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HO‑1 knockdown upregulates the expression of
VCAM‑1 to induce neutrophil recruitment
during renal ischemia‑reperfusion injury
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Abstract. Heme oxygenase‑1 (HO‑1) has been reported to be
upregulated following renal ischemia‑reperfusion injury (IRI)
and plays a key cytoprotective role; however, the underlying
molecular mechanisms of its protective effects remain poorly
understood. In the present study, in order to further elucidate
the molecular mechanisms underlying the cytoprotective role
of HO‑1 in renal IRI, HO‑1+/+ and HO‑1+/‑ mice were subjected
to renal ischemia and subsequent reperfusion followed by
the analysis of blood urea nitrogen (BUN) and serum creati‑
nine (SCr) levels, the severity of histological changes, HO‑1
and vascular cell adhesion molecule‑1 (VCAM‑1) protein
expression, the mRNA expression of inflammatory factors and
the effects of VCAM‑1 blockade. The results of the present
study demonstrated that the upregulated expression levels of
VCAM‑1 in HO‑1+/‑ mice during IRI increased the extent of
renal tissue damage and activated the inflammatory response.
These effects were subsequently reversed following infusion
with an anti‑VCAM‑1 antibody. In addition, the upregulated
expression of VCAM‑1 in mouse glomerulus vascular endo‑
thelial cells isolated from HO‑1+/‑ mice increased the adhesion
and migration of neutrophils, effects which were also reversed
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upon incubation with an anti‑VCAM‑1 antibody. These results
indicated that HO‑1 knockdown may upregulate the expres‑
sion of VCAM‑1 during renal IRI, resulting in increased
neutrophil recruitment and the activation of the inflammatory
response, thereby exacerbating renal IRI. The present study
thus highlights the regulatory mechanisms of HO‑1 in renal
IRI and provides a potential target for the clinical treatment of
IRI following renal transplantation.
Introduction
Renal ischemia‑reperfusion (IR) injury (IRI) is one of the
leading causes of acute kidney injury (AKI), as it causes renal
cell dysfunction to varying degrees, which ultimately leads
to death (1,2). The increased demand for kidney allografts
worldwide suggests that there is an increased risk of devel‑
oping AKI (3,4). However, there is currently no cure available
for renal IRI, at least to the best of our knowledge; therefore,
the further exploration of the underlying pathological mecha‑
nisms may lead to the development of more effective treatment
options and a more successful transplantation rate.
Heme oxygenase (HO) is a rate‑limiting enzyme that
degrades heme into iron, carbon monoxide and biliverdin (5).
In total, three distinct subtypes of the enzyme have been iden‑
tified: Inducible HO‑1, also known as heat shock protein 32,
and the constitutively expressed HO‑2 and HO‑3 (6). The
increased expression of HO‑1 has been suggested to play a key
cytoprotective role in maintaining the redox homeostasis and
activating the oxidative stress defense mechanism when cells
are subjected to certain types of stress, such as inflammation,
ischemia, hypothermia or radiation exposure (7). HO‑1 was
discovered to be induced in response to renal IRI (8‑10), and to
prolong renal allograft survival, reduce renal tubular damage
induced by IRI and improve renal function (11,12).
However, to the best of our knowledge, the molecular
mechanisms through which HO‑1 exerts its cytoprotective
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effects remain poorly understood. Leukocytes are key players
in the immune and inflammatory responses activated following
transplantation, and must anchor to vascular endothelial cells
(ECs) first to exert their functions (13). ECs are activated in
response to inflammatory stimuli through the upregulation of
a number of adhesion molecules, such as P‑selectin, intracel‑
lular adhesion molecular (ICAM)‑1 (also known as CD54) and
vascular cell adhesion molecule (VCAM)‑1 (also known as
CD106), which promotes the adhesion, activation and migra‑
tion of circulating leukocytes (14‑17). HO‑1 has been found
to be one of the principal proteins regulating the expression
of adhesion molecules associated with EC activation (18).
Previous studies have demonstrated that hemoglobin exposure
is able to increase vascular permeability and thereby improve
leukocyte infiltration into the spleen, intestine and liver, which
is associated with the upregulation of ICAM‑1, P‑selectin and
fibronectin expression (19,20).
VCAM‑1 is an important adhesion molecule associated
with EC activation (21,22). The induced expression of
VCAM‑1 has been reported to increase the adhesion of leuko‑
cytes expressing the counter receptor, integrin α4β1 (23,24).
However, to the best of our knowledge, whether HO‑1
affects the recruitment of neutrophils by regulating VCAM‑1
expression during renal IRI has not yet been investigated.
The present study thus aimed to investigate the mecha‑
nisms through which HO‑1 regulates the recruitment of
neutrophils in renal IRI. The present study used HO‑1 knock‑
down (HO‑1+/‑) mice, rather than HO knockout (HO‑1‑/‑) mice,
as the animal model since a partial reduction in HO‑1 levels
is more common and clinically relevant than the complete
elimination of HO‑1, and HO‑1‑/‑ mice also have a high
mortality rate (25). The present study reveals a protective
role of HO‑1 in renal IRI by regulating VCAM‑1 expression.
It is possible to explore some treatment methods through this
target in the future.
