Int J Clin Exp Pathol 2014;7(5):2595-2608
www.ijcep.com /ISSN:1936-2625/1JCEPO000081

Original Article

Hydroxysafflor yellow A

attenuates ischemia/reperfusion-induced

liver injury by suppressing macrophage activation

Shujun Jiang?, Zhen Shit, Changyong Li, Chunlei Ma?, Xianyong Bai, Chaoyun Wang®

1Department of Physiology, Binzhou Medical University, Yantai, China; 2Department of Physiology, School of Basic
Medical Sciences, Wuhan University, Wuhan, China; 3The School of Pharmaceutical Sciences, Binzhou Medical
University, Yantai, China

Received February 24, 2014; Accepted March 10, 2014; Epub April 15, 2014; Published May 1, 2014

Abstract: Hydroxysafflor yellow A (HSYA), a major constituent in the hydrophilic fraction of the safflower plant, can
retard the progress of hepatic fibrosis. However, the anti-inflammatory properties and the underlying mechanisms of
HSYA on I/R-induced acute liver injury are unknown. Inhibiting macrophage activation is a potential strategy to treat
liver ischemia/reperfusion (I/R) injury. In this study, we investigated the therapeutic effect of HSYA on liver I/R injury
and the direct effect of HSYA on macrophage activation following inflammatory conditions. The therapeutic effects of
HSYA on I/R injury were tested in vivo using a mouse model of segmental (70%) hepatic ischemia. The mechanisms
of HSYA were examined in vitro by evaluating migration and the cytokine expression profile of the macrophage cell
line RAW264.7 exposed to acute hypoxia and reoxygenation (H/R). Results showed that mice pretreated with HSYA
had reduced serum transaminase levels, attenuated inflammation and necrosis, reduced expression of inflamma-
tory cytokines, and less macrophage recruitment following segmental hepatic ischemia. In vitro HSYA pretreated
RAW264.7 macrophages displayed reduced migratory response and produced less inflammatory cytokines. In addi-
tion, HSYA pretreatment down-regulated the expression of matrix matalloproteinase-9 and reactive oxygen species,
and inhibited NF-kB activation and P38 phosphorylation in RAW264.7 cells. Thus, these data suggest that HSYA can
reduce I/R-induced acute liver injury by directly attenuating macrophage activation under inflammatory conditions.

Keywords: Hydroxysafflor yellow A, liver ischemia/reperfusion injury, macrophage, cell migration, inflammatory
cytokines, reactive oxygen species

Introduction emic insult as well as delayed dysfunction and
damage resulting from activation of inflamma-
tory pathways. Many studies have shown that
the process of I/R-induced liver injury is a cas-

cade of inflammatory events including the gen-

Liver ischemia/reperfusion (I/R) injury, an
innate immunity-dominated local inflammation,
occurs in liver resection, such as surgical inter-

ventions, trauma, or transplantation. During
these clinical settings, I/R is a mandatory pro-
cedure utilized to minimize intraoperative blood
loss. However, this procedure also induces liver
injury that occasionally leads to postoperative
complications and even liver failure [1]. Hepatic
I/R injury is also a major cause of morbidity and
mortality in patients undergoing liver transplan-
tation. Therefore, minimizing I/R-induced liver
injury would greatly improve the safety and effi-
cacy of liver surgeries [2, 3].

The pathophysiology of liver I/R injury includes
direct cellular damage resulting from the isch-

eration of reactive oxygen and nitrogen stress
in the liver, and the activation of the inflamma-
tory response [4, 5]. Previous studies have
demonstrated IR injury to be biphasic, with an
acute macrophage-dependent phase followed
by a later phase characterized by neutrophil
recruitment and activation [6, 7]. Kupffer’s cells
(KCs), the liver resident macrophages, are inti-
mately involved in these early proinflammatory
responses.

KCs constitute 80-90% of the tissue macro-
phages present in the body, are concentrated in
the periportal area. As a result, these cells are
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the first macrophage population to encounter
bacteria, bacterial endotoxins, and microbial
debris derived from the gastrointestinal tract
and transported to the liver via the portal vein.
During the sequence of liver I/R injury, KCs are
consistently identified as a major contributor of
the early post-ischemic oxidant stress and
inflammatory reactions [8, 9]. For example,
upon activation KCs release reactive oxygen
species (ROS) and multiple inflammatory cyto-
kines and chemokines. In addition, KCs up-reg-
ulate inducible NO synthase in hepatocytes,
activate mitogen-activated protein kinases
(MAPKs), and accumulate neutrophils, all of
which have been identified as contributing
events to inflammation-associated liver dam-
age [10, 11]. Therefore, agents limiting the
activity of macrophages have been proposed
as a treatment strategy for improving the clini-
cal outcome of surgical procedures involving
liver resections or transplantation [11, 12].

