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Regulation of hepatic Sirtl
expression and lipid metabolism
through TNF receptor signaling
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The production of tumor necrosis factor -alpha (TNFa) has been associated with
fatty liver disease (i.e, hepatosteatosis) for many years. In fact, cytokine
production has been thought of as a consequence of hepatic lipid
accumulation which then becomes a critical factor in the development of
chronic liver pathologies as well as in the pathogenesis of insulin resistance.
The purpose of this study was to test the hypothesis that TNFo directly regulated
lipid metabolism in liver. Wild type mice and mice lacking the receptor for TNFo
(TNFR1-/-) were fed control diet or a choline-deficient diet. In addition to pro-
inflammatory response, choline-deficient diet increased hepatic lipid
accumulation and liver injury, serum triglyceride and insulin levels, as well as
increased fasting glucose levels in wildtype mice but to a significantly lesser
extent in TNFR1-/- mice. Liver perfusion and metabolic cage studies revealed
that TNFR1-/- mice exhibited higher rates of lipid oxidation than wildtype mice.
Importantly, TNFR1-/- mice have elevated hepatic expression of metabolic and
circadian rhythm regulator SIRT1 in comparison to wild type mice. In isolated
hepatocytes, TNF suppressed sirtl expression while inducing expression of
DBC1, a known inhibitor of sirtl function and expression. These data suggest
that TNFow and possibly other innate immune factors play a critical role in the
development of hepatosteatosis and the onset of metabolic syndrome. This data
also suggests an interplay among innate immunity, hepatic metabolism, and
circadian rhythm in the pathogenesis of metabolic syndrome.

KEYWORDS

TNFa, non-alcoholic fatty liver, SIRT1, lipid metabolism, fatty liver, choline
deficiency model

Introduction

Over the past decade it has become clear that inflammation is a key component and
perhaps a driving force behind metabolic syndrome, type II diabetes and obesity (1-4).
TNF was some time ago discovered as a macrophage-derived factor causing cachexia (5-7).
Tumor necrosis factor (TNFo.) expression continues to be a clear link between innate
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immunity and obesity and metabolism (8, 9). To this point, mice
lacking the TNF receptor 1 are resistant to diet induced insulin
resistance (10-12)).

Diet-induced fatty liver, which is classified as non-alcoholic
fatty liver disease, and associated steatohepatitis represent a
growing problem clinically, affecting a significant percentage of
the US population (13, 14). While it is still not fully clear how
inflammatory cytokines impact hepatic metabolism, a growing
body of experimental data would also implicate certain pro-
inflammatory cytokines as potential initiators and propagators of
non-alcoholic steatohepatitis (NASH) (15, 16). The accumulation of
lipid associated with NASH represents an important risk factor for
several secondary liver pathologies which are often characterized by
an early influx of inflammatory cells. Indeed, lipid accumulation
depletes antioxidants, increases oxidant stress through lipid
peroxidation, both of which may promote DNA damage and
hepatic carcinogenesis. Increased lipid accumulation promotes
hepatocyte dysfunction, hepatocellular oxidant stress, and hepatic
innate immune response activation.

In alcoholic liver disease, Kupffer cell activation and TNFo
production are critical for both alcohol-associated hepatocellular
injury and tissue lipid accumulation. It is still unclear how immune
cell activation and TNFo production are responsible for the
development and progression of hepatosteatosis. It was shown by
Karin and others that JNK-IKK pathway in hepatocytes is essential
for obesity-induced insulin resistance presumably via production of
pro-inflammatory mediators (17). It has been demonstrated that
liver resident macrophages (i.e., Kupffer cells) were responsible for
TNF and chemokine production and the consequential influx of
blood monocytes and neutrophils in diet induced steatohepatitis
(18, 19). Others have also reported this observation with a focus on
macrophage recruitment in the development of hepatic steatosis
(20-22).

Despite a clear role of TNF and other chemokines to promote
diet-induced inflammation, little is known about how TNF signals
the metabolic alterations in NASH. Diehl and others demonstrated
decreased lipid accumulation in TNFo.-deficient mice fed a high
calorie diet (23, 24). On the other hand, Schnyder-Candrian et al.
demonstrate enhanced hepatosteatosis in TNFo deficient mice fed a
high cholesterol diet when compared to similarly treated wild type
mice (25, 26). Much work has investigated JNK, a primary
downstream target of TNFRI1 in hepatocytes, as a regulator of
many hepatic lipid accumulation (27-29). An overwhelming body
of literature now implicates Sirtl as a master controller of fatty acid
metabolism and energy homeostasis in liver (30-32). In response to
multiple nutritional and hormonal signals, SIRT1 is a NAD+
dependent histone deacetylase (HDAC), that inhibits fatty acid
synthesis/storage, stimulates fatty acid B-oxidation, and induces
gluconeogenesis (33, 34). New data suggest that a reduction in the
SIRT1 activity increases the risk of fatty liver in response to dietary
fat (35, 36). Moreover, the loss of SIRT1 expression specifically in
liver increases hepatic lipid accumulation (37).

