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Abstract

AIM: To investigate the effect of total salvianolic acid
(TSA) on ischemia-reperfusion (I/R)-induced rat mes-
enteric microcirculatory dysfunctions.

METHODS: Male Wistar rats were randomly distrib-
uted into 5 groups (7 = 6 each): Sham group and
I/R group (infused with saline), TSA group, TSA +
I/R group and I/R + TSA group (infused with TSA,
5 mg/kg per hour). Mesenteric I/R were conducted by
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a ligation of the mesenteric artery and vein (10 min)
and subsequent release of the occlusion. TSA was con-
tinuously infused either starting from 10 min before the
ischemia or 10 min after reperfusion. Changes in mes-
enteric microcirculatory variables, including diameter of
venule, velocity of red blood cells in venule, leukocyte
adhesion, free radicals released from venule, albumin
leakage and mast cell degranulation, were observed
through an inverted intravital microscope. Meanwhile,
the expression of adhesion molecules CD11b/CD18 on
neutrophils was evaluated by flow cytometry. Ultrastruc-
tural evidence of mesenteric venules damage was as-
sessed after microcirculation observation.

RESULTS: I/R led to multiple responses in mesenteric
post-capillary venules, including a significant increase in
the adhesion of leukocytes, production of oxygen radi-
cals in the venular wall, albumin efflux and enhanced
mast cell degranulation /7 vivo. All the I/R-induced
manifestations were significantly reduced by pre- or
post-treatment with TSA, with the exception that the
I/R-induced increase in mast cell degranulation was in-
hibited only by pre-treatment with TSA. Moreover, pre-
or post-treatment with TSA significantly attenuated the
expression of CD11b/CD18 on neutrophils, reducing the
increase in the number of caveolae in the endothelial
cells of mesentery post-capillary venules induced by I/R.

CONCLUSION: The results demonstrated that TSA
protects from and ameliorates the microcirculation
disturbance induced by I/R, which was associated with
TSA inhibiting the production of oxygen-free radicals in
the venular wall and the expression of CD11b/CD18 on
neutrophils.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION

Ischemia-reperfusion (I/R) injury occurs in a wide range
of situations, including trauma, vascular reflow after con-
traction, percutaneous transluminal coronary angioplasty,
thrombolysis treatment, organ transplantation, and hy-
povolemic shock with resuscitation!" leading to systemic
disorders with high morbidity and mortality. I/R-induced
microcirculatory disturbance is the pathological basis of
I/R injury, manifesting as a complex process that includes
endothelial cell dysfunction, enhanced adhesion of leu-
kocyte, macromolecular efflux, production of reactive
oxygen species, and mast cell degranulation[z]. The insults
triggered by I/R in microcirculation interplay with each
other in various ways that creates a vicious circle that
exaggerates the impact, among which, the explosively pro-
duced peroxides injure the vessels”, promote expression
of intercellular cell adhesion molecule-1 ICAM-1)" and
leukocyte adhesion molecules CD11b/ CD18", leading to
an increase in the adhesion of leukocytes to venules”. On
the other hand, the leukocytes adhered to the venular wall,
in turn, release peroxides and protease” that injure the
endothelium and basement membrane of vessels, causing
the leakage of serum". Besides, the degranulated mast
cell induced by I/ R™ release pro-inflammatory factors
and vasoactive substances to attack the vessels from out-
side®™"". Clearly, an agent that targets the multiple insults
simultaneously would be appealing for management of
I/R-induced microcirculatory dysfunction. However, the
study in this regard remains limited.

Total salvianolic acid (TSA) is the major water-soluble
ingredient of Salvia miltiorrhiza (SM), including 3,4-dihy-
droxy-phenyl lactic acid (DLA), salvianolic acid A (Sal A),
salvianolic acid B (Sal B) and other salvianolic acids”. SM
and SM-containing preparations have been clinically used in
the prevention and treatment of various vascular diseases”.
Previous studies have shown that pre-treatment with Car-
diotonic Pills (CP, the major ingredients of which are DLA
and Sal B) attenuated the gut I/R-induced leukocyte adhe-
sion in liver sinusoids and plasma tumor necrosis factor-o

