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KEY WORDS Abstract The transcription factor nuclear factor kappa B (NF-«B) is activated in hepatocytes in the

pathogenesis of hepatic steatosis. However, the action mechanism of NF-«B remains to be established
Eg_/:lé’l in the hepatic steatosis. In this study, the P50 subunit of NF-«B was found to promote the hepatic steatosis
SREBPI’ 2 through regulation of histone deacetylase 1 (HDAC1) in hepatocytes. The activity was supported by the
Succinylation; phenotypes of P50 knockout (P50-KO) mice and P65 knockout (P65-KO) mice. Hepatic steatosis was

Hepatic steatosis reduced in the P50-KO mice, but not in the P65-KO mice. The reduction was a result of inhibition of
HDACT activity in the P50-KO cells. Knockdown of Hdacl gene led to suppression of hepatocyte stea-
tosis in HepG2 cells. A decrease in sterol-regulatory element binding protein 1c (SREBPIc) protein was
observed in the liver of P50-KO mice and in cell with Hdacl knockdown. The decrease was associated
with an increase in succinylation of SREBP1c protein. The study suggests that P50 stabilizes HDACI to
support the SREBPI1c¢ activity in hepatic steatosis in the pathophysiological condition. Interruption of this
novel pathway in the P50-KO, but not the P65-KO mice, may account for the difference in hepatic phe-
notypes in the two lines of transgenic mice.
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1. Introduction

Nuclear factor kappa B (NF-xB) was reported to promote lipid
accumulation in hepatocytes in the progression of hepatic stea-
tosis'>. However, the exact mechanism of NF-kB action remains
unknown. In adipocytes, NF-«kB inhibits lipid accumulation
through suppression of the transcriptional activity of peroxisome
proliferator activated receptor gamma (PPARY) in the lipogenic
transcriptional network’. Sustained NF-«B activation leads to a
reduction in lipid accumulation of adipocytes, which accounts for
a resistance to obesity in the transgenic mice with overexpression
of P65 (RelA) or inhibitor of kappa B kinase beta (IKKfg) in the
adipocytes™. The lean phenotype together with improved insulin
sensitivity®’ is consistent with those observed in mice of global
P50-KO™’, which exhibit an increase in NF-xB activity. These
studies suggest that NF-«B have opposite activities in the control
of lipid accumulation between hepatocytes and adipocytes. The
molecular basis is unknown for the opposite activities. NF-kB is
generally formed by two different subunits, P65 and P50. The two
subunits have different activities in the control of gene tran-
scription, the P65 subunit triggers transactivation of target genes,
and the P50 subunit binds to DNA to inhibit the P65 activity. The
difference in the two subunits may provide a mechanism for the
distinct activities of NF-«kB in hepatocytes vs. adipocytes.

Histone deacetylase 1 (HDAC1) is a member of the class I
histone deacetylase, and is located in the nucleus to catalyse the
deacetylation reaction of histone proteins in the regulation of gene
transcription. HDAC1 binds to NF-«kB protein in the promoter
DNA to perform the deacetylase activity. However, there is no
literature about regulation of HDACI activity by NF-kB. HDAC1
activity has been reported in variety of systems. Global inactiva-
tion of Hdacl gene results in embryonic lethality from severe
developmental defects'®, which is associated with a reduction in
cell cycle progression. In the liver, HDACI is required for gen-
eration of new hepatocytes from the progenitor cells''. In the
adipose tissue, HDAC1 controls differentiation of white adipo-
cytes through an interaction with CCAAT-enhancer binding pro-
tein alpha (C/EBPa)'?, or thermogenesis of brown adipocytes by
suppression of uncoupling protein 1 (UCP-1) and PPARYy co-
activator 1 (PGC-1) expression'’. These studies suggest that
HDACI1 regulates activities of multiple transcription factors in
adipocytes. Unfortunately, there is no report about a feedback
regulation of HDACI activity by the transcription factors.

