fasting glucose
levels, the direct target of ROCK kinase activity remains unknown.

o Because the effect of ROCK inhibitors /n vivo likely affects this enzyme in many
tissues, the critical role of ROCK in the liver is suggested but not formally proven.
It is possible that ROCK activity in other tissues may contribute to the /n vivo
phenotype.

e The distinction between ROCK inhibitors affecting fasting glucose levels during
conditions of sustained inflammation while altering glucose excursion in obesity is
unknown.

»  Pathological states are often due to trade-offs between different physiological
functions. In this case, it remains unclear as to why sustained inflammation impacts
glucose homeostasis through such an indirect and complex mechanism.
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Experimental Procedures

Mouse Experiments

Wild type mice were obtained from Jackson Laboratories (Bar Harbor, ME), ApoE-Cyp7al
transgenic mice have been described previously (Miyake et al., 2001) and were obtained
from the University California Davis Mutant Mouse Regional Resource Center. IRS-1 serine
307 to alanine mutant s were a kind gift of Morris White and Kyle Copps (Copps et al.,
2010) Mice were injected intraperitoneally with PBS or LPS for 7 days (7D-LPS), fasted
overnight, and then glucose tolerance tests, insulin tolerance tests, or hyperinsulinemic-
euglycemic clamp experiments were performed, or serum and organs were harvested for
further analysis. For insulin signaling studies, animals were treated with PBS or 7D-LPS,
fasted overnight, and then injected i.p. with recombinant human insulin at 1U/kg; 15 minutes
later, tissues were harvested and snap frozen on liquid N,. Obesity was modeled by feeding
mice a high fat diet (60% kCal from fat) for 12-weeks, after which they were given daily
injections of Y-27632 at 30mg/kg or PBS as control for 2 weeks, after which glucose and
insulin tolerance tests were performed.

Ex Vivo Primary Hepatocytes

Primary hepatocytes were isolated using /7 situ collagenase digestion, plated on collagen
coated plates, and then treated with TNF after which gene expression, insulin signaling, or
other biochemical processes were evaluated.

Western Blotting Analysis

Tissue that was snap frozen on liquid N2 was pulverized and protein extracted and then
subjected to western blotting. Primary hepatocyte protein was lysed and solubilized in 1X
SDS buffer. Equal amounts of protein were loaded onto mini-gels (Invitrogen) and
transferred on to PVDF membrane using established protocols. Samples were probed for
pS473-AKT, AKT, ACTIN, CYP7A1, RHOC, pS19-MLC2, and MLC2.

Gene Expression Analysis

Whole RNA was extracted from either pulverized liver or primary hepatocytes using RNA
Bee. RNA was then subjected to a cleanup step using Qiagen RNeasy Mini kit with on-
column DNase treatment. Poly-A selected RNA was then subjected to microarray analysis or
RNA sequencing using lllumina kits and according to standard protocols. Microarray and
RNA sequencing data have been deposited at the NCBI Gene Expression Omnibus under
accession numbers GSE67422 and GSE75477, respectively.

Lipid Analysis
Lipids were extracted from livers of PBS or 7D-LPS mice using the method of Bligh & Dyer
or from primary hepatocytes using hexane/isopropanol (3:2) and then solvent was
evaporated under a nitrogen stream. Samples were then analyzed for triglyceride,
cholesterol, or non-esterified fatty acid levels using commercially available kits, or samples
were resuspended in 50% methanol/50% H20 before being subjected to LC-MS/MS
analysis.
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Online Experimental Procedures

More details are provided in the Extended Experimental Procedures section available online
as part of the supplementary information associated with this article.

Supplementary Material

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

Inflammation induces hepatic glucose production, leading to fasting
hyperglycemia

Inflammatory suppression of CYP7AL is required to induce fasting
hyperglycemia

Reduced CYP7A1 leads to accumulation of metabolites in mevalonate pathway
(MP)

MP metabolites stabilize RHOC to activate ROCK and regulate serum glucose
levels
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Figure 1. Sustained inflammation induces fasting hyperglycemia

(A) Fasting plasma glucose and insulin levels in mice given LPS for 7 days (7D-LPS) or
mice receiving PBS as control (n=10/condition).