Materials and methods
Genotype identification of mice. HO‑1+/‑ and wild‑type
(HO‑1+/+) mice (n=7 in each group) were provided by Jackson
Laboratory. DNA from mouse tail tips were extracted using a
Genomic DNA Extraction kit from Accurate Biotechnology
Co., Ltd. (cat. no. AG21009). The DNA was used as a template
to perform the PCR assay. PCR was performed with 10 µl Taq
2X PCR master mix (K0171, Thermo Fisher Scientific, Inc.),
2 µl mixed primers (10 µM of primer each), 1 µl genomic DNA
and 7 µl ddH2O. Target DNA was amplified in a thermocy‑
cler machine (ABI Veriti), with initial denaturation at 95˚C
for 5 min, followed by 35 cycles of denaturation at 95˚C for
20 sec, annealing at 58˚C for 30 sec, and extension at 72˚C
for 30 sec. The PCR products were electrophoresed on a 2%
TBE Agarose gel and imaged in a Gel Imaging System (Tanon
2500, Tanon Science & Technology Co., Ltd.). Primers P1
(GTACATG CTG GCTGGGTTCT), P2 (CCAT TTCTCAGG
CAAGAAG G) and P3 (GCCAGAG GCCACTTGTGTAG)
were used to identify HO‑1+/+ [size, 280 base pair (bp)] and
HO‑1+/‑ (size, 280 and 225 bp) mice.
Renal ischemia reperfusion model. All mice were housed
under specific pathogen‑free conditions in strict compliance

with the facility standards approved by the China Laboratory
Animal Management Accreditation Association. All
experiments performed in the study were approved by the
Institutional Animal Care and Use Committee of Binzhou
Medical University (PJ2018‑10‑16). HO‑1+/+ and HO‑1+/‑ mice
were anesthetized by an inhalation of isoflurane (5% for induc‑
tion and 2% for maintenance). The hair on the backs of each
mouse was partially removed using hair removal cream and
the exposed skin was disinfected with 75% alcohol; the mice
were then fixed on a 37˚C thermostat (heating pad) in the
prone position. A midline incision was made, the vessels of
the bilateral renal pedicles were exposed, and the right renal
artery was clamped using a non‑traumatic vascular clamp
(size B‑1 V; S&T AG‑Microsurgical Instruments) for 60 min.
After the midline incision was made, the vessels of the bilat‑
eral renal pedicles were exposed and the right renal artery was
clamped using a temporary clip (Serrefine Vascular Clamps,
MDG0795861; Medline) for 60 min. During the clamping
process, the color of the kidney changed from bright red to
purple/black. After 60 min, the renal artery clip was released
to initiate blood flow reperfusion. Furthermore, to prevent
functional compensation by the left kidney, it was removed
following left renal pedicle ligation. After the wound was
sutured, the mice were woken and returned to a clean cage to
recover from the anesthetic.
In vivo blocking experiment. A total of 30 male mice were
randomly divided into the following 3 groups (n=10/group):
i) The HO‑1+/‑ group; ii) HO‑1+/+ group; and iii) the HO‑1+/‑ +
anti‑VCAM‑1 antibody group. Prior to renal IR surgery,
the animals were administered mouse anti‑VCAM‑1
monoclonal antibody (cat. no. AF643; R&D Systems, Inc.)
at 1 mg/kg through the tail vein, which was set as the trial
dose (26).
The control animals were injected with equal amounts
of isotype‑matched antibodies (1 mg/kg, cat. no. MAB002;
R&D Systems, Inc.). Each animal received the same dose
of monoclonal antibody injection at 24, 48 and 72 h after
surgery. At the end of the monoclonal antibody treatment,
the animals were anesthetized with 5% inhaled isoflurane
for induction and 2% for maintenance, the kidneys were
harvested, and the mice were immediately euthanized by
cervical dislocation.
Western blot analysis. The mouse kidney tissue was lysed
with Protein Extraction Reagent (cat. no. 78505; Thermo
Fisher Scientific, Inc.) containing protease‑inhibitor
(cat. no. P8340, Sigma‑Aldrich; Merck KGaA) and the protein
concentration was quantified using a BCA protein assay kit
(Beijing Solarbio Science & Technology Co., Ltd.) and 30 µg
protein from each group was separated via 10% SDS‑PAGE.
The separated proteins were subsequently transferred onto
a polyvinylidene fluoride membrane and blocked with 5%
milk for 1 h. The membranes were then incubated with the
following primary antibodies overnight at 4˚C: Anti‑VCAM‑1
(0.25 µg/ml, cat. no. AF643; R&D systems), anti‑HO‑1
(1:1,000, cat. no. 27282‑1‑AP; ProteinTech Group, Inc.),
anti‑cleaved caspase‑3 (1:1,000, cat. no. 9664; Cell Signaling
Technology, Inc.) and anti‑β ‑actin (1:1,000, cat. no. 58169;
Cell Signaling Technology, Inc.), followed by the horseradish

INTERNATIONAL JOURNAL OF MOlecular medicine 48: 185, 2021

peroxidase‑conjugated anti‑goat (1:2,000, cat. no. ab97110;
Abcam), anti‑rabbit (1:2,000, cat. no. 7074; Cell Signaling
Technology, Inc.) or anti‑mouse secondary antibodies
(1:2,000, cat. no. 7076; Cell Signaling Technology, Inc.) at
room temperature for 1 h. Protein bands were visualized
using an ECL reagent (Beyotime Institute of Biotechnology)
and analyzed using densitometry with ImageJ software
(version 1.48; National Institutes of Health).