Hydroxysafflor Yellow A (HSYA) is a major con-
stituent in the hydrophilic fraction of the saf-
flower plant, and has been widely used in tradi-
tional Chinese medicine for the treatment of
trauma, and cardiovascular and cerebrovascu-
lar diseases [13]. Previous studies suggest that
the pharmacological activities of HSYA include
suppressing lipid peroxidation, inhibiting throm-
bosis, attenuating platelet aggregation, and
reducing myocardial infarct size in rats [14, 15].
Recently, several reports have also reported
the anti-inflammatory property of HSYA in brain
ischemic [16] and acute lung injury models
[17]. Moreover, we previously demonstrated
that HSYA attenuates hepatic fibrosis through
inhibiting oxidative stress [18] and alleviates
oleic acid- mediated acute lung injury through
activation of the cAMP-PKA signaling pathway
[19]. In this study, we used a mouse model of
segmental (70%) hepatic ischemia to investi-
gate the effect of HSYA on I/R-induced liver
injury. In addition, the mechanisms of HSYA
were examined in vitro by evaluating migration,
phagocytosis, and the cytokine expression pro-
file of the macrophage cell line RAW264.7
exposed to periods of acute hypoxia and reoxy-
genation (H/R) to model in vivo liver IR injury.
HSYA pretreatment attenuated hepatic inflam-
mation and I/R-induced injury in mice. Acc-
ordingly, HSYA pretreatment significantly inhib-
ited macrophage migration, phagocytosis, cyto-
Kine expression, and ROS production. These
data support the use of HSYS as an agent to
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reduce inflammation and oxidative activity dur-
ing liver surgery and transplantation.

Materials and methods

Reagents and antibodies

HSYA (C,H_,0,,, mw. 611.1614 g) [18] was
obtained from Shandong Natural Drugs
Engineers and Technicians Research Center
(Yantai, Shandong Province, China) as a yellow
amorphous powder. The purity of HSYA was
greater than 99% as determined by HPLC. Prior
to use, HSYA was dissolved in double distilled

water (pH = 5).

N-acetylcysteine (NAC), p38 MAPkinase inhibi-
tors SB203580 and other common reagents
were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Dulbecco’s modified Eagle’s medium
(DMEM) was obtained from Gibco (Paisley, UK).
Fetal bovine serum (FBS) was purchased from
Biochrom (Berlin, Germany), and 5-(3-carbox-
ymethoxyphenyl)-2-(4,5-dimethylthiazoly)-3-(4-
sulfophenyl) tetrazolium, inner salt (MTS) was
purchased from Promega (Madison, USA).
2,7-dichlorofluorescein diacetate (DCFH-DA)
was purchased from Invitrogen (Grand Island,
NY) and PCR reagents were purchased from
Applied Biosystems (Foster City, CA). Mouse
interleukin (IL)-6, and tumor necrosis factor
(TNF)-a ELISA kits were purchased from ExCell
Biology (Shanghai, China). The antibodies
against matrix metalloproteinase enzymes
(MMP)-9, nuclear factor kB (NF-«kB), extracellu-
lar regulated protein kinases (ERK), c-Jun
N-terminal kinases (JNK), and p38 mitogen-
activated protein kinases and respective phos-
phorylated protein kinases were all purchased
from Cell Signaling Technology (Beverly, MA,
USA).

Cell culture and H/R procedure

The Murine macrophage cell line RAW264.7
was obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and
maintained in DMEM complete medium supple-
mented with 2 mM L-glutamine, 10% heat-inac-
tivated FBS, 100 U/mL penicillin, and 100 mg/
mL streptomycin. The cells were incubated at
37°Cina 5% CO, humidified incubator.

In vitro H/R injury model was used to mimic I/R
injury in vitro [20]. Cell hypoxia was manipulat-
ed by placing the cells into a specifically
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designed hypoxic incubator (Thermo Scientific,
HERACELL 150i, Hanau, Germany) purged with
a mixture of 95% N, and 5% CO,,. And the hypox-
ia PO, was extremely 1%. For exposure to H/R,
the cells were changed with serum- and glu-
cose-free deoxygenated DMEM and incubated
in the hypoxic incubator for 2 h. After that, the
medium was substituted with DMEM contain-
ing glucose and the cells were returned to a
standard incubator (95% air and 5% CO,, 37°C)
with the normoxic PO,, which was 21%. The
reoxygenation time was set for 4 h.

