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Human heat shock protein 27 exacerbates ischemia reperfusion
injury in rats by reducing the number of T regulatory cells
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Abstract. Ischemia reperfusion injury (IRI) occurs in almost
every liver surgery and is associated with the reduction of the
liver blood flow. Ischemia impairs liver function and can even
cause liver failure following surgery. The present study aimed
to identify a new molecular target allowing the reduction of
IRI and explore the related cellular mechanism. Adenovirus
(~2.5x10"* viral particles) bearing the human heat shock
protein 27 (HSP27) gene was injected into rat liver through
the ileocecal vein. Five days following the injection, ischemia
was induced by clamping the median and left portal veins,
hepatic arteries and bile ducts. The levels of alanine transami-
nase (ALT), aspartate aminotransferase (AST), glutathione
(GSH) and superoxide dismutase (SOD) were measured.
The infiltration of inflammatory cells and the expression of
pro-inflammatory factors were investigated. The number of
regulatory T cells (Tregs) was measured by flow cytometry.
At 2 h following reperfusion, the group injected with HSP27
had the highest level of ALT and AST, followed by the group
injected with HSP27 and treated with gadolinium trichloride
(GdCl,), the empty vector-injected and the vector+GdCl,
groups. The HSP27 group also had the lowest levels of the
oxidative stress-protective factors SOD and GSH, and the
highest levels of pro-inflammatory factors. The number of
Tregs was reduced in the groups injected with HSP27. In
conclusion, the human HSP27 protein can effectively accel-
erate liver damage at the early stages of IRI in rats. Tregs
might play a critical role in HSP27-induced liver injury.
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Introduction

Ischemia reperfusion injury (IRI) is a common complication
observed in patients who undergo liver resection or transplan-
tation, or suffer from toxic liver injury and veno-occlusive
diseases (1,2). It is the major cause of the increasing mortality
reported after liver injury, as it is linked with kidney, lung and
other organs (3). Previous studies proposed that the excessive
inflammatory response potentiated by the immune system is
responsible for IRI (4,5). Free radicals, interleukins and other
inflammatory factors are released and cause damage to the local
tissue. Therefore, inhibition of the inflammatory response may
reduce IRI damage (6,7). Numerous protective strategies against
IRI have been adopted, including therapeutic hypothermia and
ischemic preconditioning (8). However, few of them focus on the
role of regulatory T cells (Tregs) during the process of liver IRI.

Tregs are a subpopulation of T cells that plays a critical role in
the modulation of the immune system and of self-tolerance (9).
Specifically, Tregs suppress immune responses mediated by
other cell types, and in order to increase the immune response,
they are downregulated during infection. It was shown that Tregs
ameliorate kidney injury caused by IRI (10), an effect that may
result from their immunosuppressive ability. Heat shock proteins
(HSPs) are involved in numerous physiological processes,
particularly stress. HSP27, a member of the HSP family, is able
to mediate cytoskeletal stability and prevent cell apoptosis (11).
Although in a recent study, the use of HSP27 proved to be helpful
for tumor detection and diagnosis (12), our understanding of the
roles of human HSP27 on reperfusion injury, particularly with
regards to cell and tissue protection, is limited. A few studies
on animal models showed that HSP27 confers protection from
reperfusion injury (13,14). Chen et al (15) reported that mice
overexpressing human HSP27 are protected from IRI. However,
how the immune system affects IRI remains unclear. This study
aimed to explore the interaction of HSP27 with Tregs and its
effect on IRI.

Materials and methods
Animal procedures. Male Wistar rats (body weight, 200-230 g)

were purchased from the Shanghai Animal Center (Chinese
Academy of Science, Shanghai, China). The rats were kept in
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standard animal care conditions and bred with rat chow and
water. These procedures were approved by the Animal Care
Committee of the Zhejiang University, in accordance with
the Principles of Laboratory Animal Care (NIH publication
85-23, revised 1985).