Determination of histological scores. After the mice were
sacrificed, the kidneys were immediately fixed with 4% para‑
formaldehyde for 24 h and embedded in paraffin according
to the standard protocol as previously described (27).
The kidneys were then sectioned into 5‑µm‑thick slices
using a paraffin microtome (Leica RM CoolClamp; Leica
Microsystems, Inc.). Hematoxylin and eosin (H&E) staining
was performed according to the standard protocol as previ‑
ously described (28,29). To quantify the extent of tubular
injury, the H&E‑stained sections were visualized under a
light microscope (Olympus IX83; Olympus Corporation) and
the degree of tubular injury was scored using a five‑point
scale, based on the following criteria: 0, normal tubule; 1,
slight blistering and loss of brush borders; 2, severe blistering
and mild vacuolization; 3, significant vacuolization and
shrunken nuclei; 4, presence of necrotic or apoptotic cells
and denudation of the basement membrane; and 5, complete
tubular necrosis (30).
Determination of renal function. To evaluate the changes
in renal function following renal I/R surgery, the HO+/+ and
HO‑1+/‑ mice were sacrificed at 8, 24 and 72 h post‑reperfusion,
and 200 µl of blood were collected from the dorsal aorta into
heparinized Eppendorf tubes as previously described (31).
The blood was left to clot in an upright position for 30 min and
then centrifuged for 15 min at 1,480 x g at 4˚C, then serum
was obtained for the measurement of blood urea nitrogen
(BUN) and serum creatinine (SCr) levels (28). The concentra‑
tions of SCr (mg/dl) and BUN (mg/dl) were measured using
a Cobas Fara spectrophotometer system (UV‑7504; Roche
Diagnostics).
Reverse transcription‑quantitative PCR (RT‑qPCR). Total RNA
from the mouse kidneys was extracted using TRIzol® reagent
and reverse transcribed into cDNA using a SuperScript III
First‑Strand synthesis kit (18080051, Invitrogen; Thermo
Fisher Scientific, Inc.). qPCR to determine the mRNA expres‑
sion levels of IFN‑γ, IL‑6, TNF‑α, IL‑10 and MMP‑13 was
subsequently performed using a SYBR‑Green PCR master mix
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The rela‑
tive mRNA expression levels were calculated using the 2‑ΔΔCq
method and GAPDH was used as the endogenous control for
normalization (32). The primer sequences used for qPCR are
listed in Table I.
Mouse glomerular EC (mGEC) culture. The mice were anes‑
thetized with 5% inhaled isoflurane for induction and 2% for
maintenance and disinfected with 75% alcohol, and placed on
a clean hood. The chest was opened for bloodletting from the
heart, followed by the opening of the abdominal cavity and
the removal of the kidneys. The kidneys were placed in PBS
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Table I. Cytokine‑specific primer pair sequences used for
RT‑qPCR.
Gene
name
IFN‑γ
IFN‑γ
IL‑6
IL‑6
TNF‑α
TNF‑α
IL‑10
IL‑10
MMP‑13
MMP‑13

Primer sequences
F: AGCGGCTGACTGAACTCAGATTGTAG
R: GTCACAGTTTTCAGCTGTATAGGG
F:	CTGGTGACAACCACGGCCTTCCCTA
R: ATGCTTAGGCATAACGCACTAGGTT
F: GGCAGGTCTACTTTGGAGTCATTGC
R: ACATTCGAGGCTCCAGTGAATTCGG
F: ACCTGGTAGAAGTGATGCCCCAGGCA
R:	CTATGCAGTTGATGAAGATGTCAAA
F: GATGATCCCACCTTAGACATCATGAGAAAA
R: AAAGTGGTCTTAGATACTACCGTGACG

RT‑qPCR, reverse transcription‑quantitative PCR; F, forward; R, reverse.

at 4˚C and the renal capsule and medulla were removed; the
kidney cortex was then collected and cut into small (1 mm3)
sections. After washing three times with cold PBS, the
sections were further homogenized into a slurry and digested
with 0.1% type IV collagenase (HBSS dilution) at 37˚C for
25‑30 min, which was terminated when the glomerulus was
slightly broken and loosened. The renal cortex tissue mass
was poured into a stainless steel 200 wire mesh (1985‑00200,
Bellco), gently grinded and washed repeatedly with PBS
at 4˚C to collect the suspension. The latter was poured onto
a 400 mesh screen (1985‑00400; Bellco) and thoroughly
rinsed with PBS at 4˚C so that the kidney tubules and cell
debris were filtered out and the glomerulus remained on the
400 mesh screen for collection. The glomerular suspension
was centrifuged at 120 x g for 5 min at room temperature,
resuspended in endothelial cell culture medium (DMEM
plus 20% FBS, L‑glutamine 30 µg/ml, bovine insulin
0.6 U/ml, heparin 5 U/ml, penicillin 100 U/ml), and placed
in an incubator at 37˚C for 3 days without disturbance. The
ECs were allowed to grow out from the adherent glomeruli
until 80‑90% confluency and passaged with 0.25% trypsin.