To better understand the role of TNF receptor dependent
signaling in the development and progression of fatty liver disease
and the possible effect of TNFR1 on sirtl dependent function in
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vivo, a choline-deficient diet-induced model of liver steatosis was
used. The results from these studies demonstrate the profound
importance of TNFo signaling through TNFa receptor 1 in the
promotion of lipid accumulation within the liver. Most importantly,
these studies show that hepatic sirtl expression is regulated by
TNFRI1 dependent mechanisms in vivo and that TNF suppresses
Sirtlexpression and function in isolated hepatocytes.

Detailed methods
Animals and treatment

Male C57Bl/6] wild type mice or TNFou receptor 1-deficient
(TNFR1” C57Bl/6- Tnfrsfla™""™/]) mice were purchased from
Jackson laboratories (Bar Harbor, ME). The genotypes of all
animals were verified by standard PCR procedures using primer
sequences from the suppliers. Each strain was maintained through
established breeding protocols and kept within AAALAC approved
facilities and guidelines. The procedures for the care and treatment of
mice were followed according to those set by East Carolina University
Institutional Animal Care and Use Committee guidelines.

Male wild type or TNFR1”" mice were fed either standard lab
diet or a diet specifically deficient in choline (Dyets, Bethlehem, PA)
for a period of 10 weeks. Following feeding, the mice were sacrificed
and serum and tissue collected for further analysis of routine
parameters of liver injury and lipid accumulation.

Live animal monitoring

Mice fed regular chow diet were assessed for 48 hours in the
TSE LabMaster animal metabolism monitoring system (TSE
Systems, Chesterfield MO). Mice were housed for three days to
acclimate prior to any measurement. Measurements included
oxygen consumption (Vp,), carbon dioxide production (Vcos),
respiratory exchange ratio (RER, calculated), calculated heat
production, total horizontal ambulatory activity and food and
water consumption. NMR-MRI (EchoMRI, Houston TX) analyses
were performed for body composition measurements of fat, lean,
free water and total water masses in live mice. Results were averaged
by photoperiod and analyzed by two-way ANOVA.

Liver injury parameters

Serum levels of alanine aminotransferase, aspartate
aminotransferase, and alkaline phosphatase will be measured by
spectrophotometric analysis. Further, a portion of the liver will be
fixed in 10% buffered formalin for 24 hours. Tissue will then be
embedded in paraffin and sectioned 7um thick. Sections will then be
subjected to routine hematoxylin and eosin staining. Some sections
will also be stained for collagen content using picrosirius red stain
or Masson’s Trichrome stain using established protocols in
the laboratory.
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Liver perfusion

Details of the liver perfusion technique have been described
elsewhere (38). Briefly, livers were perfused with Krebs-Henseleit
bicarbonate buffer (pH 7.4, 37°C) saturated with an oxygen/carbon
dioxide mixture (95:5) in a non-re-circulating system. Perfusate was
delivered at flow rates of approximately 4 ml/g liver weight/min via
a cannula inserted in the portal vein. Perfusate exited the liver via a
cannula placed in the inferior vena cava and was channeled past a
Teflon-shielded, Clark-type oxygen electrode. Oxygen uptake was
calculated from influent minus effluent oxygen concentration
differences, the flow rate, and wet tissue weight. In experiments
using livers from fed animals, samples of effluent perfusate were
collected and analyzed for glucose, pyruvate, lactate, B-
hydroxybutyrate, and acetoacetate by standard enzymatic
techniques. In experiments with livers from fasted animals, only
B-hydroxybutyrate and acetoacetate were measured

Histopathology and immunohistochemistry

Tissue was fixed in 4% paraformaldehyde for 24 hours and
subsequently embedded in paraffin. Tissue sections were prepared
(7mm thick) and stained with routine hematoxylin and eosin.
Immunohistochemistry for CD3 and F4/80 were performed as
previously described (39, 40).

Real time reverse transcriptase polymerase
chain reaction

Total RNA from liver was isolated using the Trizol reagent
(Gibco/ThermoFisher Scientific, Grand Island NY) according to the
manufacture’s recommendations. Total RNA was used to
synthesize cDNA using. For quantification of message expression,
c¢DNA was amplified using primer sequences in the presence of Sybr
Green (Applied Biosystems/ThermoFisher Scientific, Grand Island
NY) using a standard PCR protocol (95°C for 10s, 57°C for 15s, and
72°C for 20s, total of 40 cycles. B-actin and/or 18S message
expression was used as the house keeping gene and for
quantification of relative expression levels using the comparative
method of quantification.