(B) Glucose tolerance test (GTT) in PBS or 7D-LPS treated mice (n=10/condition).

(C) Insulin tolerance test (ITT) in PBS or 7D-LPS treated mice (n=5/condition).

(D) Hyperinsulinemic-euglycemic clamp was performed on PBS or 7D-LPS treated mice
and endogenous glucose production and glucose uptake were measured (n=4-7/condition).
(E) Insulin stimulated phosphorylated-AKT on serine 473 (pS473-AKT) was evaluated in
tissues from overnight fasted PBS or 7D-LPS mice. Bar plots represent densitometry
analysis of pS473-AKT/AKT (n=3-4/condition). Data is presented as mean + SEM. * p <
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 by Student’s T-Test. # p < 0.05, ## p <
0.01 by two-way analysis of variance (2-ANOVA). See also Figure S1.
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Figure 2. Sustained inflammation suppresses primary hepatocyte insulin signaling
(A) Insulin-stimulated pS473-AKT in primary hepatocytes after 2 days of 2ng/mL TNF

(2D-TNF) treatment. Bar plots represent densitometry analysis of pS473-AKT/AKT (n=3/
condition).

(B) Insulin-stimulated phosphorylation of targets downstream of AKT after 2D-TNF
treatment.

(C) Phosphorylation of insulin receptor substrate 1 (IRS-1) on serine 307 after 1 hour or 2
days TNF treatment.

(D) Insulin-stimulated pS473-AKT in hepatocytes isolated from mice with targeted
replacement of IRS-1 serine 307 with alanine (A/A) or control (S/S) after 2D-TNF
treatment. Data is presented as mean £ SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p
< 0.0001 by Student’s T-Test. See also Figure S2.
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Figure 3. Suppression of CYP7AL is required for induction of fasting hyperglycemia by sustained
inflammation

(A) Insulin-stimulated pS473-AKT in primary hepatocytes transduced with control
adenovirus [Ad-CMV] or adenovirus expressing dominant negative IkBa [Ad-IxBa(DN)]
after treatment with 2D-TNF. All cells were cultured in the presence of 10uM zVAD-FMK,
which did not change the effect of 2D-TNF treatment on insulin-stimulated pS473-AKT in
the absence of adenoviral transduction (data not shown).

(B) Heat map displaying the fold change in mMRNA expression, as measured by microarray,
after either 2 hours or 2 days of TNF treatment. Expression levels were normalized to
untreated controls (not shown) and displayed as relative values (logy).

(C) Pathway analysis on the subset of genes suppressed >1.5-fold after 2D-TNF treatment,
but unchanged after 2 hours of TNF treatment.

(D) CYP7A1expression in primary hepatocytes after 2D-TNF treatment (n=3/condition).
(E) CYP7AIexpression in primary hepatocytes treated as described in Figure 3A (n=3/
condition).

(F) CYP7A1 expression in primary hepatocytes treated with 2D-TNF +/- 10uM TO901317
(n=3/condition).

(G) Insulin-stimulated pS473-AKT and CYP7AL levels in primary hepatocytes treated with
2D-TNF and 10uM T0O901317 or DMSO control.

(H) Insulin-stimulated pS473-AKT in primary hepatocytes isolated from mice with a liver
specific transgenic expression of CYP7A1 (CYP7A1-TG) or wild type (WT) mice after 2D-
TNF treatment.
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(1) Fasting glucose levels in WT and CYP7AL-TG animals after treatment with 7D-LPS or
PBS (n=3-5/condition). Data is presented as mean + SEM. * p < 0.05,

**p<0.01, *** p <0.001, **** p < 0.0001 by Student’s T-Test. See also Figure S3 and
Table S1.
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Figure 4. Regulation of CYP7A1 does not have transcriptional effects on FXR target genes or

7D-LPS responsiveness

(A) Serum total bile acids in mice treated with 7D-LPS or PBS (n=5/condition).