Cells of two to three generations were used in the subsequent
experiments.
Immunohistochemistry. Immunohistochemical staining of
the paraffin‑embedded tissues was performed as follows:
Following deparaffinization and antigen retrieval, the kidney
tissue sections were blocked with 10% goat serum for 1 h and
then incubated overnight at 4˚C with the following antibodies:
Anti‑CD68 antibody (1:100, cat. no. ab283654; Abcam) and
anti‑lymphocyte antigen 6 complex, locus G (Ly‑6G) (1:200,
ab25377; Abcam). The following day, following incuba‑
tion with HRP‑conjugated secondary antibodies (1:500, cat.
no. ab97057; Abcam; 1:500, cat. no. 7074, Cell Signaling
Technology, Inc.) for 1 h at room temperature, the slides were
developed with DAB until the signal clearly appeared, and
the nuclei were stained with hematoxylin for 5 min at room
temperature, and images were obtained using a microscope
(Olympus IX83, Olympus Corporation).
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TUNEL staining. TUNEL staining was performed using
an In Situ Cell Death Detection kit (cat. no. 12156792910,
Sigma‑Aldrich Merck KGaA) according to the manufacturer's
instructions on cryosections. Briefly, the sections were washed
with PBS and permeabilized with 0.1% Triton X‑100 + 0.1%
sodium citrate on ice for 5 min. The TUNEL reaction mixture
was then added to the tissue followed by incubation at 37˚C
for 1 h. Following rinsing three times with PBS, the tissues
were mounted with mounting media containing DAPI
(cat. no. H‑1200; Vector Laboratories, Inc., part of Maravai
LifeSciences) and visualized using a fluorescence microscope
(Olympus IX83; Olympus Corporation).
Neut rophil purif ication. Mouse neut roph ils were
extracted using a peripheral blood Neutrophil isolation kit
(cat. no. LZS1100, TBD Hao Yang Biological Manufacture
Co., Ltd.). The blood samples were carefully sucked through
a straw and added to the surface of the separation solution.
Following centrifugation for 30 min at 400 x g and 4˚C, the
neutrophil layer was carefully absorbed and the red blood cells
were lysed with lysis buffer. After washing, neutrophils were
resuspended in DMEM at a concentration of 1x106 cells/ml.
Neutrophils were labeled with PKH26 (cat. no. PKH26GL,
Sigma‑Aldrich; Merck KGaA) to prepare for the adhesion and
Transwell migration assays.
Neutrophil adhesion assay. mGECs were grown to conflu‑
ency in a 96‑well plate. Confluent cells were stimulated with
100 U/ml TNF‑ α (Millipore Sigma) for 4 h. The medium
was then replaced with fresh medium and supplemented with
10 µg/ml VCAM‑1 (cat. no. AF643; R&D systems) or isotype
Mb (cat. no. AB‑108‑C; R&D systems) for 1 h. Neutrophils
labeled with PKH26 were then added to the 96‑well plate for
6 h. The cells were then washed with PBS three times and
photographed using a fluorescence microscope (Olympus
IX83; Olympus Corporation). ImageJ software (version 1.48;
National Institutes of Health) was used to quantify the
fluorescence area.
Neutrophil Transwell migration assay. A transwell assay
was used to detect neutrophil migration through the mGECs.
mGECs were grown to confluency on transwells with 12‑µm
pores. Confluent cells were stimulated with 100 U/ml TNF‑α
(Millipore Sigma) for 4 h. The medium was then replaced
with fresh medium and supplemented with 10 µg/ml VCAM‑1
or isotype Mb for 1 h. A neutrophil migration assay was
performed as previously described (33). Fluorescently‑stained
neutrophils (3x10 4) were added to the upper chamber for
6 h. The culture medium was aspirated, the upper chamber
was removed and the membrane was gently wiped with a
paper towel. The membrane was then fixed with 4% PFA for
10 min, washed twice with PBST and images were captured
using an Olympus IX83 fluorescence microscope (Olympus
Corporation).
Statistical analysis. The IBM SPSS 22 version program was
used for analysis. An unpaired t‑test and one‑way ANOVA
were used to analyze the data. The results are expressed as the
mean ± SD. P<0.05 was considered to indicate a statistically
significant difference.

Results
HO‑1+/‑ knockdown mice exhibit elevated expression levels
of VCAM‑1 without changes in renal structure and function.
Genotypes of HO+/+ and HO+/‑ mice were first identified. As
illustrated in Fig. 1A, by agarose gel electrophoresis, the
PCR products in the HO+/+ group produced a band of 280 bp,
and those in the HO+/‑ group produced two bands of 225 and
280 bp, which suggested that the genotypes of the HO+/+ and
HO+/‑ mice were correct. Western blot analysis was used to
compare VCAM‑1 protein expression in the HO‑1+/‑ knock‑
down and wild‑type mice. As shown in Fig. 1B‑D, HO‑1
expression in the HO‑1+/‑ mice was decreased by 38% relative
to that in the wild‑type mice, while the expression of VCAM‑1
was increased 2.62‑fold (P<0.05). Furthermore, immunohis‑
tochemical staining revealed that VCAM‑1 was expressed
at a high level in the HO‑1+/‑ group, while its expression was
relatively low in the HO‑1+/+ group (Fig. 1E). These results
revealed a significant increase in VCAM‑1 expression and a
decrease in that of HO‑1 in the HO‑1+/‑ mice. In addition, H&E
staining was used to detect renal tissue morphology in the
HO‑1+/+ and HO+/‑ mice. As shown in Fig. 1F and G, no marked
differences were observed in renal tissue morphology and the
tubular injury score between the HO‑1+/+ and HO+/‑ group.