(INF-) and endotoxin'"", diminished the thrombi induced
by photochemical stimulation in rat mesenteric venules'”,
and prevented I/R-induced myocardial microcirculatory
disturbance and myocardial damage in rats' . DLA attenu-
ated the production of oxygen radicals and the expression

of leukocyte adhesion molecules CD11b/CD18 in mesen-
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tetic microcirculatory disturbance induced by I/R". Sal A
has the potential of anti-oxidation"”"”, and may normalize
membrane permeabﬂjty“g], Sal B could inhibit endotoxin-
induced rat mesenteric microcirculation disturbance, in-
hibit the expression of adhesion molecule CD11b/CD18,
production of hydrogen peroxide and negative oxygen
anion™ . However, the extraction process of DLA and
Sal B is complex and the extraction conditions are hard to
control, leading to a high cost for DLLA and Sal B produc-
tion. On the other hand, TSA, as the major water-soluble
ingredient of SM, has the advantage that the extraction
procedure is easily manipulated with a high output and low
cost. However, whether TSA can improve microcirculatory
disturbance induced by I/R is not clear. Therefore, in this
study, we investigated the effect of TSA on I/R-induced rat
mesenteric microcirculatory dysfunctions.

MATERIALS AND METHODS

Reagents

TSA was purchased from Kun Ming Feng-Shan-Jian
Medical Company (Yun-Nan, China). Dihydrorhodamine
123 (DHR) was obtained from Molecular Probes Ltd.
(Eugene, OR, USA). Fluorescein isothiocyanate (FITC)-
albumin and toluidine blue were obtained from Sigma
Chemical Co. (St Louis, MO, USA). FITC-labeled anti-
CD11b, FITC-labeled anti-CD18 antibodies were from
BD Biosciences Pharmingen (USA), all other chemicals
used were of the highest grade available commercially.

Animals

Male Wistar rats, weighing 200-250 g, were obtained
from the Animal Center of Peking University Health Sci-
ence Center (Beijing, certificate No. SCXK 2002-0001),
and randomly distributed into Sham group, I/R group,
TSA group, TSA + I/R group and I/R + TSA group.
The rats were fasted for 12 h before the experiment, al-
lowing for free access to water. All animals were handled
according to the guidelines of the Peking University
Health Science Center Animal Research Committee, and
the surgical procedures and experimental protocol were
approved by Peking University Biomedical Ethics Com-
mittee Experimental Animal Ethics Branch.

Preparation of rats for /IR

Surgical procedure in the present study was almost the
same as our previous study. Rats were anesthetized and
the left jugular vein was cannulated for the infusion of
TSA or saline. After the abdomen was opened, an ileo-
cecal portion of the mesentery was gently mounted on
a transparent plastic stage designed for the rat. The mes-
entery was kept warm and moist by continuous superfu-
sion with saline solution at 37°C. The mesentetic micro-
circulation was observed by a transillumination method
using an inverted microscope (DM-IRB, Leica, Ger-
many). The mesentery was transilluminated with a 12-V,
100-W, direct current-stabilized light source. A color
video camera (Jk-TU53H, Toshiba, Japan) was mounted
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on the microscope, and the image was transmitted onto
a monitor (J2118A, TCL, Korea). The images were re-
corded with a Digital Video Disk (DVD) videocassette
recorder (DVR-R25, Malata, China). Single unbranched
venules with diameters ranging between 30 and 50 um
and length longer than 200 pm were selected for study'.

After 10 min of basal observation of the hemody-
namics in the rat mesenteric microvasculature, the I/R
was accomplished by ligating the feeding branch of the
anterior mesenteric artery and the corresponding vein
simultaneously with a snare created by 2-0 silk suture for
10 min and subsequent release of the blood flow. Red
blood cell velocity in the vessels during the ischemia was
not zero because of the possible collateral perfusion to
the observed area. Thus both artery and vein were ligat-
ed to stop blood supply and induce venule congestion to
enhance ischemia. A previous study showed that 10-min
ischemia followed by reperfusion was long enough to
induce mesenteric microcirculatory disturbance with
minimum intestinal tissue injury”. Sham-operated rats
without T/R were used as control™ .

Administration of TSA

In the I/R group, the vehicle saline (8 mL/kg per hout)
was infused via the left jugular vein catheter starting from
10 min before the ischemia and sustained until the end of
the observation. The animals of the sham-operated group
(Sham group) received the same infusion as those in the
I/R group. The animals of the TSA group received only
TSA (5 mg/kg per hout) until the end of the observation,
without I/R surgery. In pre-treatment with TSA group
(TSA + I/R group), the TSA (5 mg/kg per hour) was con-
tinuously infused v/ the left jugular vein catheter starting
from 10 min before ischemia until the end of the obser-
vation. In post-treatment with TSA group (I/R + TSA
group), the TSA (5 mg/kg pet hour) was continuously
infused iz the left jugular vein catheter at the same doses
as those in pre-treatment group but starting from 10 min
after reperfusion until the end of the observation (Figure 1).

