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The Protective Effect of Heme Oxygenase-1 against Intestinal
Barrier Dysfunction in Cholestatic Liver Injury Is Associated
with NF-xB Inhibition
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Heme oxygenase-1 (HO-1) is reported to protect against liver injury, but little is known about its effect on the intestinal barrier in
cholestatic liver injury. In this study, we investigated the effects of HO-1 and its enzymatic by-product on intestinal barrier dysfunc-
tion in bile duct ligation (BDL) rats and explored the possible mechanism. The HO-1 inducer cobalt protoporphyrin (CoPP) and
carbon monoxide-releasing molecule-2 (CORM-2) were used; the expression levels of tight junction (TJ) proteins, intestinal inflam-
mation and NF-kB p65 were measured. For an in vitro experiment, stable Caco-2 cell lines were constructed, one overexpressed
the HO-1 gene and another with that gene knocked down, and the specific NF-kB inhibitor JSH-23 was used. CoPP and CORM-2
freatment alleviated liver and infestinal mucosa injury in BDL rats; improved ZO-1, claudin-1 and PCNA expression; and reduced
cell apoptosis and intestinal inferleukin-6 (IL-6) expression. In vifro studies confirmed that HO-1, ZO-1 and occludin were overex-
pressed in HO-1-transfected Caco-2 cells, while decreased in the short hairpin HO (sh-HO-1) group. JSH-23 significantly increased
occludin expression in both the HO-1 overexpression and sh-HO-1 groups, compared with their respective controls. HO-1 overex-
pression also inhibited the nuclear translocation of NF-kB p65 after lipopolysaccharide (LPS) freatment. Additionally, phospho-pé5
expression in sh-HO-1 cells was significantly increased compared with that of the HO-1 overexpression group. In conclusion, HO-1
and CORM-2 improved intestinal epithelial barrier function in BDL-induced cholestatic liver injury mainly by restoring TJ, reducing
cell apoptosis and intestinal inflasnmation. HO-1 exerts a protective effect, which is partially correlated with the regulation of NF-«B.
Online address: hitp://www.molmed.org
doi: 10.2119/molmed.2017.00078

INTRODUCTION

Cholestasis caused by disordered bile
secretion and excretion is common in
many liver diseases. Bile duct ligation
(BDL)-treated rats exhibit cholestasis, in-
creased oxidative stress and liver fibrosis,
which ultimately lead to liver cirrhosis (1).
The BDL rat model has been widely used
to study cholestatic liver injury and the
associated oxidative stress and fibrogenesis
(2). Bile acids can also modulate the micro-
biome, and the absence of bile in the gut
leads to mucosal injury, as demonstrated

by increased intestinal permeability and
increased bacterial translocation (3,4).

The interaction between the microbiome
and the host liver is of particular interest
in cholestatic liver disease, in which bile
acids have been shown to both change the
composition of the microbiome and impair
intestinal integrity and barrier function
(5,6). Increased levels of lipopolysaccharide
(LPS) entering the liver through the portal
vein induce recruitment and activation

of inflammatory cells and production of
proinflammatory cytokines, causing the
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second hit to the liver and aggravating in-
testinal injury (7,8). Therefore, the interac-
tions between the gut microbiome, the in-
testinal barrier and the liver appear to have
a key role in the pathogenesis of cholestatic
liver disease, and the recovery of intestinal
barrier function is crucial to block the pro-
gression of the disease.

The intestine epithelium forms a phys-
ical barrier between the lumen and the
intestinal mucosa. Connections between
intestinal epithelial cells include tight
junctions (TJs), gap junctions, adhesion
junctions and desmosomes. TJs maintain
the permeability and integrity of the
intestine; alterations in TJ protein ex-
pression have been found to contribute
to impaired barrier function in many
gastrointestinal and liver diseases, such
as alcoholic liver disease, cirrhosis and
inflammatory bowel disease (IBD) (9).

Heme oxygenase-1 (HO-1) is a stress-
inducible enzyme that exerts antioxidant,
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antiinflammatory and cytoprotective ef-
fects through its by-products including car-
bon monoxide (CO), biliverdin/bilirubin
and free iron (10,11). Previous reports have
shown that induction of HO-1 expression
contributes to protection against liver dam-
age in various liver diseases such as acute
liver injury, alcoholic liver disease, liver
fibrosis and ischemia/reperfusion injury
(12-15). Encouragingly, activation of HO-1
counteracts LPS-induced inflammatory
and oxidative damage (16) and can also
alleviate intestinal ischemia-reperfusion
injury (17). Our previous study found that
endogenous activation of HO-1 by cobalt
protoporphyrin (CoPP) could suppress im-
mune liver fibrosis (18), and another of our
experiments showed that inhibiting HO-1
activity could be helpful in ameliorating
BDL-induced liver cirrhosis (19). Hence,
HO-1 may exert diverse effects on the pro-
gression of liver disease, and the protective
effect of HO-1 overexpression may be
restricted to a narrow threshold. Because
of the diverse effect of HO-1, we examined
its effect in the early stage of liver fibrosis,
mainly regarding the intestinal barrier this
time, and the results showed that HO-1/CO
has potential clinical applications for the
treatment of intestinal dysfunction.