Electromobility shift assay

Total liver cytosolic and nuclear protein will be isolated. Protein
concentrations will then be quantified immediately using a Bio-Rad
Protein Assay kit according to the manufacturer’s instructions.
Extract will be incubated in the presence of P32-labelled oligo
probes for 30 min. Free probe will be resolved from bound probe
using 19:1 acrylamide:bisacrylamide gel electrophoresis. Labeled
probe will be visualized on film be autoradiography. DNA binding
intensity was determined using Image ] densitometry (https://
imagej/ij/).
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Western blotting

Total liver cytosolic and nuclear protein will be isolated. Protein
concentrations will then be quantified immediately using a Biorad
Protein Assay kit according to the manufacturer’s instructions.
Proteins (50 g for cytosolic or 10 pg for nuclear) will be diluted
in 2X Lamaelle buffer to a volume of 30 ul and then separated on 4-
16% Tris-glycine acrylamide ClearPage gels (CBS Scientific, San
Diego CA). Proteins will then be transferred to nitrocellulose
membranes and subsequently blocked for 12 hours with non-fat
dry milk (5%) dissolved in tris-buffered saline containing 0.1%
Tween. Membranes will be incubated antibody in T-TBS+5%
NEDM for 16 hours at 4°C. After thorough washing in T-TBS,
membranes will be incubated with secondary antibodies conjugated
to horse radish peroxidase at a concentration of 1:1000 for 1 hour at
room temperature. After thorough washing, labeled proteins will be
visualized on film with enhanced chemiluminescence (Thermo
Scientific, Grand Island NY).

Hepatoctye isolation and culture

Hepatocytes from fed and fasted rats were isolated by standard
techniques described elsewhere (41). Briefly, livers were perfused
with a Krebs-Ringer-HEPES buffer containing 0.2% collagenase
(Sigma-Aldrich, St Louis MO). Livers were isolated and cells were
dispersed by gentle shaking and filtered through sterile nylon gauze.
The cells were washed two times with sterile phosphate-buffered
saline and then purified by centrifugation in 50% isotonic Percoll
(Sigma-Aldrich). Cells were resuspended with Krebs-Ringer-
HEPES + Ca®* buffer to a total volume of 10 ml. Viability was
validated via trypan blue exclusion and routinely exceeded 90%.

Statistics

All data will be expressed as mean SEM (standard error of
mean) for at least 6-8 animals per group. Statistical significance
among groups was be determined 2-way ANOVA followed by
Bonferoni’s post-hoc analysis to determine within-group
differences. In some studies, student’s t test was used for
statistical analysis. Significance was be set at p<0.05.

Results

Loss of TNFR1 blunts experimental induced
fatty liver disease in mice

To address the role of TNFo in the development and
progression of fatty liver disease, the choline-deficient diet models
of liver steatosis was used. The link between choline deficient and
fatty liver has long been recognized and recently examined in
humans. (42, 43). Choline-deficient diet is a well-established
model of hepatosteatosis, generating timely and severe
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hepatocellular fat accumulation with mild inflammation. The
results from these studies demonstrate the profound importance
of TNFo signaling through TNFo receptor 1 in the promotion of
lipid accumulation within the liver using this model.

To test the hypothesis that TNFa was critical for the
development of NAFLD caused by choline-deficient diet, wild
type and TNFRI1-/- mice were given standard AIN-76 (fully
supplemented) diet or L-amino acid defined choline-deficient
AIN-76 diet for 4 and 10 weeks. At 4 or 10 weeks, mice were
sacrificed; serum, liver, spleen, muscle and adipose was harvested.

Choline-deficient diet induced time-dependent weight gain and
hepatosteatosis in wild type mice becoming apparent within 4
weeks and becoming more severe over 10 weeks (Figures 1A-C).
However, livers from TNFR1”" mice fed choline-deficient diet were
resistant to the development of fatty liver. Furthermore, evaluation
of liver weight to body weight ratios supported the histopathological
assessment of lipid accumulation. Wild type mice presented with
large increases in LW/BW following 10 weeks of CDD feeding when
compared to their CSD-fed controls. Absence of TNFoRI1
significantly blunted the CDD-induced increase in LW/BW ratio.