Measurement of microvascular parameters
Venular diameter was measured on the recorded video im-
ages at baseline (before ischemia), 1, 10, 20, 30, 40, 50 and
60 min after reperfusion, using Image-Pro Plus 5.0 soft-
ware (Media Cybernetic, USA). The diameter was present-
ed as the mean of three measurements at one location™.

The velocity of red blood cells (RBCs) in the venule
was recorded at a rate of 1000 frames/s using a high-
speed video camera system (Ektapro 1000, San Diego,
CA, USA), and the recordings were replayed at a rate of
25 frames/s from the high-speed stored images. RBCs
velocity in the venule was measured with Image-Pro Plus
5.0 software at baseline (before ischemia), 1, 10, 20, 30,
40, 50 and 60 min after reperfusion™

The number of leukocytes adhered to the venules
was determined off-line during play-back of videotaped
images. Leukocytes adhered to the venules were identi-
fied as cells that attached to the same site for more than
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Figure 1 The protocol of the experiment. The saline and total salvianolic acid
(TSA) was continuously infused through the left jugular vein in all groups. Solid
arrow represents the infusion with saline to the rat; Dotted arrow represents the
infusion with TSA to the rat. -20 min represents the time point of 10 min before
ischemia; -10 min represents the time point of the beginning of ischemia; 1, 10,
20, 30, 40, 50 and 60 min represent the time point of 1, 10, 20, 30, 40, 50 and
60 min after reperfusion. I: Ischemia; R: Reperfusion.

10 s judging from the replayed video images. The num-
ber of adherent leukocytes was counted along venules
(30-50 pum in diameter, 200 um in length) selected from
the videotape images recorded and expressed as the
number per 200 pm of venule length™.

The oxidant-sensitive fluorescent probe dihydrorho-
damine 123 (DHR; Molecular probes) was added to the
mesenteric surface (10 pmol/L) to assess the oxidant
stress in venular walls. The excitation light of 455 nm was
irradiated from a mercury burner (100 W) to the inverted
fluorescence microscope (DM-IRB, Leica, Germany)
to observe the fluorescence. The fluorescent image was
recorded at baseline (before ischemia), 1, 10, 20, 30, 40,
50 and 60 min after reperfusion, using CD recorder and
the fluorescent intensity of venular walls and extravenular
interstice was measured with Image-Pro Plus 5.0 software.
The difference between the fluorescent intensity of venu-
lar wall and extravenular interstice at every time point was
determined, and the ratio of the value at each time point
to that at baseline was calculated””.

In another set of experiments, to evaluate the albumin
leakage across mesenteric venules, the animals were in-
travenously injected with 5 mg/kg body weight of FITC-
labeled bovine serum albumin. After 10 min of basic
observation, an excitation light (455 nm wavelength) was
irradiated from a mercury burner (100 W) to the inverted
fluorescence microscope (DM-IRB, Leica, Germany). At
baseline (before ischemia), 1, 10, 20, 30, 40, 50 and 60 min
after reperfusion, the image was recorded using a Com-
pact Disk recorder. The fluorescence intensity of FITC-
albumin inside the lumen of selected venules (Iv) and in
the surrounding interstitial area (Ii) was estimated. The
ratio of 1i/Iv was calculated and compared with the base-
line as an indicator of albumin leakage®™.

Sixty minutes after reperfusion, the tissue was stained
with 0.1% toluidine blue for 1 min and rinsed with saline.
Degranulated mesenteric mast cells were identified by the
presence of intracellular granules released into the sur-
rounding tissue, and counted within each circular micro-
scopic field of view with a 20 X objective lens. Five fields
were evaluated along the microvasculature for each mes-
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enteric window. The numbers of both non-degranulated
and degranulated mast cells were scored, and the percent-
age of degranulated mast cells was thus calculated™.