To clone the human HSP27 full length gene (NCBI
Reference Sequence: NM_001540.3; open reading
frame), HSP27 cDNA were amplified from a HCC
cDNA library using the following primers: Forward,
ACTGCTCGAGGCCACCATGACCGAGCGCCGCG and
reverse, TACTGAATTCTTACTTGGCGGCAGTCTCAT).
The PCR product was inserted into the Xhol/EcoRI site of the
pIRES2-EGFP vector (Catalog #6029-1; Clontech Laboratories,
Inc., Mountain View, CA, USA) and sequenced. Subsequently,
HSP27 as well as the vector were packed with adenovirus vector-
pAD/CMV/V5-DEST (Shanghai R&S Biotechnology Co., Ltd.,
Shanghai, China). The human HSP27 gene was synthesized
and inserted into the genome of the inactivated adenovirus. The
adenovirus was amplified within human embryonic kidney 293
(HEK 293) cells and dissolved in phosphate-buffered saline.
Rats received anesthetic (4% chloral hydrate, 0.7 ml/100 g)
intraperitoneally, and a midline laparotomy was performed.
The ileocecal vein (a branch of the portal vein) was exposed,
and 0.5 ml of liquid containing 2.5x10'* viral particles (VP)
were injected into the rats via the ileocecal vein. The abdominal
cavity was closed with 3-0 silk sutures. Five days later, the
abdominal cavity was opened again and the median, left portal
vein, hepatic artery and bile ducts were clamped in order to
induce partial hepatic ischemia. The right vessels and bile ducts
were not impeded, and intestinal congestion was thus avoided.
A sixty-minute blockage was considered safe for the animals,
since it did not cause severe liver failure or death. One hour
later, the clip was removed to initiate hepatic reperfusion. The
abdominal cavity was then closed with 3-0 silk sutures.

Animals were placed into 4 groups, all of which shared
in common the induction of partial hepatic ischemia/ischemia
reperfusion (IR) during the second surgery 5 days later:
i) HSP27 group, where adenovirus bearing the HSP27 gene
was injected; ii) HSP27+gadolinium trichloride (GdCl;) group,
where adenovirus bearing the HSP27 gene was injected along
with GdCl; (Sigma-Aldrich, St. Louis, MO, USA) through the
ileocecal vein; iii) vector group, where adenovirus without the
HSP27 gene (empty vector) was injected; and iv) vector+GdCl,
group, where GdCl; was injected along with the empty vector.

All animals were sacrificed at different times after reperfu-
sion (0.5, 2, 4, 12 and 24 h; n=6 in each group per time point).
Blood samples were collected from the inferior vena cava of the
rats for biochemical examination and flow cytometry. The liver
of each rat was harvested, and one part was immediately frozen
in liquid nitrogen and stored at -80°C to be further analyzed by
quantitative polymerase chain reaction (QPCR), and another part
was fixed in formalin for hematoxylin-eosin staining.

Alanine transaminase (ALT), aspartate aminotransferase (AST),
glutathione (GSH) and superoxide dismutase (SOD) assays.
Blood samples were immediately centrifuged, and serum was
collected and stored at -80°C for the ALT and AST assays. A total
of 100 ul of each sample was diluted in 500 ul double-distilled
water. These dilutions were used to assess ALT and AST using
an automated clinical analyzer (7600; Hitachi, Tokyo, Japan).

1999

Liver damage was evaluated by measuring the GSH and SOD
levels in the liver tissue homogenate using the corresponding
commercial kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer's instructions.

Hematoxylin-eosin staining. Explanted rat livers were fixed
in 10% formalin for 5 days. After automated dehydration,
the samples were embedded in paraffin, sectioned (4 pm)
and stained with hematoxylin-eosin. Sections were examined
under a light microscope (BX41; Olympus Optical Co., GmbH,
Hamburg, Germany).

Flow cytometry. Rat blood was harvested at various time
points following reperfusion. Peripheral blood mononuclear
cells were isolated using rat lymphocyte separation medium
(Borunlaite Science and Technology Co., Ltd., Beijing, China).
Following cell surface staining with fluorescein isothiocyanate
(FITC)-conjugated anti-rat anti-CD4 and allophycocyanin
(APC)-conjugated anti-rat anti-CD25 primary antibodies (eBio-
science, San Diego, CA,USA), cells were fixed and permeabilized
using Fix & Perm reagents (Caltag Medsystems, Buckingham,
UK) according to the manufacturer's instructions. Cells were then
incubated with phycoerythrin (PE)-conjugated anti-mouse/rat
anti-forkhead box protein P3 (Foxp3) as the secondary antibody
(eBioscience). Stained cells were analyzed using a flow cytom-
eter (FC500; Beckman Coulter, Inc., Brea, CA, USA) and the
CellQuest software (BD Biosciences, Franklin Lakes, NJ, USA).