In wildtype mice ALT levels and AST levels were elevated with
choline-deficient diet after 10 weeks (Figures 1D, E). Interestingly,
these increases were nearly completely blunted in the TNFR1-/-
mice on choline-deficient diet. Hepatic triglyceride content was also
measured biochemically (Figure 1F). Consistent with other
parameters of hepatic lipid accumulation, hepatic triglycerides
were significantly increased nearly 8 fold in wild type mice fed
choline-deficient diet compared to that of control fed animals. This
increase was largely blunted in livers of TNFR1-/- mice.

Hepatic pro-inflammatory cytokine expression associated with
hepatic steatosis was assessed (Figures 1G-I). TNFa, IL12, and IL6
expression was elevated in wildtype mice fed choline-deficient diet.
This increase, although not statistically different, was blunted in
TNFR1-/- mice fed choline-deficient diet.

Chronic experimental induced fatty liver
disease promotes metabolic dysfunction
which is dependent upon TNFR1
expression

Wild type mice on choline-deficient diet weighed 60 + 4 g
compared to control fed mice which were within normal age-
matched range for C57Bl6 (34 + 6 g). Body weight gain caused by
CDD was not observed in TNFR1-/- mice. After 10 weeks of
choline-deficient diet, several metabolic factors (i.e, fasting serum
glucose, OGTT, serum triglycerides, insulin, leptin and
adiponectin) were measured (Figure 2). Blood glucose
concentration following a 2.5g/kg oral gavage of glucose after an
overnight fast was measured in both wild type mice and TNFR1-/-
mice at 10 weeks of choline-deficient diet. Fasting blood glucose was
elevated in wildtype CDD-fed animals (Figure 2A). This increase
was blunted in TNFR1-/- mice fed CDD diet. Moreover, glucose
clearance after an oral glucose challenge was much more rapid in

Frontiers in Immunology

10.3389/fimmu.2025.1627433

TNFR1-/- mice compared to that of the wild type mice (Figure 2B).
serum triglycerides were significantly elevated after 10 weeks of
CDD. Serum triglyceride levels as well as serum leptin levels were
increase slightly in wildtype mice fed CDD diet. This increase was
not observed in TNFR1-/-mice (Figures 2C, E). Importantly, serum
insulin was elevated to nearly 8-fold in CDD-fed mice, compared to
wildtype control-fed mice. This increase in serum insulin was
significantly blunted in TNFR1-/-. While many of these measures
were not statistically significant, these data do suggest that choline-
deficient diet can produce features consistent with the development
of metabolic syndrome in mice at 10 weeks. It is reasonable to
hypothesize that longer exposure to CDD would produce more
significant changes regarding these metabolic features. Most
importantly, these data suggest that TNFo. might play a larger
role in the pathogenesis of metabolic syndrome that is initiated in
this unique model.

TNFR1 mice have elevated hepatic lipid
metabolism

To investigate the role of TNF in metabolic regulation, control
fed wildtype and TNFR1-/- mice were housed in metabolic
chambers for measuring food and water intake, locomotor
activity, O, consumption and CO, production (Figure 3). Oxygen
consumption and CO, production was measured and used to
calculate the respiratory exchange (RER) in both wildtype and
TNFR1-/- mice. In wildtype mice, the changes in RER followed a
cyclic pattern coinciding with nocturnal activity but averaged 0.86 +
0.03 over the 48 hour test period (Figures 3A, B). This is consistent
with published measurements for this strain. In TNFR1-/- the cyclic
pattern of the average RER over the 48 hours is 0.79 + 0.03, which is
indicative of increased lipid utilization as an energy source. Neither
food intake or water consumption was statistically different between
the strains. Locomotor activity assessed by x-y-z light beam breaks
in wildtype mice was consistent was published reports. There was a
slight increase in activity in TNFR1-/- mice housed under these
standard 12-hour light-dark cycles.

TNFo suppresses hepatic fatty acid
oxidation

To explore the hypothesis that TNFR1 dependent signaling
regulated hepatic fatty acid oxidation, livers isolated from wild type
and TNFR1-/- mice were isolated and perfused with Ringer-
balanced salt solution containing either 0.2 or 0.5 mM oleate, a
medium chain fatty acid requiring CPT1-dependent transport into
the mitochondria and octanoate, a short chain fatty acid which is
metabolized independent of CPT1 transport. CO, (as an inverse of
O, consumption) was measured in the perfusate (Figure 3F).
Interestingly, metabolism of both oleate and octanoate was
significantly increased in TNFRI-/-, compared to wild type
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FIGURE 1