Animals and surgery

Male C57BL/6 mice (18~22 g) were obtained
from the Academy of Military Medical Sciences
(Beijing, China) and housed in specific patho-
gen free (SPF) conditions. The animals were
fed with standard chow and had free access to
water. All animal experiments were performed
in @ humane manner, and also in accordance
with the Institutional Animal Care Instructions.
This study was conducted under experimental
protocols approved by the Ethics Committee for
Animals, Binzhou Medical University (approval
ID: 2012022).

The mice were divided randomly into three
groups: (i) sham group, (ii) hepatic I/R group
(vehicle group), and (iii) HSYA-pretreated I/R
groups. All animals were anesthetized with
chloral hydrate. A model of segmental (70%)
hepatic ischemia was performed as described
previously [21, 22] with minor modifications.
Briefly, after a midline laparotomy, all struc-
tures in the portal triad (hepatic artery, portal
vein and bile duct) to the left and median liver
lobes were occluded for 90 min under aseptic
conditions. This method of partial hepatic isch-
emia prevented mesenteric venous congestion
by permitting portal decompression through
the right and caudate lobes. Reperfusion was
initiated by removing the clamp after 2, 6, or 24
hours. In the HSYA-pretreated I/R groups, HSYA
(5 mg/kg or 15 mg/kg) was administered with
an i.v. injection 1 hour before the operation. An
equal volume of normo-saline served as a con-
trol. Two, 6, or 24 hours following reperfusion,
the mice were anesthetized and blood and liver
samples were collected.

Plasma alanine aminotransferase assays

To assess hepatic function and cellular injury
following liver ischemia, serum alanine amino-
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transferase (ALT) and aspartate aminotransfer-
ase (AST) levels were measured using the
Opera Clinical Chemistry System (Bayer).

Histologic examination

Liver specimens from the ischemic left lobes
were fixed in 4% neutral-buffered formalin and
embedded in paraffin. Serial sections (5 um)
were mounted on glass slides and stained with
hematoxylin-eosin (HE) for histological exami-
nation by light microscopy (LeiCA DM 50008,
Leica Microsystems, Wetzlar, Germany). The
number of necrotic focus in paraffin-embedded
liver samples was counted in a blinded
fashion.

Liver specimens from the ischemic left lobes
used for immunostaining were embedded in
Tissue Tec OCT compound (Miles, Elkhart, IN)
and snap frozen in liquid nitrogen. Serial sec-
tions (6 ym) were mounted on glass slides and
fixed with 4% formaldehyde in phosphate buf-
fer solution (PBS) for 30 min, and then permea-
bilized with 0.3% Triton X-100 in PBS for 15
min. Nonspecific proteins were further blocked
using 2% bovine serum albumin (BSA) for 30
min followed by incubation with diluted F4/80
antibody (1:100) overnight at 4°C. Following
the incubation, the slides were washed three
times with PBS, and incubated for 1 hour with
an Alexa Fluor 594-red anti-rat antibody (1:200
dilution) in PBS with 1% BSA. The slides were
then washed three times with PBS, and mount-
ed with aqueous mounting medium containing
DAPI. Slide were analyzed and imaged using a
Leica confocal microscope in a blind manner by
counting F4/80* staining in 10 high power
fields (x400) for each section.

Cytokine ELISA

Serum and the supernatant of cells culture
medium concentrations of TNF-a and IL-13
were determined using ELISA kits according to
the manufacturer’s instructions. The limit of
detection for TNF-a and IL-13 was 5 pg/ml and
5.1 pg/ml, respectively.

Real-time quantitative PCR (RT-qPCR)

The gene expression of inflammatory cytokines
in the liver tissue or in RAW264.7 cells was
detected by RT-qPCR analysis. Total RNA was
isolated from the frozen liver tissue or
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RAW264.7 cells using the RNeasy Mini kit
(Qiagen, Hilden, Germany) according to the
manufacturer’s protocol. The cDNA was gener-
ated from total RNA samples by using of the
cDNA Reverse Transcription Kit. The expres-
sion of the target genes encoding inflammatory
cytokines was determined by comparative
quantitative RT-PCR using specific primers. The
primers used were as follows: mouse TNF-a
sense 5-GGC AGG TTC TGT CCC TTT CA-3’, anti-
sense 5-CTG TGC TCA TGG TGT CTT TTC TG-3’;
MCP-1 sense 5-TCT GGG CCT GCTGTT CAC A-3/,
antisense 5-GGA TCA TCT TGC TGG TGA ATG
A-3’; IL-1B sense 5-TCC ATG AGC TTT GTA CAA
GGA-3’, antisense 5-AGC CCA TAC TTT AGG
AAG ACA-3’; IL-6 sense 5-CTC TGG GAAATC
GTG GAA ATG-3’, antisense 5’-AAG TGC ATC ATC
GTT GTT CATACA-3’; 18S rRNA sense 5-GTA
ACCCGT TGA ACC CCA TT-3’, antisense 5-CCA
TCC AAT CGG TAG TAGCG-3'. 18S rRNA was
used as an endogenous control. The compara-
tive cycle threshold (CT) method (AACT) was
used for quantification of gene expression. The
average expression level of the Sham + vehicle
group data was set to 1.0, and the other data
were adjusted relative to this baseline.