CO is a small gaseous molecule with
antiinflammatory and antimicrobial
properties. It is well established that
both endogenous and exogenous CO
can suppress inflammation, protect endo-
thelial cells and improve microcirculation
(20). CO-releasing molecule 2 (CORM-2)
[Ru(CO),CL)],, one of the class of newly
synthesized transition metal carbonyls, can
release CO when it is dissolved in dimethyl
sulfoxide (DMSO) (21). The inhibitory effect
of CO and CORMs on cytokine-induced
changes in the in-testinal epithelium might
also contribute to their beneficial effect in
acute and chronic gastrointestinal inflamma-
tory conditions such as IBD (22,23). It has
been reported that CORM-2 exerts a protec-
tive effect on the barrier function of intesti-
nal epithelial cells (24). In septic rats, it can
also reduce intestinal epithelial T] damage,
protect barrier function and reduce mor-
tality (25). However, little is known about
the protective effect of HO-1/CORM-2

on the intestinal barrier in the early stage
of cholestatic liver fibrosis. In this study,
we mainly investigated the changes in the
intestinal barrier in BDL-induced early
cholestatic liver fibrosis and the protective
effects of HO-1 overexpression and CORM-
2. We also constructed stable Caco-2 cell
lines that overexpressed HO-1 or had their
HO-1 expression knocked down to eluci-
date further the protective effect of HO-1
and the possible mechanism of that effect.

MATERIALS AND METHODS

Chemicals and Reagents

LPS, CoPP, zinc protoporphyrin (ZnPP)
and CORM-2 were purchased from
Sigma-Aldrich. JSH-23 was obtained from
Selleck Chemicals. CORM-2 and JSH-23
were dissolved in DMSO, then diluted
to the required concentrations. Lipofect-
amine 2000 was obtained from Invitrogen.
Anti-ZO-1 polyclonal antibody (Protein-
tech), anti-claudin-1 polyclonal antibody
(Abnova), anti-occludin polyclonal anti-
body (Abcam), anti-Toll-like receptor 4
(TLR4) monoclonal antibody (Santa Cruz
Biotechnology), anti-NF-«kB p65 and Pro-
liferation Cell Nuclear Antigen (PCNA)
monoclonal antibodies (Cell Signaling
Technology) and peroxidase-conjugated
goat anti-rabbit or anti-mouse secondary
antibody (ZSGB-BIO) were used. Alexa
Fluor 594 anti-rabbit Immunoglobulin G
(IgG) and Alexa Fluor 488 anti-mouse IgG
were from Proteintech. Puromycin was
obtained from Beijing Solarbio Science &
Technology Co., Ltd.

Cell Culture

Human colonic epithelial cells
(Caco-2) were purchased from the Amer-
ican Type Culture Collection (ATCC) and
cultured in Dulbecco’s modified Eagle’s
medium with high glucose (DMEM,
Gibco), supplemented with 10% fetal bo-
vine serum (FBS). Cells were cultured at
37°C with 5% CO,. When the cells reached
approximately 70%—-80% confluency, they
were dissociated with trypsin and sub-
cultured. To detect the phosphorylation
levels and nuclear translocation of NF-xB,
we treated Caco-2 cells with or without
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JSH-23 (30 umol/L) for 1 h and stimulated
them with 10 pg/mL LPS for 24 h.

Animal Model (BDL and Grouping)
Animal experiments were carried out
in strict accordance with the recommen-
dations in the guide of the Animal Care
and Use Committee of Dalian Medical
University (Liaoning Province, China),
and the protocol was approved by the in-
stitutional Ethics Committee (approval ID
L20160221). Sixty male Sprague-Dawley
rats, weighing 200220 g, were obtained
from the Laboratory Animal Center of
Dalian Medical University and were di-
vided randomly into five groups: Sham
(n =8), BDL (n = 14), cobalt protoporphy-
rin (CoPP, n = 14), zinc protoporphyrin
(ZnPP, n = 10) and CORM-2 (n = 14). The
rats were fed ad libitum and housed for 3 d
before any experimental protocols were
conducted. Cholestatic liver injury was
induced by BDL. Briefly, the bile duct was
isolated and loosely double ligated with
a 3-0 silk suture as previously described
(26). Rats in the Sham group underwent
laparotomy and had the bile duct isolated
but not ligated. The other four groups
underwent BDL surgery. Two weeks after
BDL surgery, the animals were treated
by intraperitoneal injection with CoPP or
ZnPP (5 mg/kg body weight) or CORM-2
(30 mg/kg body weight) every other day
for a total of three injections. ZnPP and
CoPP were first dissolved in 0.2 mol/L
NaOH (pH 7.4), then diluted in 0.85%
NaCl for a final concentration of 1 mg/mL
as previously described, and the com-
pounds were used for inhibiting and
inducing HO-1 expression, respectively
(27). For the Sham and BDL groups, rats
received an intraperitoneal injection of
saline. At the end of the treatment, the
number of rats was reduced to 42: Sham,
n = 6; BDL, n = 10; CoPP, n = 10; ZnPP,
n = 6; and CORM-2, n = 10.