TNFR1-/- mice are resistant to experimental fatty liver disease. Wild type and TNFR1-/- (22-25 g) were fed ad libitum control (Choline sufficient, CS)
diet or diet deficient in choline (Choline Deficient, CD) for ten weeks. (A) Body weight changes at 4 and 10 weeks of diet. (B) Liver to body weight
ratio (% of body weight) after 10 weeks of diet. (C) Representative liver histology (H&E) is shown at 10X and 60X. (D) Serum levels of ALT after 10
weeks of diet. (E) Serum levels AST after ten weeks of diet. (F) Hepatic triglyceride levels were measured in liver lysates of animals fed diet for 10
weeks. (G-I) Hepatic mRNA levels for pro-inflammatory cytokines TNF, IL12 and IL6 were measured by quantitative PCR. Data are representative of
4-6 animals per group and are expressed as mean SEM. *p<0.05, compared to wildtype fed CS diet. Two-way ANOVA with Bonferoni post-hoc
analysis was performed.
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TNFR1-/- mice are protected from metabolic changes associated with fatty liver disease. Wild type and TNFR1-/- (22-25 g) were fed ad libitum
control (Choline sufficient, CS) diet or diet deficient in choline (Choline Deficient, CD) for ten weeks. (A) Fasted serum glucose was measured.

(B) Blood glucose levels were measured after oral glucose challenge in animals fed control or choline deficient diet for 10 weeks. (C—F) Serum levels
of triglycerides, insulin, leptin, and adiponectin were measured in animals after 10 weeks of diet. *p<0.05, compared to wildtype fed CS diet;
"p<0.05, compared to wildtype fed CD diet. Two-way ANOVA with Bonferoni post-hoc analysis was performed

mouse liver, suggesting that the increase in fatty acid metabolism
was likely due to increased oxidation (Figure 3G). Further, Acyl
CoA oxidase activity and Fatty acid synthase activity was elevated in
TNFRI1-/- liver extract compared to wildtype (Figures 3H, I). These
data suggest clearly that TNFo plays a regulatory role in the
metabolism of hepatic fatty acids.
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Basal SIRT1 gene expression is increased in
the absence of TNF signaling in vivo

To assess the mechanism of TNFo suppression of fatty acid

metabolism, the effect of TNFo on fasting SIRT expression was
evaluated (Figure 4). SIRT1 is a major stress-sensing regulator
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FIGURE 3

Loss of TNF receptor alters energy utilization. Wild type and TNFR1-/- (22-25 g) were on control diet at 10 weeks of age were housed in metabolic
chambers for 2 days for monitoring. (A) Representative data is shown for calculated respiratory exchange ratio (RER) for wildtype and TNFR1-/-
mice. (B) Average RER over 48 hours for wildtype and TNFR1-/- mice. (C—E) Food consumption, average x-y beam breaks, and average total
distance locomotor activity for wildtype and TNFR1-/- mice. (F) Livers from wild type and TNFR1-/- mice fed control diet for 10 weeks were
perfused with buffer containing oleate (0.2-0.5 mM) and octanoate (not shown). (G) Change in oxygen concentration as a result of oleate or
octanoate perfusion was measured. (H, 1) Acyl CoA oxidase and fatty acid synthase activity in liver lysates from wildtype and TNFR1-/- mice was
measured biochemically. Data are representative of four animals per group and are expressed as mean SEM. *p<0.05, compared to wildtype mice.
Simple Student's t-test was performed.
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Hepatic SIRT1 expression is increased in the absence of TNF receptor signaling. Wild type and TNFR1-/- (22-25 g) were fed ad libitum control
(Choline sufficient, CS) diet or diet deficient in choline (Choline Deficient, CD) for ten weeks. (A) Hepatic mMRNA levels for Sirtl after 10 weeks of diet.
(B) Western blot for SIRT1, HNF4a and B-actin using extract from wildtype and TNFR1-/- livers fed control and CD diet for 10 weeks.

(C) Hepatic mRNA levels for PGClo, Rev-erb and PPARa after 10 weeks of diet. (D) Wild type and TNFR1-/- (22-25 g) were fed ad libitum control
diet (Fed) or fasted overnight (Fasted). Representative Western blot for SIRT1 using liver extract. (E) Representative electromobility shift assay for
HNF4a using hepatic nuclear extracts from wildtype and TNFR1-/- mice fed control diet or fasted overnight. (F) HNF4a DNA binding activity
quantified using Image J image densitometry. Data are representative of four animals per group and are expressed as mean SEM. *p<0.05, compared

to wildtype mice.
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linked to a number of cellular responses such as metabolism, growth
and survival (44). Sirt1-dependent regulation of energy homeostasis
involving PGC1o, HNF4 and PPAR« has been described. Sirt1 gene
expression was measured in livers of wildtype mice on control and
choline-deficient diet (Figure 4A). After 10 weeks of CDD diet,
hepatic Sirtl expression not significantly changed in wildtype
animals. Importantly, increases in Sirtl mRNA levels were
observed in livers TNFRI-/- mice. Notably, TNFRI-/- mice fed
control diet had a significant increase in the basal expression of Sirt1
compared to wildtype mice. The increase was slightly greater in
TNFR1-/1 mice fed CDD diet compared to TNFRI-/- mice fed
control diet. Protein levels of Sirtl and HNF4a were also assessed by
Western blot analysis (Figure 4B). Changes in protein levels in
wildtype and TNFRI1-/- after CDD diet were not remarkable.