Sterol-regulatory element binding protein 1c (SREBPIc) is one
of the key transcription factors in the regulation of de novo lipo-
genesis in hepatocytes through induction of lipogenic gene
expression'*. SREBPIc activity is regulated at the transcriptional
and post-translational levels. The transcriptional expression is well
documented in the lipogenic effects of insulin. The post-
translational modification includes protease cleavage of SREBP1c
for activation and modification by phosphorylation'” and acety-
lation'®. Succinylation is one of the metabolism-associated post-
translational modifications, whose activity is enhanced in non-
alcoholic fatty liver'’ and decreased by sirtuin 5 (SIRTS)
through de-succinylate'®. There is no report of SREBPIc regula-
tion by succinylation.

In current study, we observed that HDAC1 protein decreased in
the liver of P50-KO mice for a reduction in hepatic steatosis.
HDAC1 may promote the hepatic steatosis through de-
succinylation of SREBP1c protein in the nucleus. The study re-
veals a new mechanism of P50/HDAC1/SREBPIc for hepatic
steatosis.

2. Materials and methods

2.1.  Animals

The male P50-KO mice (strain name: B6.Cg-Nfkbl tm Bal/J,
Stock number: 006097) were purchased from the Jackson Labo-
ratory at 4 weeks of age. The mice were crossed with wild-type
(WT) C57BL/6]J mice to generate heterozygous breeders. The
male homozygous P50-KO mice (Experiment group) and wild-
type littermates (Control group) were obtained by crossing the
heterozygous mice. The male mice were fed on chow diet (5001,
13% calories in fat, LabDiet, Richmond, IN, USA) to 12 weeks of
age, and then fed on a high-fat diet (HFD, D12331, 58% calories
in fat, Research Diets, New Brunswick, NJ, USA) for 16 weeks to
establish the fatty liver model. Tissue samples were collected
from the mice at the end of HFD feeding. The male liver specific
P65-KO mice were described in an early study® and fed on HFD
diet at 8 weeks of age for 14 weeks to induce the hepatic steatosis.
The mice were housed at 4/cage with free access to water and diet.
All procedures were performed in accordance with National In-
stitutes of Health guidelines and approved by the Institute Animal
Care and Use Committee (JACUC) at the Pennington Biomedical
Research Center, Louisiana State University System, Baton
Rouge, LA, USA.

2.2.  Tissue collection

Liver tissues of mice were collected at the age of 9 months without
fast. One part of liver was frozen in liquid nitrogen for protein and
mRNA analysis and then kept at —80 °C, the other part of liver
was treated with 4% formaldehyde for histological analysis and
then kept at room temperature. The whole-body weight was
collected at the same time.

2.3.  Cell culture, reagents and treatment

HepG2 cells were purchased from American Type Culture
Collection (Manassas, VA, USA). All cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% FBS at 37 °C in a 5% CO, humidified atmosphere. MEF
cells of P50-KO, IkBa-KO and IkkB-KO were described in the
early studies™'”. The proteasome inhibitor MG-132 (SML1135,
Sigma, St. Louis, MO, USA) was used at the final concentration of
50 umol/L in the cell culture.

P50 shRNA. HepG2 cells were electrical transfected with
mouse P50-shRNA expression vector (P/N: 9033, L/N:
P04122008, Panomics, Redwood, CA, USA) through Amaxa
Nucleofector™ 1I/2b Device, using cell line nucleofector Kit V
(VCA-1003, Lonza cologne AG) with the program T-031. shRNA
was used at 1—3 pg/well in the 6-well plate. The control cells
were transfected with the empty vector (P/N: 8524, L/N:
P04120901, Panomics). The transfected cells were cultured for
24 h and then treated with 0.3 mmol/L oleic acid (P5585, Sigma)
for additional 24 h. The cells were harvested for Western blotting
of SREBPlc, stearoyl-coenzyme A desaturase 1 (SCD1) and
PPARY and oil red O staining for triglyceride quantification.