Sample Collection and Examination
Blood samples were collected from
the abdominal vein and centrifuged
for biochemical and enzyme-linked
immunosorbent assay (ELISA) mea-
surement. Serum levels of alanine



aminotransferase (ALT), aspartate trans-
aminase (AST), total bile acid (TBA),
y-Glutamyl Transpeptidase (y-GT) and
alkaline phosphatase (AKP) were mea-
sured. Segments of colon and liver tissue
were harvested, some of which were
Pxed in 4% paraformaldehyde and used
for histological examination. Another
portion was immediately stored at —80°C.

Histological Scoring
Liver and intestinal tissues from
each animal were stained with hema-
toxylin and eosin (H&E). Liver fibrosis
was graded as follows: 0 = no fibrosis;
1 = enlarged, fibrotic portal tracts;
2 = periportal or portal-portal septa but
intact architecture; 3 = fibrosis with ar-
chitectural distortion but no obvious cir-
rhosis; 4 = probable or definite cirrhosis.
Intestinal mucosal injuries were
graded according to the scoring system
described by Chiu (28): 0 = normal mu-
cosa; 1 = mucosal degeneration with ex-
tended subepithelial space; 2 = intestinal
villus epithelium raised and more ex-
tended subepithelial space; 3 = intestinal
villus epithelium deciduation; 4 = intesti-
nal villus epithelium shedding, only lam-
ina propria; 5 = severe degeneration and
mucosal digestion with disintegration of
lamina propria, bleeding and ulcers.

Construction of Stable HO-1
Overexpression and Knockdown
Cell Lines

An FUGW expression vector carrying
the human HO-1 gene was constructed.
Cells were transfected with either an
FUGW-HO-1 plasmid or an FUGW
vector control plasmid. Short hairpin
RNA (shRNA) targeting the HO-1
gene (5'-CCGGACAGTTGCTGTA
GGGCTTTATCTCGAGATAAAG
CCCTACAGCAACTGTTTTTTG-3') or
a scrambled control shRNA was cloned
into a pLKO.1 vector to construct an
HO-1 knockdown cell line. Lentiviral
transductions with the HO-1 gene or
HO-1 shRNA were conducted in Caco-2
cells, and the cells were selected with
puromyecin (4 ug/mL) for 3 d and
cultured at 1 ug/mL of puromyecin.

Successful overexpression or silencing
of HO-1 in stable cells was confirmed
by real-time Polymerase Chain Reaction
(PCR) and Western blot.

RT-gPCR

Total RNA from Caco-2 cells was
extracted using TRIzol Reagent (Transgene
Biotech) according to the manufacturer’s
instructions. Reverse transcription (RT)
was performed on 1 pg of total RNA
using random primers (PrimeScript™
RT Reagent Kit, Takara). PCR was
performed using SYBR Fast qPCR Mix
(TaKaRa). The HO-1 and B-actin primer
sequences were as follows.

HO-1: Forward 5-TCCGATGG-
GTCCTTACACTC-3/, Reverse 5'-AA
GGAAGCCAGCCAAGAGA-3'.

P-actin: Forward 5-AGCCTCAAGA
TCATCAGCAATG-3,

Reverse 5-TGTGGTCATGAGTCCTT
CCACG-3'. The PCR cycling conditions
consisted of one cycle of 95°C for 10 min
for denaturing followed by 40 cycles of
95°C for 15 s and 60°C for 1 min. The
messenger RNA (mRNA) expression of
target genes was normalized to the ex-
pression of B-actin.

Western Blot Analysis

Proteins were extracted from cultured
cells or rat tissues using lysis buffer, and
their concentrations were determined by
the BCA method (BCA kit, Trans). Equal
amounts of protein were resolved by
sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE), and then
the proteins were transferred onto polyvi-
nylidene difluoride (PVDF) membranes,
which were then blocked and probed
with the appropriate antibodies at 4°C
overnight. Subsequently, the membranes
were incubated with HRP-conjugated
secondary antibody (1:8000) for 2 h at
room temperature. Blots were visualized
using a chemiluminescent kit (Advasta).
GAPDH and f-actin were used as control
proteins, and the relative intensity of pro-
tein bands were analyzed by the Quantity
One program (Bio-Rad Laboratories).