Western blot analysis

The cell samples were pretreated with HSYA (5,
50 or 100 uM) for 1 hour and then harvested
after 2 h hypoxia and 4 h of reoxygenation.
Total protein, nuclear protein or cytoplasmic
protein was extracted from each cell sample
using a Total Protein Extraction kit or a Nuclear/
Cytosolic Fractionation Kit according to the
manufacturer’s instructions. The expression of
NF-kB/p65 protein was examined in cytoplas-
mic and nuclear extracts, and the level of the
other proteins was examined in total cell
lysates. The protein concentrations of the
lysates were determined following the method
of bicinchoninic acid (BCA) using a Protein
Assay Kit. Samples containing 50 or 30 pg of
protein were separated using 12% sodium
dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE). After electrophoresis, the
proteins in the gel were transferred to a polyvi-
nylidene fluoride (PVDF) membrane for western
blot analysis. Primary antibodies against
MMP-9 (1:1000), NF-kB/P65 (1:1000), P38
(1:1000), p-P38 (1:1000), ERK (1:1000), p-ERK
(1:2000), JNK (1:2000), p-JNK (1:1000), and
glyceraldehyde 3-phosphate dehydrogenase
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(GAPDH, 1:10,000) were used. The membranes
were washed and incubated with goat anti-rab-
bit horseradish peroxidase (HRP)-conjugated
secondary antibodies. Immunoreactive pro-
teins were detected by enhanced chemilumi-
nescence (ECL). The relative density of the pro-
tein bands was quantified using Image J
software (National Institutes of Health, USA)
and signals were normalized to GAPDH
expression.

Cell metabolic assays

Cell metabolism was evaluated by measuring
MTS activity. RAW264.7 cells (0.5x10* cell per
well) were seeded in 96-well plate and incubat-
ed overnight with DMEM containing 10% FBS.
The following day, the cells were treated with
various concentrations of HSYA (5, 50, 100 and
300 uM). After 24, 48, and 72 hours, 20 pl of
MTS was added into each well and the plates
were incubated for an additional 3 hours at
37°C in a humidified 5% CO, atmosphere. The
absorbance at 490 nm of each well containing
cells was measured and compared with the
absorbance of wells without cells.

Intracellular ROS measurement

RAW264.7 cells (2x10° per well) were cultured
in 6-well plates, with or without HSYAS pretreat-
ment at various concentrations (5, 50, and 100
MM). After 2 h hypoxia and 4 h of reoxygenation
2,7-dichlorofluorescein diacetate (DCFH-DA,
Invitrogen) was added to the cells at a concen-
tration of 10uM and incubated at 37°C for 20
min and washed twice with cold PBS. Following
the washes, the cells were harvested and the
intracellular ROS levels were analyzed by flow
cytometry.

Migration assay in vitro

RAW264.7 cells were cultured in complete
DMEM medium overnight and then starved
with serum-free DMEM medium for 12 hours.
The cells were then collected and resuspended
in serum-free DMEM medium. Cell migration
was assayed using transwell plates (BD
Bioscience, Bedford, MA) with a pore size of 8.0
um. RAW264.7 cells (1x10° cells/well) were
added to the top chamber with or without differ-
ent doses (0, 5, 50, and 100 uM) of HSYA. 5%
FBS of DMEM medium was added to the lower
chamber. For stimulation, the cells were incu-
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Figure 1. HSYA pretreatment attenuates hepatic I/R injury. Serum transaminase ALT (A) and AST (B) levels in sham-
operated mice (n =5 per group) or mice pretreated with vehicle or HSYA (5 or 15 mg/kg, n = 5-8 per group) prior to
90 min of hepatic ischemia followed by 2, 6, or 24 hours of reperfusion. (C) Representative histopathologic images
of ischemic liver lobes at 6 or 24 hours after reperfusion. H&E staining with original magnification x100, bar equals
200 um. (D) Quantification of necrotic areas. A minimum of 10 view fields per animal was included. *P < 0.05 vs.
vehicle-sham group; #P < 0.05 vs. corresponding control exposed to vehicle-I/R.

bated at 37°C with normoxic or hypoxic (H2h/
R4h) for 6 hours. Following the incubation, non-
migrating cells were wiped from the upper side
of the membrane. Migrated cells were fixed
with cold methanol and stained with hematoxy-
lin. For each experiment, the number of cells in
five randomly chosen fields of each filter was
counted. The results of three independent
experiments are presented as the percentage
of cell migration relative to the control.