It is important to note that SIRT expression is not indicative of
its deacetylase activity, thus the hepatic expression of lipid
metabolism genes known to be regulated by SIRT1 were assessed
(Figure 4C). While not direct evidence of TNFo. regulation of SIRT1
activity, the data do suggest a role for TNFo. to regulate expression
Sirtl and several down-stream targets including PGCla, PPARo
and Rev-erb within liver.

Sirtl can regulate gene expression through forkhead
transcription factors, including HNF4o. (45, 46). HNF40. DNA
binding activity was directly assessed. Since fasting strongly induces
SIRT1 as well as HNFa activity, wildtype and TNFR1-/- mice were
fasted overnight. SIRT1 gene expression was modestly increases in
wildtype mice by fasting. However, Sirtlexpression was significantly
increased in TNFRI-/- mice under control conditions as after
fasting (Figure 4D). Similarly, HNF4a DNA binding was only
slightly increased in wildtype mice after fasting (Figure 4E).
HNF4 activity was significantly increased in TNFR1-/- mice
(Figures 4E, F). These data are consistent with the hypothesis that
TNFo regulates expression of key hepatic metabolism genes and
that the TNF-dependent expression changes in key metabolic genes
correlates with Sirtl expression and HNF4o activity.

TNF suppresses SIRT1 activity in isolated
hepatocytes

Since it was demonstrated that Sirt1 expression was increased in
the absence of TNFRI, the effect of TNFa. on Sirtl expression and
function was directly assessed in vitro using primary hepatocytes
isolated from wildtype mice. Sirtl expression was induced in vitro
by pyruvate at various concentrations. As expected, based on
published reports, pyruvate caused a dose-dependent increase in
Sirt] mRNA levels. Hepatocytes were also exposed to recombinant
TNFo. TNFo alone had minimal effect on Sirtl expression in
primary hepatocytes; however, TNFa significantly blunted
pyruvate-induced Sirtl expression (Figure 5A). These data
support the hypothesis that TNF signaling represses Sirtl
expression in hepatoctyes and are consistent with our in vivo
observations that TNFRI signaling relates Sirtl expression and
hepatic fatty acid oxidation.
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Sirtl is a potent regulator of hepatic fatty acid oxidation and
gluconeogenic pathways. Thus, the expression of acyl CoA oxidase
(Acol) and PPAR coactivator 1o. (PGCla) were assessed in primary
hepatocytes (Figure 5B). Pyruvate induced expression of both Acol
and PGCla. The increase in expression of both were blunted
significantly in the presence of recombinant TNFo. These data
are consistent with the hypothesis that TNF suppresses hepatic sirtl
expression and the expression of key metabolic regulators
downstream of Sirt function. In addition to Sirtl mRNA changes,
Sirtl protein levels were assessed in isolated hepatocytes under
similar conditions as described above (Figure 5C). Pyruvate caused
an increased in Sirtl expression that was inhibited by TNFo in a
dose-dependent manner.

Recent studies have revealed that cell cycle and apoptosis
regulator 2 (CCAR2), also known as Deleted in Breast Cancer 1
(DBC1), is a potent inhibitor of SIRT1 function in hepatocytes (47).
Chini et al. reported that DBC1 expression negatively regulates
SIRT1 activity in liver via a direct interaction (48, 49). Experiments
were done to investigate the relationship between SIRT1 and its
potential regulator Deleted in Breast Cancer 1 (DBC1). We show a
TNFo-dependent increase in DBC1 expression in hepatocytes both
in the absence and presence of pyruvate (Figure 5C). To further
explore the DBC1 effect on SIRT, co-immunoprecipation
experiments were performed to assess the direct interaction
between DBC1 and SIRT, which is the reported mechanism of
inhibition. A weak, direct DBCI1: Sirtl interaction was observed in
hepatocytes treated with TNFa, both in the absence and presence of
pyruvate (Figure 5D). These data are consistent with previous
observations of the DBCI1:Sirtl interaction. Moreover, these data
suggest that TNFo. promotes DBC1 expression and DBC1
interaction with Sirtl, supporting the hypothesis that TNF
suppresses Sirt-dependent function within hepatocytes.