The proteins in the nucleus and cyto-
plasm were extracted using a nuclear
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and cytoplasmic protein extraction kit
(KeyGene Biotec), following the
instructions issued with the kit. Then,
as described above, the nuclear and cy-
toplasmic protein were analyzed with
NF-«B p65 antibody. p-actin and Lamin
A/C were used as loading controls for
protein in the cytoplasm and nucleus,
respectively.

Immunofluorescence Staining

The cells, after being grown on cover
glasses, were fixed with 4% parafor-
maldehyde for 20 min and treated with
0.3% Triton x 100, then stained with
the anti-NF-kB p65 antibody (1:100) at
4°C overnight. The cells were detected
with Alexa Fluor 594 anti-rabbit IgG.

The coverslips were counterstained with
4' 6-diamidino-2-phenylindole (DAPI) and
imaged using a confocal laser scanning
microscope (Olympus). Untreated Caco-2
cells were used as a normal control.

For the intestine tissue staining, the
deparaffinized sections were microwaved
in citrate buffer and then incubated with
rabbit monoclonal anti-p65 and mouse
monoclonal anti-TLR4 antibodies, fol-
lowed by incubation with Alexa Fluor
594 goat anti-rabbit IgG and Alexa Fluor
488 goat anti-mouse IgG. The nuclei were
stained with DAPI, and the tissue was ex-
amined under a fluorescence microscope.

Enzyme-Linked Immunosorbent Assay
(ELISA)

Serum endotoxin, diamine oxidase
(DAO) and D-Lactic acid (D-Lac) were
measured by ELISA according to the
manufacturer’s instructions (Lengton
Biological Technology Co.). Intestinal
TNF-o and IL-6 expression levels were
measured as well. All standards and
samples were run in duplicate.

Statistical Analysis

Statistical analysis was carried out
using SPSS 16.0 for Windows. Data are
presented as the mean + SD, and the sig-
nificance of differences was assessed by
analysis of variance (ANOVA) or Student
t test. Differences were considered signifi-
cant when the P value was less than 0.05.
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All supplementary materials are available
online at www.molmed.org.

RESULTS

CoPP and CORM-2 Alleviated Liver
and Intestinal Mucosa Injury in BDL
Rats

We first evaluated the effects of BDL
on liver and intestinal mucosa injury. The
serum levels of ALT, AST, TBA, AKP and
y-GT in the BDL group were significantly
higher than those in the Sham group
(P <0.05, Supplementary Figure S1). H&E
staining verified that BDL rats exhibited
different degrees of fibrosis (80% grade 2),
while the Sham group exhibited normal
hepatic architecture or only the slightest
injury (Supplementary Figure S2). In
addition to the liver injury, the intestinal
mucosa exhibited various degrees of dam-
age in BDL rats. The BDL group showed
epithelial cell layer degeneration, necrosis
and shedding; in addition, the intestinal
villi were not well arranged, and there was
obvious infiltration by inflammatory cells
(Supplementary Figure S3). In the CoPP
and CORM-2 treatment groups, the levels
of serum ALT, AKP, y-GT and TBA were
obviously decreased compared with those
of the BDL group, and the liver fibrosis
grade was also lower (Supplementary
Figure S2 and Table 1). The intestinal mu-
cosa injury was evaluated with the scoring
standards described by Chiu (28). In the
CoPP and CORM-2 groups, the degree of
intestinal mucosa injury was significantly
reduced, showing no obvious signs except
edema and falling mostly in Grade 0 to
Grade 1 (details provided in Table 2).

We also evaluated the effects of BDL
on endotoxin, DAO and D-Lac levels in
serum, as these proteins are important
indicators of intestinal permeability and
integrity. The results are reported in
Figure 1. D-Lac and DAO in the BDL
group were significantly increased com-
pared with the Sham group, CORM-2
and CoPP treatment both decreased the
levels of endotoxin and D-Lac, whereas
the ZnPP group had no significant differ-
ence from the BDL group. These findings
indicate that CoPP and CORM-2 played
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Table 1. Patholoyical grading of liver fibrosis in SD rats.

n Grade 0 Grade 1 Grade 2 Grade 3
Sham 6 4(66.7%) 2(33.3%) 0 0
BDL 10 0 1(10%) 8(80%) 1(10%)
CORM-2 10 2(20%) 7(70%) 1(10%) 0
CoPP 10 0 5(50%) 5(50%) 0
ZnPP 6 0 1016.7%) 5(83.3%) 0
Table 2. Judgment of intestinal mucosal injury in SD rats.
n Grade 0 Grade 1 Grade 2 Grade 3
Sham 6 4(66.7%) 1(16.6%) 1016.7%) 0
BDL 10 0 1(10%) 4(40%) 5(50%)
CORM-2 10 3(30%) 6(60%) 1(10%) 0
CoPP 10 2(20%) 5(50%) 2(20%) 1(10%)
ZnPP 6 1016.7%) 2(33.3%) 3(50%) 0
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Figure 1. ELISA assay for markers of intestinal injury in control (Sham) and BDL rats in the
absence or presence of HO-1 activators. (A) serum endotoxin; (B) serum D-Lac; (C) serum
DAO. Serum endotoxin, D-Lac and DAO were significantly increased in the BDL group
compared with the Sham yroup, "P < 0.05. CORM-2 or CoPP treatment decreased the
levels of endotoxin and D-Lac, P < 0.05, *P < 0.01 compared with the BDL group.

a role in protection against BDL-induced
intestinal mucosa injury.

