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Abstract

Inhibitor of nuclear factor kappa-B kinase beta (IKKp) plays a critical role in cell proliferation and inflammation in various cells by
activating NF-«xB signaling. However, the interrelationship between peroxisome proliferator-activated receptor oo (PPARa) and
IKKB in cell proliferation is not clear. In this study, we investigated the possible role of PPARa in the hepatic cell death in the ab-
sence of IKKB gene using liver-specific Ikkb-null (IkkbFFACe) mice. To examine the function of PPARa activation in hepatic cell
death, wild-type (/kkb™F) and Ikkb™ A mice were treated with PPARa. agonist Wy-14,643 (0.1% w/w chow diet) for two weeks.
As a result of Wy-14,643 treatment, apoptotic markers including caspase-3 cleavage, poly (ADP-ribose) polymerase (PARP)
cleavage and TUNEL-positive staining were significantly decreased in the IkkbFFACre mice. Surprisingly, Wy-14,643 increased the
phosphorylation of p65 and STAT3 in both Ikkb and lkkb™FACre mice. Furthermore, BrdU-positive cells were significantly increased
in both groups after treatment with Wy-14,643. Our results suggested that IKKB-derived hepatic apoptosis could be altered by
PPARa activation in conjunction with activation of NF-kB and STAT3 signaling.
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INTRODUCTION tive response, PPARo. can be activated by starvation in the
liver where it induces genes involved in fatty acid transport

The inhibitor of nuclear factor kappa-B kinase (IKK) com- and B-oxidation, and gluconeogenesis (Kersten et al., 1999).
plex consists of three core elements including two kinases PPARa is activated by endogenous fatty acid metabolites
(IKKa, IKKB) and a regulatory subunit (IKKy), and plays a such as phosphatidyl choline and fibrates (synthetic PPAR«a
critical role in inflammation, cell survival, tumorigenesis, and ligands) used for the treatment of hyperlipidemia in humans.
immune responses (Baldwin, 2012; Liu et al., 2012). IKKB is Following ligand binding, PPARa heterodimerizes with reti-
a major kinase that regulates nuclear factor kB (NF-«xB) acti- noid X receptor alpha (RXRa) at specific DNA-response ele-
vation in response to pro-inflammatory and many other stress ments known as peroxisome proliferator response elements

stimuli by triggering phosphorylation and degradation of the in target genes (Desvergne and Wahli, 1999; Chakravarthy
NF-«xB inhibitor I-kB (Hayden and Ghosh, 2004). Previously, et al., 2009). Prolonged treatment with PPARa agonists could
the function of IKKB was studied using lkkb null mice, which lead to hepatocarcinogenesis and hepatic necrosis in rodents,
showed embryonic lethality at approximately day E13 due to but not in humans (Peters et al., 1997; Klaunig et al., 2003;
massive liver apoptosis (Li et al., 1999a, 1999b). Thus, hepat- Hays et al., 2005; Woods et al., 2007). This may be caused by

ic IKKB has been regarded a major factor in hepatic cell death. the oxidative stress induced by PPARa. activation because el-

Peroxisome proliferator-activated receptor o (PPARa), a evated reactive oxygen species (ROS), notably H,O, are pro-
member of the nuclear receptor superfamily, is a ligand-ac- duced during fatty acid p-oxidation. Indeed, the elevated level
tivated transcription factor having a critical role in the regula- of oxidative stress by PPARa activation could also induce cell
tion of lipid metabolism, inflammation, and carcinogenesis in cycle arrest and cell death-related signaling by early induc-

the liver (Pyper et al., 2010; Peters et al., 2012). As an adap- tion of p21 and GADD45b. However, the expression of these
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Fig. 1. Ablation of the /kkb gene induces hepatic cell death. (A) Liver samples from Ikkb™ and Ikkb™ """ mice were subjected to HE, TU-
NEL, and BrdU staining. (B) TUNEL-positive cells were counted using ImageJ and expressed relative to the control. (C) BrdU-positive cells
were counted using ImagedJ and expressed relative to the control. *p<0.01; **p<0.001.

genes is not sufficient to induce hepatic apoptosis. Thus, there
might exist a factor rendering cells resistant against oxidative
stress-mediated hepatic apoptosis (Kim et al., 2014). Here, a
hepatocyte-specific lkkb-null mouse model was used to de-
termine whether lkkb ablation changes the hepatic cell death
during PPARa activating period, because IKKB/NF-kB/STAT3
was implicated in the hepatic cell death or tumor progression
in conjunction with oxidative stress.