gPCR. We extracted total RNA from each frozen sample using
the TRIzol® reagent (Invitrogen Life Technologies, Carlsbad,
CA, USA) according to a standard protocol. Complementary
DNA (cDNA) was synthesized from the extracted RNAs using
Moloney murine leukemia virus reverse transcriptase (Promega
Corp., Madison, W1, USA). The following qPCR primers were
designed based on the reported DNA sequences: GAPDH (Gene
ID: 24383) forward, 5-GGGCTCTCTGCT
CCTCCCTGTTCT and reverse, 5'-G CCGCCTGCTTC
ACCACCTTC; macrophage inflammatory protein-2 (MIP-2)
(Gene ID: 114105) forward, 5'-CCTCCAGCAAGC TCCC
TCCTGT and reverse, 5'-GTGGGGTCCTGG AGGGGTCAC;
monocyte chemotactic protein-1 (MCP-1) (Gene ID: 24770)
forward, 5~ ACAGAGGCCAGCCCAGAAACCA and reverse,
5'-ACAGGCCCAGAAGCGTGACAGA. The PCR reaction
was performed in a final volume of 10 ul, containing
SYBR-Green PCR Master mix (containing SYBR® Green I dye,
AmpliTaq Gold® DNA Polymerase, INTPs with dUTP, Passive
Reference 1 and optimized buffer; Applied Biosystems). The
amplifications were conducted in an ABI 7500 Real-Time PCR
system (Applied Biosystems, Foster City, CA, USA) with the
following thermal cycling conditions: 95°C for 10 min, followed
by 40 cycles of 95°C for 15 sec and 60°C for 1 min. GADPH was
used as an internal control. Samples were assayed in triplicate.
Quantification of the mRNAs from the amplified products was
performed using the comparative threshold cycle method as
described in the manufacturer's manual.

Results

Inflammatory infiltration. All rats in this study survived isch-
emia and reperfusion. Fig. 1 shows hematoxylin-eosin stained
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Figure 1. Inflammatory cells infiltrated the liver 2 h after ischemia and reperfusion. The HSP27 group showed the highest number of inflammatory cells.

HSP27, heat shock protein 27; GdCl;, gadolinium trichloride.
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Figure 2. Expression of inflammation-related factors in the liver 2 h following reperfusion. (A) Macrophage inflammatory protein-2 (MIP-2), (B) vascular
cell adhesion protein-1 (VCAM-1) and (C) monocyte chemotactic protein-1 (MCP-1) levels were significantly increased in the heat shock protein 27 (HSP27)

group. "P<0.05 vs. HSP27; “P<0.05 vs. HSP27+gadolinium trichloride (GdCl,).

liver sections following liver ischemia and reperfusion of the
liver for 2 h. Inflammatory cell infiltrations were more severe
in the HSP27 group. In the control group, where rats were
injected with an empty vector, reduced leukocyte infiltration
was observed around the blood vessels. In the vector treated
group, there were also fewer inflammatory cells compared
to the HSP27 group. The vector+GdCl; group was the least
infiltrated with inflammatory cells.

Liver injury following IR. We found that the AST level was
consistent with the inflammation levels in the different groups.
The highest level was observed in the HSP27 group (data
not shown). The combination of HSP27 and GdCl; appeared
to protect from IRI compared to the HSP27 group. The liver
injury was more severe in the HSP27-injected groups (HSP27
and HSP27+GdCl;) compared to groups injected with the
empty vector (vector and vector+GdCl;). HSP27 appeared thus
to exacerbate IRI at 2 h following reperfusion. The liver func-
tion was best in the vectors+GdCl3 treated group. Twenty four
hours after ischemia, AST was still detected at a relatively high
level in the vector group, while its level returned to normal in

the other three groups. These results indicate that HSP27 might
have a certain protective effect at later stages of ischemia.

Assessment of oxidative stress. The antioxidant enzyme SOD,
as well as GSH, play an important role in protecting cells
from oxidative stress and attenuating the effects of injury.
They are crucial for maintaining the balance between reac-
tive oxygen species and antioxidants, which also help prevent
damages caused by oxidative stress (16). The depletion of
SOD and GSH occurs at the initial phase of liver necrosis (17).
The levels of the stress-related markers SOD and GSH were
significantly decreased in the HPS27 group compared to the
vector+GdCl; group, indicating that HSP27 may exacerbate
reperfusion injury in rats. Overall, the SOD and GSH levels
were consistent with the AST level, i.e. the more damaged the
liver was, the lower were the SOD and GSH levels.

Amplification of inflammatory factor genes. Fig. 2 shows the
changes in expression of pro-inflammatory factors in the four
groups of rats following reperfusion. The mRNA levels of
genes encoding the vascular cell adhesion protein-1 (VCAM-1),
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Figure 3. The percentage of regulatory T cells (Tregs) in the peripheral blood of rats from different groups. The number of Tregs was decreased in the groups
injected with the heat shock protein 27 (HSP27) gene. "P<0.05 vs. the HSP27 group. GdCl,, gadolinium trichloride.
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Figure 4. Regulatory T cells (Tregs) play a central role during the period
following ischemia and reperfusion. In our study, Tregs were associated
with decreased superoxide dismutase (SOD) and glutathione (GSH) levels,
increased levels of pro-inflammatory factors and aspartate aminotrans-
ferase (AST), as well as with enhanced liver injury.

MCP-1 and MIP-2 were increased in rats of the HSP27 group
compared with the other groups. These results suggested that
HSP27 enhances the inflammatory response in the rat liver
following IR.