Effect of CoPP and CORM-2 on Tight
Junction, Cell Apoptosis, PCNA and
TLR4/NF-xB Expression in Intestinal
Tissue from Sham/BDL Rats

The ELISA results in Figure 1 show
that in CoPP- and CORM-2-treated BDL
rats, intestinal barrier dysfunction was
relieved. Intestinal dysfunction is mainly
manifested as the disruption of TJs and
intestinal epithelium. Activation of HO-1
counteracts LPS-induced intestinal dam-
age. Therefore, we measured the levels
of intestinal epithelium apoptosis, pro-
liferation and TJ-related protein (ZO-1,
claudin-1) expression as well as TLR4 and
NF-«B in intestinal tissue from Sham/BDL
rats. The results are displayed in Figure 2.
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The expression levels of HO-1, TLR4 and
NF-«kB p65 were notably increased in the
BDL group compared with the Sham
group (Figure 2A, C), whereas ZO-1 and
claudin-1 were significantly reduced
(Figure 2B). Meanwhile, the expression
levels of the apoptosis-related protein
caspase 3 and its active form cleaved
caspase 3 were significantly elevated.
Conversely, PCNA expression in the BDL
group was decreased (Figure 2D).

In the CoPP and CORM-2 groups,
cleaved caspase 3 and TLR4 expression
levels were decreased, while PCNA pro-
tein increased, suggesting that CoPP and
CORM-2 could both reduce cell apopto-
sis and promote cell proliferation. In the
CORM-2 treatment group, the activation
of TLR4 and NF-«B p65 was significantly
inhibited. More importantly, in the CoPP
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Figure 2. Effects of CoPP and CORM-2 on tight junctions, cell apoptosis, PCNA and
TLR4/NF-xB expression in intestinal tissue from Sham/BDL rats. (A) Western blot imayes;

(B) the relative expression of ZO-1 and occludin. The expression levels of the TJ proteins ZO-1
and claudin-1 expression were significantly increased in the CoPP and CORM-2 groups
compared with the BDL group; (C) HO-1, TLR4 and NF-«xB p65 were notably increased in
BDL yroup compared with the Sham; (D) caspase 3, cleaved caspase 3 and PCNA ex-
pression. Data are presented as the mean + SD from three independent experiments,

*P<0.05, **P<0.01.

and CORM-2 groups, the expression levels
of the T] proteins ZO-1 and claudin-1 ex-
pression were significantly increased com-
pared with the BDL group (Figure 2A, B).
All these findings indicated that CORM-2
and CoPP treatments protected the tight
junction, inhibited cell apoptosis and
promoted intestinal epithelial cell prolifer-
ation in addition to decreasing the expres-
sion of TLR4 and NF-«B.

CoPP and CORM-2 Decreased
Intestinal TNF-o and IL-6 Expression
We also studied the development of
intestinal inflammation in BDL rats.
ELISA results for TNF-a and IL-6 in in-
testinal tissue also confirmed that BDL
was accompanied by intestinal barrier
dysfunction and increased inflammation
(IL-6 increased). There was also a trend
toward increased TNF-a in BDL rats
(P =0.078, Figure 3). CORM-2 or CoPP
treatment protected intestinal barrier
function and decreased IL-6 production

(Figure 3). HO-1 increased ZO-1 and
occludin expression in vitro.

The results shown in Figure 2 demon-
strate that in CoPP-treated BDL rats HO-1
expression was notably elevated, which
also improved the epithelial tight junc-
tions. ZO-1, occludin and claudin-1 are
important indicators of TJs. To further
verify the role of HO-1 in the protection
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of the intestinal barrier, we constructed

a stable Caco-2 cell line overexpressing
HO and another with HO-1 expression
knocked down. gPCR results showed that
HO-1 was significantly up-regulated in
the HO-1 overexpression cells (Figure 4A)
and remarkably decreased in the sh-HO-1
transfection cells (Figure 4C). Western blot
results confirmed that HO-1 protein ex-
pression followed the same pattern. More
importantly, the level of HO-1 appeared
to influence the expression of TJ proteins.
As shown in Figure 4B, ZO-1, occludin
and claudin-1 expression levels were
significantly increased in the HO-1 overex-
pression group. Meanwhile, sh-HO-1 cells
showed reduced levels of ZO-1 and occlu-
din compared with the sh-control group,
but claudin-1 protein expression showed
no obvious difference (Figure 4D).