Discussion

A number of pro-inflammatory cytokines and chemokines
including TNF up-regulated in fatty livers (16, 50-54). Hepatic
lipid accumulation results in cytokine release, TNFou being the chief,
prototypical pro-inflammatory cytokine. Innate immune responses
activated within fatty livers have great potential for amplification
(17, 50, 55-57). Once cytokine production is initiated, these pro-
inflammatory cytokines propel the progression from steatosis to
steatohepatitis. Evidence for the participation of TNFa. in fatty liver
disease is overwhelming, although direct evidence from animal
models has been mixed (23, 58-60; 61-65). Specifically how
TNFo. contributes to hepatic lipid metabolism is a gap in our
understanding. TNFo. is a potent inflammatory mediator derived
from a variety of cell types which interacts with a wide range of
signaling pathway. For example, loss of TNFo. function improves
insulin sensitivity in obese mice, suggesting that TNFo. regulates
insulin action (10, 66, 67). Importantly, we have demonstrated here
and previously in an ethanol-diet model of steatosis/steatohepatitis
that TNFo indeed is crucial for the accumulation of lipid in the
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FIGURE 5

TNFa suppresses Sirtl expression and increases DBC1 interaction with Sirtl in isolated hepatocytes. (A) Hepatocytes were isolated from wildtype
mice and treated with pyruvate (0.1 -10mM) in the absence and presence of TNFo (0.1 -10 ng/mL). After 1 hour, mRNA levels for sirtl were assessed
using qPCR. (B) Hepatocytes were treated with 3 mM pyruvate in the absence or presence of 3 ng/mL TNFo.. mRNA levels for Acol and Pgcla were
assessed using gPCR. (C) Hepatocytes were treated with 3 mM pyruvate in the presence or absence TNFa (3 and 10 ng/mL) for 4 hours. Cell lysates
were analyzed by Western blot with antibodies against SIRT1, DBC1 and b-actin. (D) Lysates from hepatocytes were immuno-precipitated using
antibodies against DBC1. Immuno-precipitates were analyzed by Western blot using antibodies against SIRT1. (E) Schematic of the working
hypothesis for the suppression of SIRT1 function by TNFa through DBC1. TNFa induced suppression of SIRT1 is consistent with a decrease in

oxidative metabolism of lipid in hepatocytes.

liver. Here, we used the TNFR1-/- deficient mice to determine its
role in the general mechanisms of fatty liver disease caused by
choline-deficient diet. Importantly, these data suggest that hepatic
inflammation may not be due to the accumulation of lipid in liver
but actually may precede and promote the accumulation of lipid,
affirming the notion that cytokines drive and potentiate metabolic
dysfunction. The data suggest that TNFR1 signaling is important
for the early metabolic disarrangement leading to steatosis as well as
the pro-inflammatory cascade.

The choline-deficient diet model of non-alcoholic
steatohepatitis was used here since it is a liver centric model
which blunts the export of triglycerides in very low density
lipoprotein (68-71). A surprising outcome of the choline deficient
diet, in addition to robust steatohepatitis, was the impact on
metabolic homeostasis. It is clear from these experiments that
TNF is a critical factor in steatohepatitis, and it is also suggestive
that TNF is a contributor to peripheral insulin resistance. This is
consistent with the longstanding hypothesis that TNFo is an
important player in the crosstalk between liver fat metabolism
and peripheral insulin resistance. Choline-deficient diet for 10
weeks resulted in increased blood triglycerides levels, fasting
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glucose levels and insulin levels in wildtype mice. After 40 weeks,
the effects of the choline-deficient diet were even more pronounced
and coupled with increased insulin resistance (data not shown).
Importantly, TNFR1-/- mice were largely refractory to the chronic
metabolic changes associated with the choline deficient diet. What
is interesting is that loss of TNFa served to maintain metabolic
homeostasis not only in liver but elsewhere. It is intriguing to
speculate that since the choline deficient diet model is a liver centric
model of lipid accumulation that liver metabolic status is an
important physiological feature of peripheral metabolic
homeostasis. Clearly, fatty liver disease is strongly linked to
obesity and insulin resistance. However, that fatty liver precedes
and promotes insulin resistance/and or metabolic syndrome is an
interesting observation and one interpretation of the data here
would support that notion. It is recognized that HCV infection can
induce hepatosteatosis and subsequent insulin resistance (72-74),
thus the idea that hepatic metabolic changes are capable of driving
peripheral metabolic disease is justified. Circulating levels of TNFou
are increased in obesity, type II diabetes and fatty liver disease; TNF
clearly impairs insulin signaling. Whether or not hepatic derived
TNF is responsible for peripheral metabolic alterations is not clear.
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TNFo has been demonstrated to promote hyperlipidemia as well as
suppress fatty acid oxidation in liver as well as regulate lipid
metabolism in several other tissues (75, 76). For example, TNFo
inhibits fatty acid oxidation by suppressing acyl CoA oxidase (77,
78). Here, acyl CoA oxidase expression was increased in livers of
TNFR1-/- mice.