Statistical analysis

The results of multiple observations are pre-
sented as the mean £ SD of at least three inde-
pendent experiments. The data were analyzed
with the statistics software SPSS 11.5 and dif-
ferences between various groups were ana-
lyzed using a one-way ANOVA. P value less than
0.05 was considered to be statistically
significant.
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Results
HSYA attenuates hepatic I/R injury

We previously demonstrated that HSYA attenu-
ates hepatic fibrosis by inhibiting oxidative
stress [18]. To determine if HSYA could also
prevent hepatocellular damage of the post-
ischemic liver, we treated mice with HSYA prior
to inducing hepatic ischemia and then mea-
sured serum transaminase (ALT and AST) activ-
ities. After 90 min of warm ischemia, the clamp
was removed and reperfusion was allowed to
take place for 2, 6 or 24 hours at which point
serum was collected. An increase in transami-
nase levels was observed in the untreated
(vehicle) control group compared with sham-
operated animals peaking at 6 hours of reper-
fusion. However, mice pretreated with HSYA
had significantly lower levels of serum trans-
aminase compared to the vehicle control group

Int J Clin Exp Pathol 2014;7(5):2595-2608
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Figure 2. HSYA reduces expression of inflammatory cytokines in liver I/R injury. A, B: Real-time PCR analysis of he-
patic proinflammatory cytokine mRNA levels (TNF-a, MCP-1 and IL-13) at 2 or 6 hours of reperfusion. Pretreatment
with HSYA at 15 mg/kg significantly attenuated the I/R-induced hepatic TNF-a and IL-13 expression at time points
of reperfusion studied. C, D: The levels of serum TNF-ac and IL-13 were measured by ELISA assays. Results are mean
+ S.D. of 5-8 mice per group. *P < 0.05 vs. vehicle-sham group; #P < 0.05 vs. corresponding vehicle-I/R mice.

(Figure 1A and 1B). In addition, this protective
effect was concentration-dependent, with >
50% inhibition occurring at a concentration of
15 mg/kg after 24 hours of reperfusion.

Consistent with increased levels of serum
transaminase, this method of inducing hepatic
I/R also led to increased necrosis in the isch-
emic lobule with significant inflammatory infil-
tration in vehicle treated animals. Hepatic I/R
damage was significantly improved and inflam-
mation reduced with HSYA pretreatment (Figure
1C and 1D). These data suggest that HSYA
can reduce liver damage induced by hepatic
ischemia.

Inflammatory cytokines, such as TNF-a and
IL-1B, play key roles in the pathophysiology of
hepatic I/R injury [1]. To determine if HSYA
reduced the levels of these cytokines, we first
measured the presence of TNF-a and IL-1p3
mRNA in liver tissue by Real-time PCR. Mice
pretreated with HSYS had significantly reduced
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expression of TNF-a and IL-13 mRNA in I/R-
injured liver tissue (Figure 2A and 2B). We next
measured the serum levels of these cytokines
following reperfusion. Corresponding to mRNA
expression, HSYA pretreatment significantly
reduced the levels of systemic TNF-a and IL-13
in the serum of I/R-induced mice compared
with vehicle controls after 2 and 6 hours of
reperfusion (Figure 2C and 2D). Taken together,
these data suggest that HSYA reduces inflam-
mation induced by hepatic I/R injury.

HSYA pretreatment inhibits macrophage re-
cruitment after hepatic I/R injury

Macrophages are activated during the ischemic
phase and even more so during reperfusion
[23]. Under these circumstances, macrophages
play a key role in initiating and propagating cel-
lular damage and death following I/R injury.
Therefore, we used immunofluorescence stain-
ing to evaluate whether HSYA prevented the
recruitment of macrophages following hepatic
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I/R injury. As shown in Figure 3, HSYA pretreat-
ment significantly decreased the number of
F4/80-positive cells in the |/R-injured liver com-
pared to the livers of mice without HSYA admin-
istration. These results suggest that HSYA pre-
treatment reduces the number macrophages
present in the liver after hepatic I/R injury.