HO-1 Protected against Intestinal
Barrier Damage by Inhibiting
Activation of NF-«xB

As observed in the animal experiment,
HO-1 overexpression can inhibit TLR4
and NF-kB expression; thus, we ana-
lyzed the effect of HO-1 on the cellular
distribution of NF-«B. The cytoplasmic
and nuclear proteins were separated, and
Western blot results showed that LPS
significantly increased nuclear NF-xB
p65 protein expression and decreased
cytoplasmic p65 expression compared
with the values in the control group.
Moreover, HO-1 overexpression (by
transfection with HO-1 plasmids)
decreased the level of NF-«xB (p65) in the
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Figure 3. Intestinal TNF-o. and IL-6 detection by ELISA assay in Sham/BDL rafs. (A) TNF-a.;

(B) IL-6. Intestinal IL-6 expression was significantly increased in the BDL group compared
with the Sham group, and CORM-2 or CoPP freatment decreased intestinal IL-6 expression.
*P < 0.05 compared with the Sham; *P < 0.05, P < 0.01 compared with the BDL yroup.
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Figure 4. HO-1 and TJ protein expression in stable Caco-2 cells. (A) g-PCR results
confirmed that HO-1 was overexpressed; (B) Western blot results verified that HO-1
protein was up-regulated in HO-1-fransfected Caco-2 cells; meanwhile, ZO-1, occludin
and claudin-1 expression levels were increased compared with the conftrol. (C, D) g-PCR
and Western blot results from the sh-HO-1 group. HO-1 expression was significantly de-
creased in the sh-HO-1 group; ZO-1 and occludin were down-regulated as well. Data are
presented as the mean + SD from three independent experiments. P < 0.01 compared

with the corresponding control.

nucleus, while in sh-HO-1 Caco-2 cells,
the nuclear p65 level was significantly
elevated (Figure 5A, B). Immunofluores-
cence staining further confirmed that,

in the control group, p65 protein was
mainly localized to the cytoplasm. How-
ever, when LPS stimulation was applied,
strong p65 staining in the nucleus was
observed. In the HO-1 overexpression
cells, in contrast, nuclear accumulation of
p65 in response to LPS stimulation was
significantly reduced (Figure 5C), and
the reverse was true in sh-HO-1 caco-2
cells. The results indicate that HO-1
overexpression may reduce intestinal
barrier damage by inhibiting the
activation of NF-kB.

HO-1 Increased Occludin and
Inhibited Phospho-NF-kB pé5 Protein
Expression

To further elucidate the protective
mechanism of HO-1, we used the specific
NF-kB inhibitor JSH-23 (30 pmol/L, 1 h)
to treat the Caco-2 cells before LPS stim-
ulation, and we then measured occludin
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protein expression. The results showed
that JSH-23 significantly increased occlu-
din protein expression in both the HO-1
overexpression and sh-HO-1 groups
compared with their respective controls
(Figure 6A, B). More importantly, when
JSH-23 + LPS stimulation was applied

to HO-1 overexpressed Caco-2 cells,
occludin expression was notably higher
than that in the sh-HO-1 group. Pre-
vious results (Figure 5) had confirmed
that HO-1 up-regulation could inhibit
NF-«B activation; hence, we compared
phospho-NF-kB p65 (p-p65) protein
expression. As shown in Figure 6C, the
expression of p-p65 protein in sh-HO-1
Caco-2 cells was obviously higher than
that in the HO-1 overexpression group.
In addition, p-p65 expression was signifi-
cantly increased under LPS stimulation
in sh-HO-1 Caco-2 cells. Therefore, we
hypothesized that the loss of HO-1 could
promote the expression of p-p65 and
that HO-1 overexpression could inhibit
NF-«B p65 phosphorylation and in-
crease occludin expression, which would
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further verify that HO-1 protects intesti-
nal TJs by inhibiting NF-«B activation.

Immunofluorescent Staining Results
for NF-xB p65 and TLR4 in Intestinal
Tissue from Sham/BDL Rats

To further confirm that the protective
effect of HO-1/CORM-2 was correlated
with NF-xB, we used immunofluores-
cent staining to detect p65 and TLR4
expression in vivo. p65 was mainly lo-
cated in the cytoplasm of the intestinal
epithelial cell in Sham group, while in
the BDL rats, nuclear p65 expression was
significantly increased. However, there
was less nuclear translocation in CoPP/
CORM-2-treated BDL rats than in BDL
rats (Supplementary Figure S4), demon-
strating that CoPP/CORM-2 could in-
hibit NF-kB p65 nuclear translocation.
TLR4 immunofluorescent staining results
also verified that TLR4 expression was
much higher in BDL than in Sham rats,
but it was reduced in BDL rats treated
with CoPP/CORM-2 (Supplementary
Figure S5). Based on these results, we
concluded that HO-1/CORM-2 was
closely related to TLR4/NF-«xB
inhibition.