Hdacl shRNA. HepG2 cells were electrically transfected with
Hdacl-shRNA expression vector through Amaxa Nucleofector™
II/2b Device, using the cell line nucleofector Kit V and program
T-031. Control cells were transfected with the empty vector. The
transfected cells were treated with 0.5 mmol/L oleic acid for 24 h
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Hdacl expression vector together with the control vector were
described elsewhere.

HDACI inhibitor. HepG2 cells were pretreated with
0.4 mmol/LL HDACI chemical inhibitor (SML0296, Sigma) for
30 min and then treated with 0.5 mmol/L oleic acid for 24 h to

determine the impact on hepatic steatosis.
2.4. Oil red O staining

At the end of oleic acid treatment, HepG2 cells were fixed with
10% formalin for 30 min and stained oil red O dye (Fisher Biotech
BP112-10, Fair Lawn, NJ, USA) as described elsewhere”!.

2.5.  Triglyceride assay

Liver tissues were homogenized in phosphate buffered saline
(PBS; 1 2:20 mL) and the cell lysate was made with the cell lysis
buffer on ice. The lipids were extracted from the liver tissue ho-
mogenization or cell lysate using a chloroform/methanol (2:1)
mixture. Triglyceride was determined using the Serum Triglyc-
eride Determination Kit (TR0100, Sigma) according to the man-
ufacturer’s instructions. The triglyceride concentration was also
measured with the method of oil red O staining in HepG2 cells.

2.6.  Western blot and immunoprecipitation (IP)

The whole cell lysate was prepared in a lysis buffer with sonication
as described elsewhere®'. In IP, the lysate protein (500 pg at
1 pg/plL) was mixed with 2 pg antibody in 100 pL protein G agarose
(16—266, Millipore, Billerica, MA, USA) and rotated overnight at
4 °C. The agarose beads were washed with 800 L. washing buffer
three times and collected as IP product after centrifugation at
13,000 g for 30 s. The succinylation signal was detected in the IP
product after resolution in sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). Antibodies included: HDAC1
(H6287, Sigma), histone deacetylase 3 (HDAC3, ab7030; Abcam,
Cambridge, UK), sirtuin 1 (SIRT1, ab12193; Abcam), SCDI
(ab19862, Abcam), SREBP1 (sc-8984, Santa Cruz, CA, USA), pan
anti-succinyllysine polyclonal (106,768, NovoPro, shanghai,
China), PPARYy (made in our laboratory), P50 (sc-8414, Santa Cruz,
CA, USA), and (-actin (sc-47778, Santa Cruz, CA, USA).

2.7.  Succinylation assay

Succinylation proteins were examined with the anti-succinyllysine
antibody in the cell or tissue lysates. Succinylation of SREBP1c
protein was determined in the IP product of SREBP1c antibody.
The de-succinylation assay was conducted with the recombinant
HDACI1 protein (BML-SE456, Enzo Life Sciences Inc., New
York, NY, USA) in the IP product of SREBP1c. The succinylation
signal of SREBPlc was determined with the anti-succinylation
antibody in a Western blot.

2.8.  Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from frozen tissues using Tri-Reagent
(T9424, Sigma) as described elsewhere”. The expression of mMRNA
was determined by one-step quantitative real-time PCR using Tag-
Man Master Mix (Applied Biosystems, Foster City, CA, USA).
TagMan primers and the probe were acquired from Applied Bio-
systems as followings: Hdacl (Mm02391771_gl), Hdac3
(Mm00515916_m1), Sirt] (Mm00493421_ml), fatty acid synthase

(Fas) (Mm00662319_ml), Ppary (Mm00440945_ml), Scdl
(MmO00772290_m1), Srebpl (MmO00550338_m1), phosphodies-
terase 3B (Pde3b, Mm00691635_ml), glucose-6-phosphatase
(G6Pase, Mm00839363_ml), fatty acid translocase (Cd36,
Mm00432403_m1), Pgclae (MmO0447183_m1), phosphoenolpyr-
uvate carboxykinase 1 (Pckl, Mn00440636_m1), tumor necrosis
factor alpha (Tnf-a, Mm00443258_ml), interleukin 6 (/I-6,
Mm00446190_ml), interleukin 1 beta (/I-16, Mm00434228_ml).
Mouse ribosome 18S rRNA_s1 (AIQJA2B) was used as an internal
control.