Treg levels in the serum. Fig. 3 shows the levels of Tregs in the
different groups after 2 h of IR. Tregs were fewer in number
in the HSP27 groups, which might be the cause of the more
severe inflammation in these groups. The percentage of Tregs
in the serum of rats from the HSP27 group was much lower
compared to that observed in the vector and vector+GdCl,
groups. Therefore, HSP27 may suppress Tregs. By contrast, in
the groups that were not injected with HSP27, the percentage of
Tregs was higher compared to the groups injected with HSP27.

Discussion

The major finding of our study was that rats overexpressing the
HSP27 gene can exacerbate liver injury following IR. This might

be partly due to the downregulation of Tregs (Fig. 4). In addition
to the regular function of HSP in folding and unfolding proteins,
induction of its expression in response to stress has been suggested
to be protective for the cells (18,19). A proteomic analysis showed
that the blockage of chaperones such as HSP may contribute to
increased rates of apoptosis and necrosis (20). Hence, we investi-
gated the roles of HSP in response to hepatocyte injury.

In this study, we transfected rat hepatocytes with an
adenovirus bearing the human HSP27 gene, so that its expres-
sion would increase when IRI occurs. We chose to use the
human instead of the rat HSP27 gene for two reasons: first,
Chen et al (15) showed that overexpressed HSP27 in mice can
protect liver from IRI, and we thus aimed to investigate whether
the human gene may have a certain protective function in rats as
well. Second, in case this proved to be true, we may assume that
the human HSP27 protein has a universal protective function
in liver IRI, which is very promising for clinical patients who
undergo liver surgery.

Although the detailed mechanism leading to IRI has
not been fully explored yet, it is widely accepted that several
factors contribute to IRI, including free radicals, cytokines and
numerous pro-inflammatory factors (21). From this perspective,
liver injury following ischemia is initiated by inflammatory
infiltration and correlates with the severity of inflammation, and
the degree of liver function can be determined by the inflam-
matory response following reperfusion (4). In the present study,
the increase of inflammatory infiltration was corroborated by
hematoxylin-eosin staining. We found that inflammation was
more severe in the HSP27 group, followed by that observed in
the HSP27+GdCl;, vector and vector+GdCl; groups.

We further investigated liver function following IRI in the
different groups. A lower AST level was observed in both groups
treated with the empty vector. As inflammatory cells were
recruited, the increase in necrosis, apoptosis and other processes
of cell death resulted in severe damage of liver cells. Therefore,
we conclude that the human HSP27 protein induces inflamma-
tion in the rat liver at the early stage of IRI. Nevertheless, the
observation that AST remained at a relatively high level in the
empty vector group at later stages of IRI, while it was decreased
in the other three groups after 24 h, is surprising. This might
be due to the fact that the human HSP27 protein contributes to
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tissue repair at later stages of IRI. HSP27 apart from its role in
attacking inflammatory cells at the early stage, might contribute
in maintaining the liver structure at later stages; inflammation
represents indeed a defense mechanism, protecting the cells
from further damage.

Oxygen, free radicals, cytokines and other pro-inflamma-
tory factors are involved in the processes of liver ischemia and
reperfusion (22). In the present study, SOD and GSH levels in
rat liver tissues of the HSP27 group were lower compared to the
vector+GdCl; group, indicating that HSP27 has an unfavorable
antioxidant activity.

Treatment with HPS27 has been associated with decreased
expression of transforming growth factor-f§ (TGF-f). The
cytokine TGF-f is important for the assembly of liver cells and
promotes growth of hepatocytes (23,24). In our study, overex-
pression of the human HSP27 gene in rat liver was associated
with a decrease in the level of the TGF- mRNA, suggesting that
HSP27 has a negative role in liver protection at the early stage
of IRI. The increased mRNA expression of pro-inflammatory
factors such as VCAM-1, MCP-1 and MIP-2 further revealed that
reperfusion injury is associated with the upregulation of signaling
pathways involved in inflammatory responses. It was previously
demonstrated that T cells are key mediators of inflammatory
responses in the liver following IR (25), and that depletion of
T cells confers protection from IRI (26). Compared to other
subgroups of T cells, Tregs can directly suppress the activation
of monocytes/macrophages, and can also produce inhibitory
cytokines (27). The deprivation or downregulation of Tregs may
lead to inflammatory response and cause liver damage. In our
study, we demonstrated that Tregs are reduced in the HSP27
group, which led to reduced protection of the liver from IRI.

In conclusion, numerous factors are related to liver IRI. For
example, hepatic stellate cells may also play a crucial role in
the progression of IRI (28). The human HSP27 gene does not
protect rat liver from IRI at the early stages, however, it might
exert protective effects at a later stage.
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