DISCUSSION

Cholestasis is a common clinical symp-
tom characterized as an increase in bile
acids in blood and liver tissue. A high
concentration of bile acids, especially the
hydrophobic bile acids, is particularly
toxic and promotes hepatocyte damage,
liver fibrosis, cirrhosis and hepatocellular
carcinoma under cholestatic conditions
(29,30). Notably, the reduced flow of bile
acids into the small intestine facilitates
the movement of flora and bacterial en-
dotoxins from the portal vein into the
liver and causes disruption of the intesti-
nal epithelial barrier (31-33). Our previ-
ous study found that chronic liver injury
patients also displayed intestinal barrier
dysfunction, manifesting as significantly
elevated serum endotoxin, DAO and
D-Lac compared with normal controls
(data not shown). In this study, we used
the improved BDL model (loosely dou-
ble-ligated) in rats to mimic cholestatic
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Figure 5. HO-1 overexpression inhibits NF-kB nuclear translocation. Cytoplasmic and nu-
clear proteins were extracted, and NF-«B p6é5 was determined by Western blot analysis
(A, B). The expression levels of B-actin and Lamin A/C were used as loading controls.
'P<0.05, "P<0.01 compared with control group; *P < 0.05, P < 0.01 compared with LPS
treatment group. (C) Immunofluorescence staining results for NF-kB p65. Red is p65; blue

is DAPI (nuclei).

liver injury and to observe the protective
effects of HO-1/CO on intestinal barrier
function.

The increased serum biochemical
parameters confirmed that there was
liver injury in BDL rats. H&E staining
and ELISA results verified that BDL rats
exhibited varying degrees not only of
liver fibrosis (80% in Grade 2) but also of
intestinal barrier disruption. The fact that

serum endotoxin, D-Lac and DAO were

significantly increased demonstrates this.

The presence of bile in the gut is essen-
tial for the maintenance of intestinal mu-
cosal barrier function; bile salt deficiency
can lead to intestinal mucosal atrophy
and intestinal mucosa barrier dysfunc-
tion (34). The elevated serum endotoxin
and D-lac suggested that intestinal per-
meability increased and the intestinal
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barrier was damaged. The pathological
results also confirmed the presence of in-
testinal mucosa disruption in BDL rats.
HO-1, a heat-shock protein, has been
implicated in a cytoprotective mecha-
nism to protect tissues from oxidative
damage (35). Induction of HO-1 expres-
sion contributes to protection against
liver damage in various liver diseases
(36,37). We found that up-regulation of
HO-1 could alleviate liver damage in
BDL rats, which is in accordance with
the findings of Barikbin et al. In their
study, induction of HO-1 interfered with
chronic inflammation and prevented
progression of liver fibrosis in Mdr2
knockout mice (36). However, its pro-
tective effects in liver fibrosis have been
disputed. Some studies have shown
that HO-1 overexpression increases
liver injury in rats under conditions of
experimental chronic cholestasis (38).
Our previous study of liver cirrhosis
also demonstrated that lower HO-1 ex-
pression could mitigate end-stage liver
cirrhosis by reducing iron accumulation
(19). The reason why the above studies
are different from this study could be
that HO-1 plays diverse roles in different
stages during the progression of liver
fibrosis. In early stages of liver fibro-
sis, the liver mainly expressed in fatty
degeneration of injured liver cells and
inflammatory cell infiltration, while the
hepatic blood circulation and portal vein
pressure were not affected. In this study,
the improved BDL model induced the
early stage of liver fibrosis; therefore,
inducing HO-1 could have a protective
effect against hepatic injury, but it could
increase liver injury in the end stages of
fibrosis via hemodynamic disturbances.
The role of intestinal permeability
and inflammation has received recent
attention, and it has been shown that, in
patients with portal hypertension, the
gut barrier function is impaired, leading
to increased gut “leakiness” (39). HO-1
plays an important role in improving
intestinal barrier function. In a rat liver
transplantation model, elevation of HO-1
mitigates intestinal ischemia-reperfusion
injury and restores TJ function (17), and

I ZHANG ET AL. | 221



HO-1PROTECTS THE INTESTINAL BARRIER IN BDL RATS

pomRo
3Eaf
pe o

Figure 6. Effect of JSH-23 on occludin, p6é5 and p-p6é5 protein expression in Caco-2 cells in
which HO-1 was overexpressed or knocked down. (A) HO-1 and occludin protein expres-
sion in HO-1 knockdown (sh-HO-1) Caco-2 cells. (B) HO-1 and occludin in HO-1 overex-
pressed Caco-2 cells. (C) pbé5 and p-pbd5 protein expression. The intensity of the band was
quantified using the values obtained from the immunodetection of B-actin or GAPDH.
Data are presented as the mean = SD from three independent experiments, *P < 0.05,