Determination of expression of adhesion molecules
CD11b and CD18 on neutrophils

In another set of experiments, blood was taken from the
abdominal aorta of rats and anticoagulated with heparin,
and, afterward, incubated with FITC-labeled anti-CD11b
antibody (5 pg/mL) ot FITC-labeled anti-CD18 antibody
(5 ng/mL) or cotresponding FITC-labeled mouse isotype
(5 pg/mL) for 20 min at room temperature. The erythro-
cyte lysis was accomplished using haemolysin according to
the manufacturet’s instruction, and the cells were washed
twice with PBS. The mean fluorescence intensity was cal-
culated with flow cytometry (FACS Calibur; BD Compa-
ny, USA). Neutrophils were then sorted by characteristic
forward-/side-scatter expression as reported previously™.
Five thousand neutrophils were evaluated for each sample.

Electron microscopy

The mesentery in each experiment condition was also pre-
pared for electron microscopy. Briefly, immediately after
60 min perfusion, the rats, maintained under deep anes-
thesia, underwent perfusion through the left ventricle with
physiological saline followed by 120 mL of phosphate-
buffered 40 g/1. paraformaldehyde plus 20 g/1. glutaralde-
hyde at a speed of 3 mL/min. The mesentery tissues were
then removed, localized and further fixed by immersion
in phosphate-buffered 30 g/L. glutaraldehyde for 1 h. The
tissues were routinely processed for transmission electron
microscopy and examined in JEM 1230 (JEOL, Japan)™.

Statistical analysis

The data were analyzed by one-way ANOVA and Fisher’s
post test. All values were expressed as mean * SE of
values from 6 rats. P < 0.05 was considered statistically
significant.

RESULTS

Changes in vascular diameter and velocity of RBC in
venules

No significant alteration was observed in the diameter of
either arterioles or venules in mesenteric microcircula-
tion during 60 min of observation, and the situation re-
mained unchanged by continuous pet- or post-treatment
with TSA (data not shown).

I/R induced a significant decrease in the velocity of
RBCs over the first 10 min after reperfusion. A similar
alteration was observed in the TSA + I/R group and I/R
+ TSA group. The result demonstrated that pre- or post-
treatment with TSA has no significant influence on the de-
crease of RBCs velocity induced by I/R (data not shown).

Changes in the number of leukocytes adhered to the
venular walls
The images of leukocytes adhered to the venular walls in
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each group at baseline, 10 and 60 min after the reperfu-
sion are illustrated in Figure 2A. No adherent leukocyte
was observed before ischemia in each group (al-el).
At 10 min after reperfusion, a small amount of adher-
ent leukocytes were observed along the venular walls in
the animals subjected to I/R (c2-e2). At 60 min after
reperfusion, numerous adherent leukocytes were ob-
served along the venular walls (c3) in I/R group. While
in TSA+I/R group (d3) and I/R+TSA group (e3), only
few of the adherent leukocytes were observed.

The time course of changes in the number of leu-
kocytes adherent to venular walls was examined and the
result is depicted in Figure 2B. Obviously, the number
of adherent leukocytes in the Sham and TSA group
increased only slightly during the whole period of obser-
vation. The number of adherent leukocytes was signifi-
cantly increased from 10 min and further up to 60 min
after reperfusion. Pre-treatment with TSA significantly
decreased the number of adherent leukocytes at 20 min
after reperfusion. Post-treatment with TSA significantly
attenuated the further increase of adherent leukocytes
from 40 min after reperfusion.

Changes in fluorescence intensity of DHR in the venular
walls

The images of fluorescence intensity of DHR in the
venular walls in each group at baseline, 10 and 60 min
after the reperfusion are illustrated in Figure 3A. No
DHR fluorescence was detected on rat mesenteric venu-
lar walls before I/R (al-el). I/R induced a pronounced
DHR fluorescence on mesenteric venular walls (c3).
Pre-treatment with TSA significantly attenuated the I/
R-induced DHR fluorescence enhancement (d3). Post-
treatment with TSA inhibited the I/R-induced increase
in DHR fluorescence ratio in a similar fashion (e3).

The time course of changes in DHR fluorescence
ratio on the venular walls is presented in Figure 3B. In
the Sham group and TSA group, there was no significant
change in the DHR fluorescence ratio on the venular wall
throughout the observation. In the I/R group, the inten-
sity of DHR fluorescence on the venular wall increased
apparently and lineally until the end of reperfusion. Pre-
treatment with TSA apparently attenuated the I/R-in-
duced DHR fluorescence intensity on the venular walls at
10 min after reperfusion. Post-treatment with TSA attenu-
ated the further increase of DHR fluorescence intensity
on the venular walls at 20 min after reperfusion, with the
fluorescence intensity of DHR on the venular wall keep-
ing nearly constant over the remaining time.