The BUN and SCr levels were then analyzed to assess renal
function. As shown in Fig. 1H and I, no significant differences
were observed in the BUN and SCr levels between the HO‑1+/+
and HO+/‑ groups.
Exacerbation of renal IRI in HO‑1+/‑ mice. To examine the
role of HO‑1 in the development of AKI, a model of renal IRI
was established by clamping the right renal artery for 60 min
and blocking left kidney function in the HO‑1+/‑ and wild‑type
mice. Right renal tissues and blood were then harvested for
analysis at 8, 24 and 72 h following surgery (Fig. 2A). As
shown in Fig. 2B and C, HO‑1 expression in the HO‑1+/‑ mice
was decreased significantly at 24 h following surgery (P<0.05).
However, the expression of VCAM‑1 and cleaved caspase‑3
was significantly increased (P<0.05). Immunofluorescence
staining was further used to assess the expression of VCAM‑1.
Higher expression levels of VCAM‑1 were observed in the
HO‑1+/‑ mice than in the HO‑1+/+ control group (Fig. 2D). H&E
staining of the kidney tissue also revealed more tissue damage
in the HO‑1+/‑ mice than in the wild‑type mice. In either the
cortex or medulla, cell necrosis, brush border loss, cast forma‑
tion and tubular dilation were more evident in the HO‑1+/‑ group
(Fig. 2E). A substantial increase in the tubular injury score
was observed in the HO‑1+/‑ group. Over time, the tubular
injury score changed, increasing during the early time period,
peaking at 24 h, and gradually decreasing thereafter (Fig. 2F).
The BUN and SCr concentrations were also analyzed to assess
renal function. Similar to the tubular injury score, both the
BUN and SCr levels were higher in the HO‑1+/‑ knockdown
group, exhibiting maximal values at 24 h (Fig. 2G and H). As
shown in Fig. 2G, the BUN level in the HO‑1+/+ group was
53 mg/dl at 8 h post‑IRI, increased to 110 mg/dl at 24 h and
then decreased to 82 mg/dl at 72 h. By contrast, the BUN
levels in the HO‑1+/‑ experimental group were 82 mg/dl at 8 h
post‑IRI, increased to 191 mg/dl at 24 h and then decreased to
139 mg/dl at 72 h. Compared with the HO‑1+/+ control group,
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Figure 1. HO‑1+/‑ knockdown mice exhibit elevated expression levels of VCAM‑1 without changes in renal structure and function. (A) Genotype identification
of HO+/+ and HO+/‑ mice by agarose gel electrophoresis. (B) Western blot analysis of the expression levels of HO‑1, VCAM‑1 and β ‑actin proteins in the
HO‑1+/‑ vs. those in the wild‑type mice. (C and D) Densitometric‑based quantification of the western blot analysis results shown in panel B for (C) HO‑1 and
(D) VCAM‑1 proteins using ImageJ software. Densitometry values are expressed as the mean ± SD (n=3). *P<0.05 vs. HO‑1+/+. (E) Immunohistochemical
staining of VCAM‑1‑expressing cells in the kidneys of the HO‑1+/+ and HO‑1+/‑ mice. (F) Representative images of H&E‑stained sections of renal tissue in
the HO‑1+/+ and HO‑1+/‑ mice. (G) Tissue injury was assessed by using the scoring scale from 0 to 5 points (n=3). (H) Serum creatinine concentration in the
HO‑1+/+ and HO‑1+/‑ mice (n=3). (I) Serum BUN concentration in the HO‑1+/+ and HO‑1+/‑ mice (n=3). HO‑1, heme oxygenase‑1; VCAM‑1, vascular cell adhesion
molecule‑1; BUN, blood urea nitrogen.

the BUN levels in the HO‑1+/‑ group were elevated at various
time points (P<0.05). As shown in Fig. 2H, in the HO‑1+/+
group, the SCr level was 0.6 mg/dl at 8 h post‑IRI, increased
to 1.1 mg/dl at 24 h and then decreased to 0.9 mg/dl at 72 h.
However, in the HO‑1+/‑ group, the SCr level was 0.9 mg/dl
at 8 h post‑IRI, increased to 1.5 mg/dl at 24 h and decreased
to 1.2 mg/dl at 72 h. Compared with the HO‑1+/+ control group,

the SCr levels in the HO‑1+/‑ group were elevated at different
time points (P<0.05).
IRI can cause an inflammatory response. In order to
determine the effects of HO‑1 knockdown on the inflam‑
matory response, the expression of inflammatory factors in
the injured kidney tissue were analyzed at 24 h post‑IRI.