HSYA pretreatment inhibits the activity of
RAW264.7 macrophages

The reduced number of liver infiltrating macro-
phages observed in HSYA pretreated mice
could either be the result of increased cell
death or reduced migration. To further explore
the mechanisms of HSYA, we used the macro-
phage cell line RAW264.7. First, we tested the
toxicity of HSYA on RAW264.7 cells using a MST
viability assay. HSYA did not exert a significant
toxic effect on RAW264.7 macrophages at the
concentrations 5, 50, 100, and 300 yM exam-
ined after 4 days of treatment (Figure 4). To
address the effects of HSYA on macrophage
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Figure 3. HSYA pretreatment inhibits macrophage
recruitment following hepatic I/R injury. A: Immu-
nofluorescence staining using an anti-F4/80 anti-
body was performed to identify macrophages pres-
ent in the liver following hepatic I/R. DAPI was used
to visualize nuclei (blue). The original magnification
was x200. B: Quantification of the proportion of
macrophages in normal and |/R-induced liver with
or without HSYA pretreatment (n = 5 per group).
*P < 0.05, compared with Sham group. #P < 0.05,
compared with corresponding vehicle-I/R group.

recruitment, we evaluated migration in tran-
swell plates. The results indicated that pre-
treatment with HSYA significantly prevented the
migration of RAW264.7 macrophages in
response to H/R activation (Figure 5A and 5B).
Taken together, these data suggest that HSYA
does not directly kill macrophages, but rather
alters the migration of these cells to the liver.

Given that HSYA pretreatment reduced the
presence of inflammatory cytokines in mice fol-
lowing hepatic I/R damage, we also evaluated
the effect of HSYA on early stage TNF-a and
IL1B secretion via ELISA. Compared with
untreated cells, HSYA pretreatment significant-
ly decreased the expression of TNF-«, IL-1(,
MCP-1 in RAW264.7 macrophages in a dose-
dependent manner (Figure 6). These data sug-
gest that the reduced liver damage observed in
HSYA pretreated mice results from the ability of
HSYA to prevent macrophage activation, spe-
cifically migration and the production of inflam-
matory cytokines.

Int J Clin Exp Pathol 2014;7(5):2595-2608
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in Figure 7A and 7B,
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Figure 4. HSYA does not induce RAW264.7 cell death. RAW264.7 macrophages were
pretreated with different concentrations of HSYA for the indicated times, and then
metabolic activity was assessed via MTS assay. Data are presented as the mean *
S.D. of three independent experiments. *P < 0.05, compared with control (vehicle

group).

HSYA down-regulates the expression of ROS
and MMP-9 in RAW264.7 macrophages

To further establish the anti-inflammatory activ-
ity of HSYA, we examined effects of HSYA on
H/R-induced ROS and MMP-9 protein produc-
tion by RAW264.7 macrophages. First, RAW-
264.7 macrophages were exposed to H/R and
increasing concentrations of HSYA. After six
hours the cells were harvested and ROS expres-
sion was evaluated by flow cytometry. As shown
in Figure 5D, HSYA significantly reduced expres-
sion of ROS in a dose dependent manner with
the highest dose (100 uM) inhibiting ROS levels
in manner similar to the antioxidant NAC.

Activation of MMP-9 is important for migration
of macrophages across the extracellular matrix
[24]. To determine if HSYA pretreatment de-
creased the secretion of this protein, we exam-
ined the presence of MMP-9 by Western blot.
H/R activated RAW264.7 macrophages pre-
treated with HSYA expressed reduced levels of
MMP-9 protein in a dose dependent manner
(Figure 5C). Together these data suggest that
HSYA reduces the production of ROS and inhib-
its migration by reducing the expression of
MMP-9.

HSYA inhibits LPS-induced NF-kB activation
and P38 phosphorylation in RAW264.7 mac-
rophages

To further characterize the mechanism underly-

ing the effects of HSYA the activation and trans-
location of NF-kB were examined. Nuclei were
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72 ges after H/R stimula-
tion (3.82 + 0.45 folds
of control group, p <
0.05); however HSYA
inhibited the H/R-in-
duced nuclear translo-
cation of p65 (Figure
7A and 7B).

The three MAP kinases, ERK1/2, p38 MAPK,
and JNK, are important upstream factors lead-
ing to the activation of NF-kB [25]. We further
addressed the question of whether HSYA could
counteract the effect of H/R at this level. As
shown in Figure 7C and 7D, the activity of
MAPK/ERK1/2, MAPK/JNK and MAPK/P38
were also increased following H/R activation
(MAPK/ERK1/2 1.28+0.06 fold versus control
group, p < 0.05; MAPK/JNK 1.29+0.07 folds
versus control group, p < 0.05; MAPK/P38
2.19+0.04 folds versus control group, p < 0.01)
but HSYA only suppressed H/R induced phos-
phorylation of p38 MAPK but not that of
ERK1/2 and JNK. The total amounts of ERK1/2,
p38 MAPK, and JNK were not changed by either
H/R or HSYA. In order to confirm the causal link
of MAP kinase inhibition by HSYA with its sup-
pression of H/R-induced TNF-a and IL-1( for-
mation, the effects of SB 203580, p38 MAPK
inhibitors, on H/R were further examined.
Similar inhibition of the inflammatory effects of
H/R by these inhibitors was identified (Figure
6B). The results thus indicate that inhibition of
MAP kinase is an upstream mechanism respon-
sible for the anti-inflammatory effects of HSYA
on H/R induced macrophage production the
proinflammatory cytokine.