Although multiple PPARa studies have focused on the
mechanisms of lipid metabolism, inflammation, and hepato-
carcinogenesis, the effect of the oxidative stress induced by
PPARa activation in hepatic cell death has not been mecha-
nistically elucidated. Because PPARa agonists are clinically
used for the treatment of hypercholesterolemia and hypertri-
glyceridemia, it is important to study the possible outcome of
liver cancer using different genetic background mouse mod-
els. Thus, in this study, we explored the role of PPARa in he-
patic cell death in the absence of /KK gene.

MATERIALS AND METHODS

Materials

PPARo agonist Wy-14,643 was a gift from Janardan Reddy,
Northwestern University, Chicago, IL, USA. Anti-caspase-3,
anti-cleaved PARP, anti-pp65, anti-pBAD and anti-BAD anti-
bodies were obtained from Cell Signaling Technology (Bev-
erly, MA, USA). Anti-actin antibody was obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Anti-p21 antibody

was purchased from BD Biosciences (San Jose, CA, USA).
The TUNEL staining kit was obtained from Promega (Madi-
son, WI, USA).

Mice

Seven- to eight-week-old male /kkb-floxed mice (/kkb™F)
(Maeda et al., 2003), obtained from Michael Karin, University
of California, San Diego, CA, USA, on the C57BL/6 back-
ground were bred to albumin-Cre recombinase transgenic
mice (Yakar et al., 1999) to obtain /kkbFAtCre mice. The mice
were housed in a pathogen-free animal facility under standard
12-h light/dark cycles with water and chow ad libitum. For Wy-
14,643 treatment, mice were fed a diet with 0.1% w/w Wy-
14,643 (Bio-Serv, Frenchtown, NJ, USA). Mice fed a normal
chow diet were used as a control. All experiments were carried
out per the guidelines of the Association for Assessment and
Accreditation of Laboratory Animal Care with approval from
the NCI Animal Care and Use Committee.

Quantitative real-time PCR (qPCR)

Total RNA was isolated from frozen/fresh mouse livers us-
ing Trizol (Invitrogen, Carlsbad, CA, USA). Complementary
DNA (cDNA) was synthesized from 1 ng of total RNA using
a SuperScript |l reverse transcriptase kit (Invitrogen). gPCRs
were run on a Prism 7900HT Sequence Detection System
(Applied Biosystems, Foster City, CA, USA). All reactions
were performed in a 10-ul volume comprising 25 ng cDNA,
300 nM of each primer, and 5 pl of SYBR Green PCR Master
Mix (Applied Biosystems). The cycling conditions were 10 min
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Fig. 2. Wy-14,643 inhibits hepatic apoptosis in Ikkb conditional knockout mice. (A) kkb™ and Ikkb™ " mice were treated with Wy-14,643
(0.1%, w/w) for 2 weeks. Liver samples were subjected to western blot analysis. Con, control diet; WY, Wy-14,643. (B) The samples from
(A) were subjected to qPCR. (C) Liver weights from Ikkb™ and Ikkb™™""®® mice measured after Wy-14,643 treatment. ***p<0.0001; NS, not

significant.

at 95°C and 40 cycles of 95°C for 3 s and 60°C for 30 s. mRNA
expression levels were normalized to the Gapdh mRNA level.
Primers for gPCR were designed using qPrimerDepot (http://
mouseprimerdepot.nci.nih.gov/).