2.9.  Statistical analysis

The in vivo data were analyzed with two-way ANOVA. The
in vitro experiments were conducted at least three times. Two-
tailed, unpaired Student’s ¢ test was used in the statistical anal-
ysis of in vitro data. The data was presented as mean + SE.
Significance was considered at P < 0.05 in the statistical analysis.

3. Results

3.1.  Hepatic steatosis was decreased in P50-KO mice

To explore the role of P50 in the control of hepatic steatosis,
P50-KO mice were fed on HFD to establish the hepatic steatosis
model. Compared to WT mice, the P50-KO mice exhibited a
reduced degree in hepatic steatosis at the end of 4 months on HFD,
which was observed in the liver appearance, liver weight and liver
triglyceride content (Fig. 1A—D). The difference was observed in
the mice on HFD, not on chow diet. The P50-KO mice exhibited a
lower body weight on either chow diet or HFD with more sig-
nificant difference on HFD (Fig. 1E). However, the liver to body
ratio was significantly reduced in the P50-KO mice on HFD
(Fig. 1F), suggesting that P50 has a liver-specific effect in the
regulation of hepatic steatosis. The data suggest that P50-KO mice
are resistant to the hepatic steatosis on HFD.

3.2.  Reduction of lipogenic gene expression in P50-KO mice

In order to understand the mechanism of reduced steatosis in
P50-KO mice, lipogenesis capacity was examined in the liver by
expression of lipogenic proteins including SREBP1c, PPARY, and
SCD1. A significant reduction was observed in SREBPlc and
SCDI1, but not PPARY in the P50-KO mice on chow diet
(Fig. 2A). The reduction status was maintained in the P50-KO
mice on HFD (Fig. 2B). The SCD1 protein reduction suggests a
decrease in de novo lipogenesis. Scdl gene expression is subject to
regulation by the transcription factor SREBPIc in the liver. The
decreased abundance of SREBPIc protein provides a mechanism
for the SCD1 reduction in P50-KO mice. The mRNA level of Scdl
was reduced in support of the mechanism (Fig. 2C). In addition,
other lipogenic genes such as Fas and Cd36 also decreased in the
liver of P50-KO mice (Fig. 2C). The mRNA level of Srebplc was
not reduced in the P50-KO mice (Fig. 2C). This group of data
suggests that a reduction in lipogenesis occurs in the liver of P50-
KO mice for the reduced steatosis.

3.3.  Knockdown of P50 gene led to reduction of SREBPIc

Above data suggest that the reduction in SREBPIc protein ac-
counts for the attenuation of hepatic steatosis in the P50-KO
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mice. This led us to investigate the impact of P50 in SREBPIc
protein in the cellular system with the knockdown strategy in
HepG2 cells. The P50 knockdown was performed with an
expression vector of P50 shRNA in transient transfection.
shRNA was highly expressed in the cells following transfection
(Fig. 3A), and P50 protein abundance was significantly reduced
in the transfected cells (Fig. 3C). Steatosis model was estab-
lished in the cells with the oleic acid treatment as indicated by
the increased oil red O staining (Fig. 3C). In the model, the
steatosis was reduced by P50 shRNA (Fig. 3B). Abundance of
SREBPIc protein was significantly reduced in the knockdown
cells, and the reduction was more significant in the steatosis
condition (Fig. 3C). These data suggest that inhibition of P50
activity by gene knockdown reduces steatosis in HepG2 cells
with a reduction in SREBPI1c protein, which recapitulates the
changes in the liver of P50-KO mice. The data supports a
specific-connection of P50 and SREBPIc in the regulation of
steatosis.