**P<0.01, *™*P<0.00T.

CORM-2 has also been reported to alle-
viate intestinal epithelial T] damage in
septic rats (25). Our study also found that
CoPP could endogenously activate HO-1
expression in BDL rats and reduce dam-
age to the intestinal mucosa. At the same
time, the decreased serum endotoxin,
DAO and D-Lac levels also verified that
CoPP and CORM-2 exert some protective
effect against intestinal barrier disruption

in BDL rats. A T] is a fundamental junc-
tional complex of adjacent epithelial

cells and is composed of several protein
families including transmembrane pro-
teins (such as occludin and claudins) and
peripheral proteins (ZO protein). The

TJ complex is critical for maintaining
mucosal barrier integrity (40), and dis-
ruption of TJs is an important component
of altered intestinal epithelial barrier
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function (41). Numerous previous stud-
ies have confirmed the role of HO-1 in
countering inflammation and oxidative
stress. However, little is known about
the effect of HO-1 on liver and intestinal
injury in BDL-induced early-stage liver
fibrosis. The present study demonstrated
that up-regulation of HO-1 or exogenous
supplementation of CO by CORM-2 in-
duced significant increases in ZO-1 and
claudin-1 expression and reduced intesti-
nal epithelial cell apoptosis and intestinal
inflammation (intestine IL-6 expression
decreased).

The LPS-activated TLR4 receptor com-
plex results in downstream activation
of the NF-kB pathway and induction of
proinflammatory cytokines and chemo-
kines. Among those are TNFo, IL-6 and
IL-1B, which have been shown to dis-
rupt the integrity of the T] complex and
increase intestinal barrier permeability
(42,43), thereby potentially amplifying
gut leakiness and hastening the progress
of liver disease. In our study, intestinal
inflammation was relieved after CoPP or
CORM-2 treatment; therefore, we specu-
lated that HO-1 exerts a protective effect
on the intestinal barrier by preventing
T] damage and cell apoptosis, which
are closely related to the TLR4/NF-«xB
pathway.

To deeply explore the effects of
HO-1 on the intestinal barrier and the
mechanisms of those effects, we con-
structed stable Caco-2 cell lines with
overexpression or knockdown of HO-1
and observed the expression change
in the TJ protein occludin in response
to our manipulation of HO-1. Occlu-
din, recognized as a typical T] protein,
was closely correlated with the barrier
function (44). Our results showed that
occludin protein expression increased
in HO-1-overexpressing Caco-2 cells. In
contrast, Caco-2 cells with HO-1 knock-
down exhibited decreased expression
of occludin, suggesting that HO-1 was
closely related to TJ.

It is well known that NF-«B is import-
ant in terms of directing the transcription
of many inflammatory genes following
exposure to LPS (45). Data from other



investigators have demonstrated that
HO-1/CORM-2 can effectively inhibit
activation of the NF-kB pathway (46,47).
In vivo research has shown that CoPP
and CORM-2 treatment significantly in-
hibits the expression of TLR4 and NF-kB
compared with that of BDL rats, and im-
munofluorescent staining results in vivo
have also verified that CoPP/CORM-2
inhibits TLR4 expression and p65 nuclear
translocation. Therefore, inhibition of the
NF-kB pathway may be the mechanism
by which HO-1/CO protects the intes-
tinal barrier. Under normal conditions,
NF-«B is sequestered in the cytoplasm.
Upon stimulation, such as with LPS or
by activation of TLRs, IxBa is degraded,
resulting in the nuclear translocation of
NF-«B (48). NF-«B binds to specific DNA
sequences to initiate the transcription of
inflammatory genes. Our results revealed
that HO-1 suppressed the LPS-induced
nuclear translocation of NF-kB in vitro,
which then inhibited the expression

of proinflammatory cytokines, such as
TNF-a, IL-1p and IL-6.

As the protective effect of HO-1 was
correlated with NF-xB activation, we
applied JSH-23, a specific inhibitor of
NF-«B transcriptional activity, before
LPS stimulation and found that JSH-23
increased occludin protein expression
not only in the HO-1 overexpression
group but also in the sh-HO-1 group.
The increased occludin protein demon-
strated that inhibition of NF-xB tran-
scription could alleviate inflammatory
cytokine-induced intestinal barrier
disruption. More importantly, in the sh-
HO-1 group, p-p65 protein expression
was significantly increased compared
with the HO-1 overexpression group,
suggesting that HO-1 could inhibit
NF-«B p65 phosphorylation and increase
occludin expression, which further veri-
fied that HO-1 protects intestinal TJs by
inhibiting NF-kB activation.

CONCLUSION

HO-1 played a dual and pivotal role
in protection against liver and intestinal
injury in BDL-induced early-stage liver
fibrosis (Supplementary Figure S6). Our

results demonstrate that high expression
of HO-1 significantly improves intesti-
nal epithelial barrier function, mainly
through restoring TJ proteins, reducing
cell apoptosis. This effect was closely
correlated with the inhibition of NF-kB.
Overall, these results suggest that
HO-1/CO has potential clinical applica-
tions for use in the treatment of intestinal
dysfunction.
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