(B) Heat map displaying fold change of mRNA expression, as measured using RNA

sequencing, in whole livers from WT and CYP7A1-TG animals treated with 7D-LPS or
PBS. Expression levels were normalized to WT, Untreated livers (not shown), and fold

change plotted as log, values.
(C) Heatmap of FXR target genes from RNA sequencing experiment. Values represent logyg

of FPKM+1.

(D-E) Expression analysis of genes in the FXR pathway (SHP, APOE, ABCB11) and TNF

in WT and CYP7AL1-TG animals treated with 7D-LPS or PBS (n=4-6/condition).

(F) Heatmap representing sample relatedness as calculated by Jensen-Shannon divergence.
Lower numbers mean samples are similar, or more related. Data is presented as mean +

SEM. * p < 0.05, ** p < 0.01 by Student’s T-Test. See also Figure S4 and Table S2.
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Figure 5. Accumulation of intermediate metabolites in the mevalonate pathway mediate
inflammatory control of glucose homeostasis

(A) Diagram of the mevalonate pathway with molecules (black) and enzymes (green).

(B) Farnesyl pyrophosphate, FPP, and geranylgeranyl pyrophosphate, GGPP, levels in
primary hepatocytes treated with 2D-TNF (n=6/condition).

(C) FPP and GGPP levels in WT or CYP7A1-TG primary hepatocytes treated with 2D-TNF
(n=6/condition).

(D) FPP and GGPP levels in primary hepatocytes treated with 2D-TNF and 10uM
atorvastatin hemicalcium or DMSO (n=6/condition).

(E) Insulin stimulated pS473-AKT in primary hepatocytes treated with 2D-TNF and 10uM
atorvastatin or DMSO.

(F) Fasting glucose levels in mice treated with PBS or 7D-LPS and 10mg/kg/day
atorvastatin or vehicle control (n=8-10/condition). Data is presented as mean + SEM. * p <
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 by Student’s T-Test. See also Figure S5.
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Figure 6. RHO-associated protein kinase as a mediator of sustained inflammatory control of
glucose homeostasis

(A) Insulin-stimulated pS473-AKT in primary hepatocytes treated with 2D-TNF and
prenyltransferase inhibitors, PTIs, (1uM LB42708 and 10pM GGTI-2133).

(B) Expression of genes with known isoprenylation motifs in primary hepatocytes after 2D-
TNF treatment (n=3/condition).

(C) RHOC expression in primary hepatocytes treated as described in Figure 3A (n=3/
condition).

(D) RHOC and GTP-bound RHOC protein levels in primary hepatocytes treated with 2D-
TNF and PTIs or DMSO.

(E) Myasin light chain 2 (MLC2) phosphorylation on serine 19 (pS19-MLC2) in primary
hepatocytes treated with 2D-TNF and PTIs or DMSO.

(F) Insulin-stimulated pS473-AKT in primary hepatocytes treated with 2D-TNF and one of
two Rho-associated protein kinase (ROCK) inhibitors, H-1152 (1uM) or Y-27632 (40uM).
(G) Fasting glucose levels in mice treated with PBS or 7D-LPS and 30mg/kg/day Y-27632
or vehicle control (n=4-5/condition).

(H-1) GTT and AUC of mice fed a HFD for 12 weeks followed by daily injections with
30mg/kg/day Y-27632 or PBS for 2 weeks. During the 2 weeks of injections, mice were
maintained on HFD (n=5/condition).
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(J-K) ITT and AUC of mice treated as in (H-1), (n=6/condition). Data is presented as mean *
SEM. * p <0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 by Student’s T-Test. # p <
0.05, ## p < 0.01 by 2-ANOVA. See also Figures S6 & S7.
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Figure 7. Model of how sustained inflammation affects glucose homeostasis
(A) Model depicting the effects of TNF treatment on hepatocyte function. TNF activates

NFkB, suppressing CYP7A1, inducing accumulation of FPP and GGPP. Accumulated FPP
and GGPP stabilize TNF induced RHOC, which then goes on to activate ROCK, inducing
fasting hyperglycemia in mice.
(B) The model above can be represented as a coherent feed-forward loop whereby both
induction of RHOC and accumulation of FPP and GGPP work together to regulate fasting

glucose levels.
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