3.4. P50-KO led to down-regulation of HDACI protein in
hepatocytes

Above data suggest that SREBP1c¢ protein reduction is not a result
of a mRNA expression, suggesting a mechanism of protein level
regulation. Given that stability of SREBP1c protein is regulated by
acetylation'®, we examined histone deacetylases including
HDACI1, HDAC3 and SIRT1 in the liver for the SREBPIlc

reduction. HDAC1 protein was dramatically reduced in the KO
mice relative to the WT mice, and the reduction was observed
under both lean and obese conditions (Fig. 4A and B). HDAC3
and SIRT1 proteins were not changed in the same condition.
Interestingly, Hdacl mRNA was not decreased, but slightly
increased in the P50-KO mice (Fig. 4C), suggesting that the
HDACT reduction is unlikely a result of the transcriptional sup-
pression. HDACT protein was elevated in the steatosis liver of WT
mice together with SREBPIc (Fig. 4D), suggesting that HDAC1
may be required for the SREBPIc elevation in the hepatic stea-
tosis. In contrast to HDACI, SIRT1 protein was down-regulated
and HDAC3 was not changed in the steatosis of WT mice
(Fig. 4D). The association of HADC1 and SREBP1c suggests that
HDAC1 may regulate SREBPIc in the hepatocytes.

3.5.  Knockdown of HDACI decreased SREBPIc in hepatocytes

To test above possibility, HDAC1 was knocked down in HepG2
cells by shRNA to mimic the liver condition of P50-KO mice. The
HDACT1 protein was significantly reduced by the highly expressed
shRNA in the transfected cells (Fig. 5A and D). The hepatic
steatosis was decreased in the knockdown cells as indicated by the
oil red O staining and total triglyceride quantification (Fig. 5B and
C). A reduction in SREBPIc and SCD1 proteins was detected in
the Hdacl knockdown cells (Fig. 5D). PPARy and HDAC3 were
not changed in the cells, which enforces the relationship of
HDACT1 and SREBPIc. A similar reduction in SREBPIc protein
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was observed with HDAC1 suppression by a chemical inhibitor
(Fig. 5D). These data suggest that HDAC1 activity is required for
the maintenance of SREBPI1c protein abundance in hepatocytes.

3.6.  Succinylation of SREBPIc was increased in hepatic
steatosis of P50-KO mice

Succinylation is a protein post-translational modification origi-
nally reported in 2011'®?*. It modifies proteins in both nucleus
and cytoplasm® 2. Succinylation modification is extensive in
hepatocytes, and an elevation is reported in some proteins under
the hepatic steatosis”’**. However, the succinylation status was

not known in the liver of P50-KO mice. To address this issue, we
examined protein succinylation in the liver tissue with the anti-
succinyllysine antibody in Western blot. The signal was
observed in 3—4 major bands at the molecular weights between
130 and 55 kDa, which were significantly reduced by hepatic
steatosis in the obese WT mice (Fig. 6A). However, the signal
was significantly increased in the obese P50-KO mice (Fig. 6B).
The enhanced signal was observed in all bands in the P50-KO
mice. In the lean mice, the increase was observed only in the
130 kDa band in the P50-KO mice (Fig. 6C). The data suggest
that the succinylation signals were increased in the liver of P50-
KO mice.
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The SREBPIc protein has a molecular weight (125 kDa) close
to the succinylation band of 130 kDa. Succinylation of SREBP1c
protein was examined in the IP product of SREBPI1 protein with
the succinylation antibody. The succinylation signal was observed
in SREBPIc, and an increase was observed in P50-KO mice
(Fig. 6D). The increase was associated with HDAC1 reduction,
suggesting a substrate/enzyme relationship for SREBPlc and
HDACI. To test the relationship, the HDACI1 enzyme assay was
conducted for de-succinylation of SREBPIc using the recombi-
nant protein. The de-succinylation reaction was catalysed by
HDACI in a dose-dependent manner (Fig. 6E). The data suggest
that SREBP1c protein is subjected to modification by succinyla-
tion, which is modulated by HDAC1 through de-succinylation. In
the liver of P50-KO mice, the succinylation was increased due to
the lack of HDACI activity.