How TNFo imparts its effects on hepatic fat metabolism is a
central question here. It is demonstrated here that, in the absence of
TNEFR1 signaling, livers more efficient utilize fatty acids as a fuel
source, suggesting that TNF suppresses fatty acid oxidation perhaps
through the expression of genes involved in multiple metabolic
pathways. Here, TNFa suppresses the expression and activity of
Sirtl in hepatocytes, a novel finding that may explain TNFo's
pleotropic effect on energy homeostasis. Sirt is a NAD+
dependent deacetylase that acts as a nutrient/energy sensor.
Studies overwhelmingly demonstrate a role of Sirtl in both
hepatic gluconeogenesis and fatty acid metabolism likely through
activation of downstream targets such as PGClo. and PPARa (32,
33, 37, 79-82). Loss of sirtl in liver results in hepatic steatosis,
inflammation, impaired PPAR signaling and decreased fatty acid
oxidation. Alternatively, Sirtl activation has been shown to have
beneficial metabolic effects in type 2 diabetes. Sirt activation
specifically in liver of obese insulin-resistant mice significantly
improved fatty liver, normalized hyperglycemia, as well as
improved systemic insulin sensitivity (32, 79). It is important to
note that expression is only part of the capacity of Sirtl to act and
that Sirtl deacetylase activity should also be considered. Changes in
downstream SIRT targets such as HNF4o, PPAR, PGC1 and Rev-
erb are only indicative of SIRT1 activity but are also influenced by
other metabolic regulators, including FOX and NFKB transcription
factors. Sirtl’s interaction with these other factors can also impact
gene expression and cellular responses associated with cell cycle
arrest, apoptosis and autophagy. SIRT1 has recently been shown to
be an important player in circadian regulation, which further
intertwines the relationships among nutrient status, inflammation
and cellular responses.

An interaction between inflammation and Sirtl function has
also been described. Acute phase inflammation, where TNFo
expression is elevated, suppresses Sirtl function and fatty acid
oxidation (46, 67, 78, 83). There is also evidence that Sirtl
expression provides tolerance to TNFo. and TLR responses, which
supports the important relationships among metabolic regulation,
inflammatory response and Sirtl dependent functions (84-87). The
hypothesis that TNFa. is a direct regulator of Sirt expression was
testing in vivo as well as in isolated hepatoctyes. We provide clear
evidence that sirt expression in hepatocytes is regulated directly or
indirectly through TNFo dependent signaling.

A major intracellular regulator of sirtl-dependent function
recently described breast cancer cells but also in hepatocytes and
other metabolic tissues is the protein Deleted in Breast Cancer 1
(DBC1) (11, 48, 49, 88, 89) DBCI has been shown to directly bind
SIRT1 and negatively regulate its activity as well as suppress sirtl
expression (47). Escande et al. showed that high fat diet increased
DBCI expression in mouse liver and that loss of dbcI protected mice
from high fat diet induced fatty liver in a SIRT1 dependent fashion
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(48). A considerable amount of data now show that DBC1 works by
binding and sequestering SIRT1, inhibiting its downstream function.
Our experiments reveal an increase in DBC1 expression in wildtype
mice with fatty liver that is significantly blunted in TNFRI-/- mice.
Moreover, in isolated hepatocytes, TNFo. directly increased DBC1
expression and interaction with SIRT1. Whether TNF induced
DBCI:SIRT1 interaction accounts for the changes in hepatocyte
lipid metabolism is not completely known but deserves
further investigation.

This study highlights the association between inflammation and
hepatic metabolic regulation in vivo. The important finding here is
that the loss of TNF increases the capacity of the liver to utilize fatty
acids for energy. It is demonstrated here that loss of TNF enhances
Sirtl expression and Sirtl-related adaptations in hepatic
metabolism, suggesting that TNFo. may be an important regulator
of hepatic Sirtl function possibly through DBCI in vivo (Figure 5E).
The TNF induced DBCI and SIRT1 pathway may be an important
pharmacological target to improve metabolic disorders, such as type
2 diabetes, fatty liver disease, and diseases with known associations
between inflammation and metabolism.
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