Discussion

The flower of the safflower plant (Carthamus
tinctorius) has been regarded as one of the
most important traditional Chinese medicine
for invigorating blood circulation reducing sta-
sis. Therefore, this plant is used extensively to
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Figure 5. HSYA pretreatment inhibits the migration of RAW264.7 macrophages, and decreases the production of
intracellular ROS and MMP-9 protein expression. A and B: HSYA inhibited the migration of RAW264.7 macrophages.
RAW264.7 cells were pretreated with different concentrations of HSYA for 1 hour in the upper chamber of transwell
plates and the cells were treated with normal oxy or H/R for 6 hours. A: Representative images of RAW264.7 cells
that migrated in response to H/R stimulation. Original magnification, x100. B: Quantification of RAW264.7 cells
migrations in each group. HSYA pretreatment decreased the migration of RAW264.7 cells in a dose-dependent
manner in comparison with H/R group. *p < 0.05 vs. control group, #p < 0.05 vs. H/R group (H/R challenge alone).
C: RAW264.7 cells were pretreated with different concentrations of HSYA or 5 mM NAC for 1 hour, followed by H2h/
R4h for 6 hours. Representative Western blot data from three independent experiments is shown. MMP-9 levels
were calculated with reference to an H/R-stimulated culture. The data are presented as mean = S.D. for three
different experiments performed in triplicate. *p < 0.05, compared with control group (vehicle group), #p < 0.05,
compared with H/R-alone group. D: RAW264.7 cells were incubated in NAC (5 mM) or various concentrations of
HSYA, and then exposed to 2 h hypoxia and 4 h of reoxygenation. NAC reduces ROS and served as a positive control.
Intracellular ROS production was detected by DCF fluorescence using flow cytometry.

treat ischemic diseases including, myocardial
ischemia, cerebral ischemia, coronary heart
disease, and cerebral thrombosis [16, 26, 27].
Hydroxysafflor yellow A (HSYA) is the major con-
stituent in the hydrophilic fraction of safflower,
and exhibits antioxidant, platelet aggregation
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inhibition, anti-apoptosis, and anti-inflammato-
ry pharmacological activities [14, 17, 28]. In
addition, we previously reported that HSYA
attenuates hepatic fibrosis induced by oxida-
tive stress through de-activating PPARgamma
[18]. Moreover, HSYA can protect against oleic
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Figure 6. HSYA decreases the production of inflammatory molecules in RAW264.7
macrophages. A: HSYA down-regulated the expression of inflammatory molecules in
RAW264.7 macrophages upon H/R challenge. RAW264.7 cells were pretreatment
with various concentrations of HSYA, and then exposed to H/R for 2 h hypoxia and 4
h of reoxygenation. The mRNA levels of TNF-a, MCP-1, IL.-13 and IL-6 were measured
by real-time PCR. B: TNF-a and IL-13 concentration in the supernatant of culture me-

tion/depletion of KCs
results in attenuation
of injury [31, 32]. In
this study, we demon-
strate that adminis-
tration of HSYA prior
to inducing segmental

dium TNF-a and IL-1B were measured by ELISA assays. The cells were pre-incubated (70%) hepatic isch-

with p38 MAPK inhibitor SB203580 (10 uM) for 2 h followed by stimulation with H/R
for 6 h. The supernatants of culture medium were collected for analyzing TNF-a and
IL-1B release. Data are presented as the mean + S.D. of three independent experi-
ments. *P < 0.05, compared with H/R challenge alone.

acid-induced acute lung injury by regulating the
PKA pathway [19]. However, the anti-inflamma-
tory functions of HSYA remain unclear. In this
study, we demonstrate that preoperative
administration of HSYA significantly attenuated
hepatic I/R injury. Moreover, the beneficial
effects of HSYA on I/R-induced liver injury were,
in part, due to attenuation of macrophage
recruitment, and production of pro-inflammato-
ry cytokines.

In response to inflammatory signals, macro-
phages migrate and accumulate at the sites of
inflammation. The multifaceted signaling cas-
cade initiated by the inflammatory stimuli leads
to macrophage activation and production of a
vast array of pro-inflammatory cytokines and

2604

emia inhibited recruit-
ment of macrophages
after hepatic I/R inju-
ry. Accordingly, HSYA
pretreatment attenu-
ated |/R-induced necrosis and expression of
pro-inflammatory cytokines. Recent studies
have revealed that a majority of the proinflam-
matory cytokines present during I/R injury are
produced by KCs, and these cytokines promote
hepatic neutrophil infiltration that further con-
tributes to hepatocellular injury [33]. Consistent
with these reports, our results suggest that
HSYA administration attenuates hepatic I/R
injury through suppressing macrophage recruit-
ment and activation.