Western blotting

Mouse livers were lysed with RIPA lysis buffer (150 mM
NaCl, 0.5% Triton X-100, 50 mM Tris-HCI, pH 7.4, 25 mM NaF,
20 mM EGTA, 1 mM DTT, 1 mM NazVO,, and protease in-
hibitor cocktail) for 30 min on ice, followed by centrifugation at
14,800%g for 15 min. Protein concentrations were measured
with bicinchoninic acid reagent. Protein (30 pg) was electro-
phoresed on a 4-15% gradient Tris-HCI gel (Bio-Rad, Hercu-
les, CA, USA) and transferred onto a polyvinylidene difluo-
ride membrane in Tris-glycine buffer (pH 8.4) containing 20%
methanol. The membranes were blocked with 5% fat-free dry
milk in phosphate-buffered saline containing 0.1% Tween-20
(PBST) for 1 h, and incubated with primary antibodies and
horseradish peroxidase-conjugated secondary antibodies us-
ing standard western blotting procedures. Proteins were vi-
sualized using the Femto signal chemiluminescent substrate
(Thermo Fisher Scientific/Pierce, Rockford, IL, USA) under
an image analyzer (Alpha Innotech Corp., San Leandro, CA,
USA).

Histological and immunohistochemical analyses

For microscopic examination, fresh livers were fixed in 10%
buffered formalin and embedded with paraffin. Tissue sections
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(4 um) were stained with hematoxylin and eosin (HE) (Sigma-
Aldrich, St. Louis, MO, USA). The TUNEL staining kit was
used for immunohistochemistry. Frozen liver tissues were cut
at 10 um thickness and stained with Oil O red to detect lipid
droplets. For BrdU incorporation experiments, mini-osmotic
pumps containing sterile BrdU were implanted subcutaneous-
ly and mice were euthanized 6 days later. Then, liver paraffin
sections (4 um) were prepared for immunohistochemistry.

Statistical analysis

Experimental values are expressed as means * SDs. Sta-
tistical analysis was performed by two-tailed Student’s ¢ test,
with p<0.05 considered significant.

RESULTS

Ablation of the IkkB gene induces hepatic cell death

To verify our hepatocyte-specific lkkb-null mouse model as
described in previous reports (Li et al., 1999a, 1999b), the liv-
ers from lkkb™ and IkkbFFA®Cre were subjected to histological
and immunohistochemical analyses. Histological data showed
that there were no specific differences in cell morphological
features between the two strains, but the cytosol was weakly
stained by eosin in the [kkb™FAbCe mice (Fig. 1A). This might
be due to the process of apoptosis. To assess the apoptotic
feature in the livers of Ikkb™ AbCe mice, apoptotic cells were
counted after TUNEL staining; positive, apoptotic cells were
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Fig. 3. Wy-14,643 strongly induces cell proliferation marker, BrdU, in the livers of both Ikkb™ and Ikkb™ """ mice. (A) Ikkb™ and
Ikkb™™*"°"* mice were treated with Wy-14,643 (0.1%, w/w) for 2 weeks. Liver samples were subjected to BrdU staining for evaluation of cell
proliferation. Lipid droplets were stained with Oil Red O dye to check for the induction of lipogenesis in mice fed the Wy-14,643 diet. (B) The
relative BrdU counts from (A) were measured using ImageJ program. ***p<0.0001.
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Fig. 4. Wy-14,643 strongly induces cell proliferation markers, p-p65 and pSTAT3, in the livers of both /kkb™ and Ikkb™ """ mice. Ikkb™
and Ikkb™ *"°" mice were treated with Wy-14,643 (0.1%, w/w) for 2 weeks. Protein extracts from nuclei or whole cells were subjected to
Western blotting. (A) The nuclear p-p65(Ser 468 or Ser 536) protein was measured. Histone H3 was used as an equal loading control. Den-
sitometric analysis of p-p65 (Ser 468) was shown in the right panel. (B) pSTAT3 protein was detected using whole cell lysate. GAPDH was
used as an equal loading control. Densitometric analysis of pSTAT3 was shown in the right panel. (C) Hepatic Cyp7b1 mRNA was mea-
sured using real-time PCR method. Con, Control diet; WY, Wy-14,643. *p<0.05; **p<0.001.

significantly increased in the Ikkb™™AC mice (Fig. 1B). Like-
wise, BrdU-positive cells were significantly reduced in the liv-
ers of lkkbF-ACre mice when compared to those of /kkb™F mice
(Fig. 1C). In our mouse model, mild hepatic apoptosis was
observed in the absence of the Ikkp gene. Thus, a compensa-
tory mechanism of hepatic cell proliferation may exist.
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PPARa agonist Wy-14,643 ameliorates the hepatic
apoptosis in Ikkb™FA"bre mice