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Figure 2. Exacerbation of renal IRI in the HO‑1+/‑ mice. (A) Renal ischemia reperfusion model were established by clamping the right renal artery for 60 min
and blocking left kidney function in the HO‑1+/‑, as well as the wild‑type mice and tissue harvesting at 8, 24 and 72 h following surgery. (B) Western blot
analysis of the expression levels of HO‑1, VCAM‑1, cleaved caspase‑3 and β‑actin proteins at 24 h post‑IRI in the HO‑1+/‑ vs. those in the wild‑type mice.
(C) Densitometric‑based quantification of the western blot analysis results shown in panel B using ImageJ software. Densitometry values are expressed as
the mean ± SD (n=3). *P<0.05 vs. HO‑1+/+. (D) Immunohistochemical staining of VCAM‑1‑expressing cells at 24 h post‑IRI in the HO‑1+/+ and HO‑1+/‑ mice.
(E) Representative images of H&E‑stained sections of the cortical and medullary renal tissue showing the structure of the renal tissue. (F) Tissue injury was
assessed by using the scoring scale from 0 to 5 points (n=3, **P<0.01 vs. HO‑1+/+). (G) Serum BUN concentration at 8, 24 and 72 h post‑IRI in the HO‑1+/+ and
HO‑1+/‑ mice (n=3, *P<0.05 vs. HO‑1+/+). (H) Serum creatinine concentration at 8, 24 and 72 post‑IRI in the HO‑1+/+ and HO‑1+/‑ mice (n=3, *P<0.05 vs. HO‑1+/+).
(I) Expression levels of IFN‑γ, IL‑6, TNF‑α, IL‑10 and MMP‑13 in the HO‑1+/+ vs. the HO‑1+/‑ group assessed by RT‑qPCR (n=3, *P<0.05, **P<0.01 vs. HO‑1+/+).
IRI, ischemia‑reperfusion injury; HO‑1, heme oxygenase‑1; VCAM‑1, vascular cell adhesion molecule‑1; BUN, blood urea nitrogen.
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Figure 3. VCAM‑1 blocking alleviates renal IRI. VCAM‑1 antibody was infused into the HO‑1+/‑ knockdown mice through the tail vein to block VCAM‑1
expression on the vascular endothelium. (A) Representative images of H&E‑stained sections of renal tissue showing its morphology. (B) Extent of the kidney
tissue injury was assessed using the 0 to 5‑point scoring system (n=3, *P<0.05 vs. HO‑1+/‑). (C) Serum BUN concentration at 24 and 72 h post‑IRI in the HO‑1+/+
and HO‑1+/‑ mice (n=3, *P<0.05 vs. HO‑1+/‑). (D) Serum creatinine concentration at 24 and 72 h post‑IRI in the HO‑1+/+ and HO‑1+/‑ mice (n=3, *P<0.05 vs.
HO‑1+/‑). (E) Cell death upon IRI was measured using TUNEL assay. The TUNEL‑positive rate was analyzed using ImageJ software in the HO‑1+/+, HO‑1+/‑ and
HO‑1+/‑ + VCAM‑1 Ab groups (*P<0.05 vs. HO‑1+/+; #P<0.05 vs. HO‑1+/‑). (F) Immunohistochemical staining and quantification analysis of CD68‑expressing
cells in mouse kidneys in the HO‑1+/+, HO‑1+/‑ and HO‑1+/‑ + VCAM‑1 Ab groups (*P<0.05 vs. HO‑1+/+; #P<0.05 vs. HO‑1+/‑). (G) Immunohistochemical staining
and quantification of Ly‑6G‑expressing cells in mouse kidneys of the HO‑1+/+, HO‑1+/‑ and HO‑1+/‑ + VCAM‑1 Ab groups (*P<0.05 vs. HO‑1+/+; #P<0.05 vs.
HO‑1+/‑). IRI, ischemia‑reperfusion injury; HO‑1, heme oxygenase‑1; VCAM‑1, vascular cell adhesion molecule‑1; BUN, blood urea nitrogen; Ab, antibody.
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Figure 4. In vitro blocking of VCAM‑1 suppresses neutrophil adhesion and migration through Transwells. mGECs from the HO‑1+/‑ and wild‑type mice were
isolated. (A) Western blot analysis of the expression levels of HO‑1, VCAM‑1 and β‑actin proteins in the mGECs extracted from the HO‑1+/+ and HO‑1+/‑ mice.
(B) Immunofluorescence staining of VCAM‑1 in the mGECs extracted from the HO‑1+/+ and HO‑1+/‑ mice. Relative fluorescent intensity was quantified using
ImageJ software (n=3, *P<0.05 vs. HO‑1+/+). (C) mGECs were grown in a 96‑well plate or Transwell chamber and stimulated with 100 U/ml TNF‑ α for
4 h. Neutrophils were isolated and labeled with PKH26 to perform adhesion assay or Transwell migration assay. (D) Neutrophils adhered to mGECs were
photographed using a fluorescence microscope, and the fluorescence area was quantified using ImageJ software (n=3, *P<0.05 vs. HO‑1+/+; #P<0.05 vs. HO‑1+/‑).
(E) Neutrophil migration through mGECs was photographed using a fluorescence microscope, and the fluorescence area was quantified using ImageJ software
(n=3, *P<0.05 vs. HO‑1+/+; #P<0.05 vs. HO‑1+/‑). mGECs, mouse glomerular endothelial cells; HO‑1, heme oxygenase‑1; VCAM‑1, vascular cell adhesion
molecule‑1; Ab, antibody.