3.7.  Regulation of HDACI oscillation by NF-«kB

Above data suggest that regulation of HDAC1 by NF-«B is the key
in the liver phenotype of P50-KO mice. However, the physio-
logical relevance of the finding remains unknown. To address this
issue, we tested HDACI response to TNF-« in the mouse em-
bryonic fibroblast (MEF) cells. Tnf-a expression was elevated
together with /I-18 and 1I-6 in the liver of P50-KO mice (Fig. 7A),

P < 0.01.

suggesting an enhanced inflammatory status. HDAC1 protein
exhibited a pattern of oscillation in the wild-type MEF cells in
response to NF-«B activation by TNF-« (Fig. 7B). HDACI1 was
reduced by TNF-« at three time points (30, 120 and 480 min) with
a recovery to the normal level between the reductions. MEF cells
with different gene knockout in the NF-xB family were used to
test the role of NF-«kB in the TNF-« effect. In the P50-KO MEF
cells, the HDAC1 oscillation disappeared, and a sustained HDAC1
reduction was observed under the TNF-« treatment (Fig. 7C). The
HDACT1 reduction was blocked by the proteasome inhibitor MG-
132 (Fig. 7D). In IxBa-KO cells in which NF-kB activation by
TNF-« remains normal, the oscillation was not affected (Fig. 7E).
In IkkB-KO cells, in which TNF-« could not activate NF-«B, TNF-
« did not affect HDAC1 (Fig. 7F). The data suggest that NF-«B
mediates the TNF-« signal in regulation of HDACI, and P50 is
required for the TNF-«a effect. The HDACI1 protein degradation
was dependent on proteasome in the absence of P50.

3.8.  Inactivation of NF-KB P65 did not alter the hepatic
steatosis

Above data suggests that the P50 subunit of NF-kB may regulate
hepatic steatosis through an impact in the HDAC1/SREBPIc
pathway. However, the role of P65 subunit remains unknown in
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the steatosis. To address this issue, P65 protein was examined in
P50-KO mice and an elevation was observed the liver (Fig. 8A).
The P65 activity was tested in the liver-specific P65-KO mice.
The P65-KO mice did not exhibit any significant difference in the
hepatic steatosis over the WT mice (Fig. 8B and C). A modest
increase in the number of large lipid droplets was observed in the
hepatocytes of P65-KO mice, but the difference did not lead to an
increase in the triglyceride content (Fig. 8C). HDAC1 and

SREBPIc did not show a difference in the liver between the
P65-KO and WT mice (Fig. 8D). No difference was detected in
mRNA of lipogenic genes and proinflammatory genes in the livers
of P65-KO over WT mice except Ppary (Fig. 8E). The mRNA of
Ppary was increased in the liver of P65-KO mice, which might
account for the increased number of large lipid droplets. This
group of data suggest that the P65 subunit did not play a direct
role in the control of hepatic steatosis.
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Figure 5

Inhibition of steatosis by Hdacl knockdown in HepG2 cells. (A) Hdacl shRNA transfection. HepG2 cells were electrical transfected

with Hdacl shRNA plasmid or control vector using cell line nucleofector Kit L, program TO031. Pictures were taken using a microscopy with
10 x object lenses for transfection efficiency. Scale bar: 200 um. (B) Impact of Hdacl knockdown in steatosis. Oil red staining of triglyceride in

transfected HepG2 cells after 0.5 mmol/L oleic acid treatment for 24 h.