To investigate the potential role of PPAR« activation in he-
patic apoptosis in the absence of Ikkb, Ikkb™" and IkkbF/F-AtCre
mice were treated with the PPARo agonist Wy-14,643 (0.1%
w/w) for two weeks. Wy-14,643 treatment resulted in a de-
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crease in apoptotic markers cleaved-caspase-3 and cleaved-
PARP, and the cell cycle inhibitory protein p21 in the livers
of Ikkb"F-AtCe mice (Fig. 2A). Thus, PPARa activation may
abolish the lkkp-derived cell death by stimulating proliferation
signals. For control of PPARa activation by Wy-14,643, the
expression of Acox1 (acyl-coenzyme A oxidase 1, palmitoyl)
mRNA (Fig. 2B) and liver weight (Fig. 2C) were measured in
both groups. As results, massive induction of Acox1 mRNA
and hepatomegaly were similarly induced by Wy-14,643 in
both groups. To check whether TNFa is involved in the he-
patic apoptosis, we measured the hepatic TNFo mRNA level
in the IkkbFFAtCre mice after Wy-14,643 treatment. Howev-
er, we observed no change in TNFa mRNA in the livers of
IKKbFIF-AbCre mice after Wy-14,643 treatment (Fig. 2B).

Wy-14,643 increases NF-kB and STAT3 phosphorylation
and cell proliferation in Ikkb"™"** mice

It is widely considered that IKKB inhibits TNFa-induced
apoptosis through the activation of NF-xB (Karin and Ben-
Neriah, 2000; Baldwin, 2012). Thus, we measured NF-xB
activation in livers of both Ikkb™F and IkkbFF-~tCre mice after
Wy-14,643 treatment. Because hepatic apoptosis was signifi-
cantly reduced by PPARa activation in the lkkbFAtCre mice,
we checked cellular proliferation markers such as phosphory-
lation of p65 and BrdU. As shown in Fig. 3, BrdU-positive cells
were significantly increased by treatment with Wy-14,643 in
IkkbF-AbCre mice. Because Wy-14,643 induced hepatomegaly
with enlarged hepatocyte and nucleus, thus we counted the
number of nuclei stained with BrdU. To check PPARa activa-
tion by Wy-14,643, lipid droplets were stained using Oil Red O
(Fig. 3A). IKKp deficiency seemingly did not alter Wy-14,643-
mediated lipid accumulation. Because NF-kB phosphoryla-
tion is important for the cell proliferation, thus we measured
phosphorylated p65 by detecting the two different forms of
phosphorylation (Ser 468 and Ser536) in the transactivation
domain (TAD) (Christian et al., 2016). Interestingly, Wy-14,643
significantly induced the phosphorylation of p65 in the livers
of Ikkb™FAbCre mice (Fig. 4A). In addition, STAT3 phosphory-
lation was also dramatically increased in the livers of lkkb™
Aibcre mice (Fig. 4B). As shown in the previous report (Kim et
al., 2014), STAT3 protein level and its phosphorylation were
rather decreased by treatment with Wy-14,643 for 24 h. thus
STAT3 activation by Wy-14,643 in the absence of IKKp is
novel feature in this study. Furthermore, Cyp7b1 mRNA was
strongly induced only lkkb™F4Ce mice after Wy-14,643 treat-
ment (Fig. 4C). This might be due to the activation of STAT3
(Patel et al., 2014).

Bcl-2-associated death promoter (BAD) is independent of
Wy-14,643-induced cell proliferation in Ikkb™ 4 mice
Based on a previous report, the activity of BAD was inhibit-
ed by IKKB on the TNFa-induced apoptosis (Yan et al., 2013).
Thus we checked the level of active BAD protein whether BAD
could affect the hepatic proliferation by Wy-14,643 in the ab-
sence of IKKB gene. The results showed that phosphorylated
BAD was not significantly altered by Wy-14,643 in both /kkb/F
and Ikkb™F-ACe mice (Fig. 5) indicating that BAD may not in-
volve in the Wy-14,643-induced hepatic cell proliferation.
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Fig. 5. BAD, an anti-apoptotic protein, showed no significant
change on its activation by Wy-14,643 treatment in /kkB conditional
knock-out mice. Ikkb™ and Ikkb™ """ mice were treated with Wy-
14,643 (0.1%, w/w) for 2 weeks. Liver samples were subjected to
Western blotting analysis for detection of p-BAD protein. The p-
BAD proteins were analyzed using a densitometer. Con, Control
diet; WY, Wy-14,643; N.S, Not significant.