The expression levels of IFN‑ γ, IL‑6, TNF‑ α, IL‑10 and
MMP‑13 in the HO‑1+/‑ group were 2.4‑, 2.9‑, 1.8‑, 3.8‑
and 1.9‑fold higher relative to those in the HO‑1+/+ group,

respectively (Fig. 2I). All these factors exhibited elevated
expression levels in the HO‑1+/‑ group, as compared with the
HO‑1+/+ group.
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Figure 5. Schematic representation of the proposed mechanisms. Neutrophils
bind to mGECs through the interaction of VLA‑4 and VCAM‑1 to activate
mGECs. The expression level of VCAM‑1 in HO‑1+/‑ knockdown mice is
elevated, resulting in excessive neutrophil adhesion and migration through
mEGCs, and eventually exacerbating renal IRI. mGECs, mouse glomerular
endothelial cells; HO‑1, heme oxygenase‑1; VLA‑4, very late antigen 4;
VCAM‑1, vascular cell adhesion molecule‑1; IRI, ischemia‑reperfusion injury.

VCAM‑1 blocking alleviates renal IRI. VCAM‑1 antibody
was infused into the HO‑1+/‑ mice to block VCAM‑1 expres‑
sion on the inner vascular endothelium. Tubular injury was
found to be visibly reduced in the VCAM‑1 antibody infusion
group (Fig. 3A). The estimated histopathological scoring also
suggested alleviated tubular injury in the HO‑1+/‑ knockdown
mice upon VCAM‑1 blocking (Fig. 3B). In addition, the BUN
and SCr levels were measured to assess kidney functionality.
As shown in Fig. 3C, at 24 h post‑IRI, the BUN concentra‑
tion value was 156.3±18.6 mg/dl in the HO‑1+/‑ group, which
decreased to 119.3±11.7 mg/dl in the HO‑1+/‑ + VCAM‑1 anti‑
body group (P<0.05, compared with the HO‑1+/‑ group); at 72 h
post‑IRI, the BUN concentration value in the HO‑1+/‑ group
was 137.3±5.5 mg/dl, which decreased to 104.7±13.6 mg/dl
in the HO‑1+/‑ + VCAM‑1 antibody animal group (P<0.05,
compared with the HO‑1+/‑ group). In addition, as shown in
Fig. 3D, the SCr level in the HO‑1+/‑ group at 24 h post‑IRI
was 1.56±0.13 mg/dl, which was decreased to 1.31±0.05 mg/dl
in the HO‑1+/‑ + VCAM‑1 antibody group (P<0.05, compared
with the HO‑1+/‑ group). The SCr level in the HO‑1+/‑ group
at 72 h post‑IRI was 1.32±0.04 mg/dl, which decreased to
1.13±0.04 mg/dl in the HO‑1+/‑ + VCAM‑1 antibody group
(P<0.05, compared with the HO‑1+/‑ group).
Cell death upon IRI measured by TUNEL assay. The numbers
TUNEL‑positive cells in the HO‑1+/‑ group were evidently
higher than those in the HO‑1+/+ group. However, in the HO‑1+/‑
+ VCAM‑1 antibody group, the TUNEL‑positive rate was
significantly attenuated (Fig. 3E). Furthermore, the accumula‑
tion of macrophages (Fig. 3F) and neutrophils (Fig. 3G) was
observed in the renal tubular area upon IRI, and this was more
evident in the HO‑1+/‑ group, as compared with the HO‑1+/+
group. However, in the HO‑1+/‑ + VCAM‑1 antibody group,
leukocyte accumulation was significantly alleviated, indicating
that HO‑1 affects leukocyte recruitment and inflammatory
injury at least partly through the VCAM‑1 pathway.
In vitro blocking of VCAM‑1 suppresses neutrophil adhesion
and migration through Transwells. mGECs from the HO‑1+/‑
knockdown and the wild‑type mice were isolated, and following
TNF‑α stimulation, western blot analysis was used to identify
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the expression of HO‑1 (Fig. 4A). A lower expression of HO‑1
was observed in the HO‑1+/‑ mGECs. However, higher expres‑
sion levels of VCAM‑1 were observed in the HO‑1+/‑ mGECs
than in the HO‑1+/+ mGECs by means of immunofluorescence
staining. The fluorescence intensity of VCAM‑1 expressed on
the mGEC of the HO‑1+/‑ mice was 2.04 times higher than that
in the HO‑1+/+ control group (Fig. 4B). Neutrophil recruitment
is an indispensable process of the immune response (34).
Neutrophils were then isolated and labeled with PKH26
to perform adhesion assay and Transwell migration assay
(Fig. 4C). As shown in Fig. 4D, the number of neutrophils
adhered to the mGECs of the HO‑1+/‑ mice was higher than
that in the HO‑1+/+ group. However, when the VCAM‑1 Ab
were added to the culture medium, the number of neutrophils
adhered to the mGECs was significantly reduced as compared
with the HO‑1+/‑ knockdown only group. In the Transwell
migration assay, more neutrophils were observed migrating
through the perforated membrane in the HO‑1+/‑ group than
in the HO‑1+/+ control group. However, when the VCAM‑1
antibody was added to the culture medium, the number of
migrating neutrophils was significantly reduced as compared
with the HO‑1+/‑ knockdown only group (Fig. 4E). These data
suggest that HO‑1 knockdown attenuated the adherence of
neutrophils and their migration at least partly through the
vascular basement membrane via VCAM‑1.