To understand the underlying mechanism of
potential pharmacological activities of HSYA in
I/R-induced liver injury, we tested the effects of
HSYA on the murine macrophage cell line
RAW264.7 in vitro cellular H/R model. We

Int J Clin Exp Pathol 2014;7(5):2595-2608
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Figure 7. HSYA inhibits H/R-induced NF-kB/p65 nuclear translocation and p38 MAPK activation in RAW264.7 cells.
RAW264.7 cells were pretreated with different concentrations of HSYA for 1 hour and then stimulated with 2 h
hypoxia and 4 h of reoxygenation. A representative blot (A) and quantitative data (B) from three independent experi-
ments examining the expression of NF-kB/P65 in the nucleus and cytosol are shown. A representative blot (C) and
quantitative data (D) on the activation of ERK, p38, and JNK from three independent experiments are shown. The
data were presented as mean + S.D. for experiments performed in triplicate. *p < 0.05 vs. control group. #p < 0.05

vs. H/R group (H/R challenge alone).

found that HSYA inhibited H/R-induced activa-
tion of murine RAW264.7 macrophages.
Specifically, HSYA pretreatment decreased the
phagocytic activity, reduced migration, and
down-regulated the expression of inflammatory
cytokines by RAW264.7 cells. Previous studies
have also demonstrated that activated KCs
generate ROS, which are signals promoting the
release of proinflammatory mediators [34]. In
addition, blocking hepatic ROS production pre-
vents hepatic I/R injury, suggesting that ROS
are major contributors to injury in I/R [35, 36].
Similarly, we observed that treatment with
HSYA significantly reduced the ROS produc-
tion in RAW264.7 macrophages upon H/R
challenge.

In addition to ROS, MMP-9 secreted by macro-
phages is a critical mediator of monocyte and
leukocyte migration in hepatic I/R injury [24].
Pretreatment of RAW264.7 cells with HSYA
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strongly inhibited the expression of MMP-9 and
inhibited cell migration in RAW264.7 macro-
phages. These results confirm previous reports
demonstrating that ROS and MMP-9 play an
important role in regulating migratory response
to macrophages [24, 36], and suggest that
HYSA prevention hepatic injury by down-regu-
lating the expression of these proteins.

Several intersecting signaling pathways have
been implicated in the development of I/R inju-
ry. The mammalian transcription factor NF-kB is
a pleiotropic regulator of various genes involved
in inflammatory processes [37]. During activa-
tion of the inflammatory cascade, the p65 sub-
group of NF-kB translocates to the nucleus
[38]. In this study, we demonstrate that HSYA
inhibited NF-kB/p65 nuclear translocation
after H/R stimulation. In addition to NF-kB,
mitogen-activated protein kinases (MAPKs),
which are serine/threonine-specific kinases

Int J Clin Exp Pathol 2014;7(5):2595-2608
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responding extracellular stimuli, are important
for regulating various cellular activities. These
kinases are classified into three distinct groups,
including ERK1/2, c-Jun N-terminal kinase
(JNK) and p38 MAP kinase [39]. MAPKs modu-
late the transcription of many genes involved in
the inflammatory process. Among them, p38
MAPK plays an important role in transferring
inflammatory signals and cytokine synthesis in
H/R-induced acute liver injury. What we further
showed was that HSYA significantly inhibited
the phosphorylation, or activation, of p38
MAPK by H/R with the total protein levels of
MAPK remaining unchanged, indicating that
HSYA blocked the activation but not biosynthe-
sis of MAPKs. The inhibition on p38MAPK acti-
vation by HSYA could be a causal factor for its
suppression of HSYA-induced the proinflamma-
tory cytokine formation especially TNF-a and
IL-1. As shown in this paper, specific inhibitors
of p38 MAPK also suppressed TNF-a and IL-13
formation by H/R. Put together, our results indi-
cate that the anti-inflammatory effects of HSYA
are initiated by suppression of p38 MAPK,
resulting in inhibition of NF-kB activation and
the proinflammatory cytokine formation.

Although multiple mechanisms are likely in-
volved, we have demonstrated that the protec-
tive effect of HSYA on I/R-induced liver injury is,
in part, mediated by the direct modulation of
the macrophage activities. The major mecha-
nisms of these beneficial effects may include
the direct suppression of macrophage migra-
tion and production of ROS and inflammatory
cytokines. Thus, this study supports the use of
HSYA pretreatment as a potential therapeutic
for attenuating I/R-induced liver injury during
liver surgery.
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