Scale bar: 100 um. (C) Triglyceride quantification in the knockdown cells.

(D) Suppression of lipogenic proteins by Hdacl knockdown or chemical inhibitor. Western blot of HDAC1, HDAC3, SREBPI1, SCDI1, PPARYy
protein in HepG2 cells after 0.5 mmol/L oleic acid treatment for 24 h. In the first column, Hdacl was knocked down by shRNA. In the second
column, HDAC1 was inhibited with HDAC1-specific inhibitor (0.4 mmol/L) for 30 min before oleic acid treatment in HepG2 cells. In the bar

figure, each data represents mean + SE (n = 3). "P < 0.05.

4. Discussion

Current study suggests that NF-kB may regulate hepatic steatosis
through an impact in the HDACI activity by the P50 subunit.
NF-«kB is activated in response to multiple signals including
TNF-«, endotoxin and reactive oxygen species, etc. It is known
that the P50 subunit of NF-kB associates with HDAC1 on the
promoter DNA of NF-«kB target genes to regulate gene tran-
scription. It is unknown if NF-«B regulates the abundance of
HDACT protein in cells. Current study provides evidence that
NF-«B indeed regulates the HDAC1 protein. The observation was
made in the hepatocytes of P50-KO mice, in which HDACI1
protein was significantly decreased. The P50 impact on HDAC1
was confirmed in cells with P50 gene knockdown. The P50 impact
was only observed in protein, but not mRNA of Hdacl, suggesting
a role of post-translational modification in the control of HDAC1
protein by P50. The reduction is unlikely a result of suppression of
protein synthesis as the liver development is normal in P50-KO
mice. HDACT1 is required for normal differentiation of hepato-
cytes''. If HDAC1 protein synthesis was blocked, P50-KO liver
should suffer a defect in development. Our data suggests that the
HDACT1 reduction was a result of protein destabilization as the

change was blocked by MG-132. The HDAC1 degradation is
mediated by ubiquitination®’. Other HDACs (HDAC3 and SIRT1)
were not significantly altered in the liver of P50-KO mice, sug-
gesting that P50 specifically regulates HDAC1. We speculate that
P50 may stabilize HDACI through a protein—protein association
to prevent HDAC1 degradation. However, the exact molecular
event remains to be investigated for the HDAC1 degradation. The
P65 subunit was reported to associate with HDAC1. However,
the possibility is not supported by current study in P65-KO mice.

This study demonstrates that P65 acts in hepatocytes in the
control of hepatic steatosis. Global P50 inactivation in mice was
reported to generate several metabolic changes including resis-
tance to diet-induced obesity and improvement in insulin resis-
tance with an elevation in energy expenditure™®“*'. P50-KO mice
exhibited an increase in energy expenditure and resistance to
obesity as reported by this and other groups™®°. The reduction in
hepatic steatosis may be a result of global increase in energy
expenditure. However, the reduction in the liver to body weight
ratio and the data of cellular models consistently support the direct
role of P50 in hepatocytes. The hepatic effect may contribute to
the global phenotype of P50-KO mice. The HDAC1 reduction is a
potential mechanism for the reduced steatosis in P50-KO mice.
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Consistently, an increase in HDACI activity by gene over-
expression enhances hepatic steatosis in mice although the
mechanism was not clear’”. In contracts to HDAC1, HDAC3 in-
hibits lipogenesis in the physiological conditions. The liver-
specific Hdac3 knockout mice suffer severe hepatic steatosis® .
HDAC3 may not contribute to the phenotype in this study for lack
of HDACS3 alteration in the liver of P50-KO mice. In brown ad-
ipocytes, HDAC1 promotes lipid accumulation through inhibition
of PGC-1« (peroxisome proliferator-activated receptor gamma co-
activator lalpha) activity'®. Our data suggest that the P50 subunit
of NF-«kB promotes hepatic steatosis in the physiological condi-
tion by stabilization of HDAC1 protein in hepatocytes.