Discussion
The present study demonstrates a protective role of HO‑1
in renal IRI, leading to the following conclusions: i) HO‑1
knockdown in HO‑1+/‑ mice exacerbates renal IRI; ii) HO‑1
knockdown aggravates renal IRI through the upregulation
of VCAM‑1 with a concomitant augmentation of leukocyte
recruitment and inflammatory damage; iii) HO‑1 knock‑
down increases neutrophil adherence and the migration of
the vascular basement membrane in vitro, mediated by the
upregulation of VCAM‑1.
The protective effect of HO‑1 on renal IRI has been widely
recognized (35,36). Furthermore, HO‑1 has been utilized as
a therapeutic target for renal IRI. For example, Pannexin 1
silencing has been shown to attenuate renal IRI by inducing
HO‑1 expression (37). Hydrogen sulfide has also been shown
to attenuates renal IRI by the upregulation of HO‑1 (37).
The results of the present study also demonstrated that HO‑1
knockdown in HO‑1+/‑ mice significantly exacerbated renal IRI
with a concomitant increase in the serum levels of SCr and
BUN markers, as well as the renal tubule injury score, which
is consistent with the findings of previous studies (36,38,39).
HO‑1 deficiency increases the infiltration of myeloid
cells following IRI (37). The results of the present study
demonstrated leukocyte accumulation in the renal tubular
area following IRI, which included the accumulation of
macrophages and neutrophils, that were more evident obvious
in the HO‑1+/‑ group than in the HO‑1+/+ control group. IRI is
caused by the accumulation of neutrophils at the site of tissue
injury and the release of a large number of inflammatory
mediators, such as reactive oxygen species and cytokines.
Neutrophil recruitment is a hallmark of an immune response,
which is regulated by a cascade process, including cell roll,
activation, adhesion and migration through the endothelium.
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During this process, an essential role is played by very late
antigen 4 (VLA‑4) expressed on neutrophils binding to
ICAM‑1 and VCAM‑1 expressed on the vascular endothelial
cell surface (40,41). Therefore, the levels of VCAM‑1 and
ICAM‑1 determine whether neutrophils can migrate through
the endothelium. In the present study, VCAM‑1 expression
was significantly upregulated in the HO‑1+/‑ mice as compared
with the wild‑type mice, which confirms that HO‑1 inhibits
the expression of VCAM‑1.
To verify the effects of HO‑1 on VCAM‑1, VCAM‑1
antibody was infused into HO‑1+/‑ mice to block the endog‑
enous pool of kidney VCAM‑1. The results revealed that
tubular injury was significantly reduced in the VCAM‑1
antibody infusion group, exhibiting a decreased renal tubule
injury score, BUN and SCr levels, and leukocyte recruitment,
including neutrophils. This indicates that the effect of HO‑1
knockdown requires the involvement of VCAM‑1.
Leukocyte adhesion and migration to inflammatory sites
through vascular endothelial cells are important features
of the inflammatory processes accompanying IRI. The
molecular basis of this process lies in the interaction between
leukocytes and vascular endothelial cell surface adhesion
factors, as well as in the regulation of the expression of adhe‑
sion molecules by cytokines and other factors. The effect of
TNF‑α on endothelial cells can lead to the upregulation of
VCAM‑1, leading to the increased adhesion of neutrophils to
endothelial cells (40,42). The present study revealed markedly
higher numbers of adhering and migrating neutrophils in the
TNF‑α treated HO‑1+/‑ group than in the HO‑1+/+ control group,
suggesting that the mGECs in the HO‑1+/‑ group exhibited a
higher VCAM‑1 expression level, which was consistent with
the results of western blot analysis. The anti‑VCAM‑1 anti‑
body incubation experiments revealed that if the VCAM‑1 on
the mGEC surface in the HO+/‑ group was blocked, the number
of adhering and migrating neutrophils significantly decreased,
further indicating that the enhanced adhesive and migratory
ability of neutrophils through mGECs in the HO‑1+/‑ group was
achieved by increasing VCAM‑1 expression.
However, the present study has some limitations. Although
it was demonstrated that HO‑1 knockdown upregulated
VCAM‑1 expression to mediate neutrophil infiltration, it
remains critical to further validate the detailed mechanisms
through which HO‑1 regulates VCAM‑1 expression. Moreover,
conditional HO‑1 knockout models are also necessary for
further validation.
In conclusion, the present study demonstrated that HO‑1
knockdown in HO‑1+/‑ mice exacerbated renal IRI via the
upregulation of VCAM‑1 with a concomitant augmentation of
leukocyte recruitment and inflammatory damage. This, was
further verified by neutrophil adherence and migration on a
vascular basement membrane in vitro. The schematic diagram
in presented Fig. 5 illustrates the mechanisms through which
HO‑1 protects against renal IRI injury proposed herein.
These data thus suggest novel potential strategies for the
clinical treatment of IR injury that typically follows renal
transplantation.
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