DISCUSSION

It has been previously suggested that TNFa can sensitize
mice to /kkp-mediated embryonic liver cell death, because
the embryonic lethality was rescued by crossing lkkb-null
mice with Tnfo-null mice (Li et al., 1999a). However, Wy-
14,643 did not alter the Tnfo expression level in the liver of
IkkbFF-AbCre mice. This suggests that protective effect of Wy-
14,643 on hepatic apoptosis is not derived from the change
of TNFa signaling.

IKKPB is regarded an important factor in NF-kB-related sig-
naling. However, a previous study revealed that hepatic abla-
tion of /kkb did not alter NF-xB activation in the presence of
TNFa (Luedde et al., 2005). The present study corroborated
that adult hepatocyte-specific disruption of /kkb did not alter
NF-xB activation. However, it showed that NF-«xB activation
was triggered by PPARa, even in the absence of the IKKpB
gene. This might indicate that hepatic cell death is reduced
by activation of the proliferative signaling such as NF-kB and
STAT3 pathways. Because transcription factor NF-xB and
STAT3 are collaboratively activated in many cancer cells, this
partnership may play an important role in cell survival, prolif-
eration and inflammation (Lee et al., 2009; Kundu and Surh,
2012; Choi et al., 2014). Also, unphosphorylated STAT3 can
directly interact with NF-kB and modulate NF-xB target genes,
such as RANTES (Yang et al., 2007). In addition, STAT3-
drived signaling is required to sustain the level of NF-xB for
up-regulation of anti-apoptotic genes and oncogenes which
may assist the microenvironment for cancer (Lee et al., 2009).
Furthermore, in the normal condition, Wy-14,643 is prone to
decreasing STAT3 level and its activation, however, STAT3 ac-
tivation was solely increased in the liver of Ikkb™ A®Cre mice by
Wy-14,643. The results indicate that oxidative-stress induced



STAT3 activation may affect to hepatic proliferation in conjunc-
tion with IKKB/NF-kB pathways (He et al., 2010). As shown in
Fig. 4C, Cyp1b1 mRNA, a possible STAT3 target gene, was
strongly induced only in the liver of Ikkb™™ACre mice by Wy-
14,643. This might be related to STAT3 activation. Thus, it is
possible that PPARa-induced oxidative stress might lead to
STAT3 activation resulted in reduction of apoptotic signaling
or induction of proliferative signaling.

PPARa plays a critical role in lipid metabolism by inducing
genes related to fatty acid transporter, B-oxidation and glu-
coneogenesis. Additionally prolonged exposure with PPARa
agonist could induce carcinogenesis in the murine liver. This
might be due to the unbalanced oxidative stress. Increased
oxidative stress might be produced by the induction of ACOX1
by PPARa activation. ACOX1 is a peroxisomal enzyme in-
volved in the B-oxidation of long-chain and very-long chain fat-
ty acids. During this process, H,O; is produced as a byproduct
(Varanasi et al., 1994). Thus, sustained activation of PPARa
may increase cellular oxidative stress. Forced ACOX1 expres-
sion in the liver increased Gadd45b, encoding a sensor pro-
tein involved in cell cycle arrest which is modulated by H,O..
However, Acox1-null mice showed no induction of Gadd45b
or other PPARa target genes, such as Acs/1, Cyp4a10, and
Acadm, by Wy-14,643 (Kim et al., 2014). Thus, prolonged ex-
posure with oxidative stress could induce hepatic carcinogen-
esis by triggering the activation of STAT3 and NF-kB pathway
in the absence of Ikkf gene.

Although PPARa agonists, such as fenofibrate and fibrates
of other classes, are used for the treatment of hypercholester-
olemia and hypertriglyceridemia, the possibility of adverse ef-
fects should be considered, because long-term use of PPARa
agonist induces liver cancer in rodents. In a similar context,
genetic variation of other gene, such as IKKB, must be con-
sidered for clinic use when PPARa agonist treated to human.
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