Our data suggests that HADC1 promotes hepatic steatosis
through de-succinylation of SREBPIlc protein in hepatocytes.
There are two SREBP genes in mammalians. SREBP1 promotes
fatty acid and triglyceride synthesis, and SREBP2 controls
cholesterol synthesis. SREBPIc activity is induced by insulin
through the PI3K/AKT pathway and by protein acetylation®*. The
activity of SREBPIc protein is inhibited by phosphorylation and
ubiquitination-mediated protein degradation'>**. Succinylation
was found as a new mechanism in the regulation of SREBPIc
activity in current study. SREBPI1c succinylation was found in
P50-KO mice, and over modification of SREBPIlc protein by
succinylation was observed with the SREBPI1c reduction. Succi-
nylation occurs at the lysine residue in variety of proteins®. The
succinylation status is regulated by SIRTS through de-

succinylation in mitochondria'®**. SIRT5 is located in the mito-
chondrion, and the identity of nuclear de-succinylation enzyme
remains unknown. In current study, the succinylation signals were
observed in the liver at molecules of 35—130 kDa, which was
reduced by fatty liver in the WT mice. In P50-KO mice, the
succinylation was increased under the none-obese and obese
conditions. HDAC1 was found to de-succinylate SBREP1c protein
in the enzyme assay, and lack of HDAC1 was responsible for the
increased succinylation of SREBPI1c in the P50-KO mice. The
relationship among succinylation, acetylation and phosphorylation
remains to be investigated in the SREBP1c protein in the future.

The P65 protein was elevated in the absence of P50 to induce
expression of cytokines including TNF-«, IL-1 and IL-6 in the
P50-KO liver. In the NF-xkB dimer, P50 enhance the binding
ability of P65 in the target gene DNA. However, the association
reduces the transcriptional activity of P65 for lack of a trans-
activation domain in P50. In the absence of P50, the P50 homo-
dimer binds to DNA with a low affinity, but higher transactivation
ability as a result of doubled number of transactivation domain.
This contributes to the elevated cytokine expression in the liver of
P50-KO mice in current study. Kupffer cells are more active in the
expression of the cytokines. When this happens in Kupffer cells
and hepatocytes, more pro-inflammatory cytokines are produced.
Current study suggests that the P65 subunit of NF-«B is not a
major player in the pathogenesis of hepatic steatosis. In activation
of P65 in the liver-specific P65-KO mice did not change the liver
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size, triglyceride content and body weight. The hepatic steatosis
was not significantly altered in the P65-KO mice on HFD except
the modest increase in the lipid droplet size, suggesting that P65 is
not required for the hepatic steatosis.

5. Conclusions

This study demonstrates that the P50 subunit, not the P65 subunit,
plays a direct role in hepatocytes in the regulation of steatosis. P50
protected HDACI activity through stabilization of the HDACI1
protein. The HDAC] protein was reduced in the liver of P50-KO
mice due to lack of the protection. HDAC1 preserved SREBP1c
activity through de-succinylation, which was interrupted in the
liver of P50-KO mice for super succinylation of SREBPlc and
inhibition of hepatic steatosis. In the physiological condition,
HDAC1 may stabilize SREBPIc protein through the de-
succinylation activity to promote hepatic steatosis. These data
suggest a novel signaling pathway of PSO/HDAC1/SCREBPIc in
hepatocytes in the control of hepatic steatosis. The pathway may
apply to the pathogenesis of hepatic steatosis under endotoxin
challenge or inflammatory status. However, this pathway remains
to be explored further to identify the exact mechanisms for
degradation of HDAC1 and SREBPIc proteins. A role of the gut
microbiota, which influences hepatic steatosis®, remains to be
investigated in the phenotype of P50-KO mice.
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