Changes in albumin leakage

The images of albumin leakage in each group at base-
line, 10 and 60 min after the reperfusion are illustrated
in Figure 4A. No albumin leakage was observed before
ischemia in all conditions (al-el). In the I/R group, ap-
parent leakage was observed at 60 min after reperfusion
(c3). Pre-treatment with TSA significantly prevented
FITC-labeled albumin leakage from rat mesentery ve-
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Figure 2 The effect of pre-treatment and post-treatment of total salvianolic acid on ischemia-reperfusion-induced leukocyte adhesion to the rat mesenteric
venular wall. A: Representative images illustrating the effect of pre-treatment and post-treatment of total salvianolic acid (TSA) on leukocyte adhesion to the venular wall
induced by ischemia-reperfusion (I/R) in rat mesentery. a1-a3: Rat mesentery images of Sham group at baseline, 10 and 60 min, respectively. b1-b3: Rat mesentery images
of TSA group at baseline, 10 and 60 min, respectively. c1-c3: Rat mesentery images of I/R group at baseline, 10 and 60 min, respectively. d1-d3: Rat mesentery images of
rat mesentery of TSA + I/R group at baseline, 10 and 60 min respectively. e1-e3: Rat mesentery images of I/R + TSA group at baseline, 10 and 60 min, respectively. V: Rat
mesenteric venule; Ar: Rat mesenteric arteriole; Arrows: Leukocytes adhered to the venular wall; B: Time course of changes in the number of leukocytes adherent to the
mesenteric venules of rat. The number of adherent leukocytes was expressed as the number of cells per 200 um of venules. Sham: Sham group; TSA: TSA group; IIR: IR
group; TSA + IIR: TSA plus I/R group; IIR + TSA: IIR plus TSA group. Data was expressed as mean + SE of six animals. *P < 0.05 vs sham group; °P < 0.05 vs I/R alone.

nules challenged by I/R (d3). Post-treatment with TSA
prevented further increase in the albumin leakage (e3).

The changes in albumin leakage from the rat mesen-
teric venules were quantitated and the result is shown in
Figure 4B. In the Sham group and TSA group, there was
no significant change in the albumin leakage ratio from
venular walls throughout the observation. In the I/R
group, the albumin leakage from venules increased im-
mediately after the initiation of reperfusion in a time-de-
pendent manner. Pre-treatment with TSA significantly at-
tenuated the albumin leakage from venular walls at 10 min
after reperfusion. Post-treatment with TSA attenuated the
further increase in the albumin leakage from venular walls
from 20 min after reperfusion.

Mast cell degranulation

Mast cell degranulation was examined after 60 min
of reperfusion in various conditions (Figure 5A). I/R
evoked an apparent increase in mast cell degranulation (c),
while pre-treatment with TSA significantly inhibited the
mast cell degranulation (d). The results were quantified
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as the percent of the number of degranulated mast cells
to the total number of mast cells examined (Figure 5B).
The percentages of degranulated mast cells in the Sham
group and TSA group were 20.7% £ 0.7% and 21.7% £
2.5%, respectively, representing the spontaneous occur-
rence of the mast cell degranulation in the present case.
I/R resulted in an apparent increase in the mast cell de-
granulation (62.2% £ 2.5%), and this increase was sup-
pressed significantly by pre-treatment with TSA (23.7%
+ 4.7%). Post-treatment with TSA almost had no ef-
fect on mast cell degranulation compared to I/R group
(52.4% % 2.2% w5 62.2% * 2.5%)).

Fluorescence intensity of adhesion molecules CD11b
and CD18 in neutrophils

An in vitro study was performed to determine the fluores-
cence intensity of adhesion molecules CD11b and CD18
in neutrophils (Figure 6). The fluorescence intensity of
CD11b (Figure 6B) and CD18 (Figure 6A) was signifi-
cantly increased by I/R compared to the Sham group. Pre-
treatment with TSA significantly inhibited the increase in
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Figure 3 The effect of pre-treatment and post-treatment of total salvianolic acid on ischemia-reperfusion-induced dihydrorhodamine 123 fluorescence in
rat mesenteric venular wall. A: Representative images of the changes in fluorescence intensity of the H202-sensitive probe dihydrorhodamine 123 (DHR) in the rat
mesenteric venular wall. a1-a3: DHR fluorescence images of rat mesentery of Sham group at baseline, 10 and 60 min, respectively. b1-b3: Fluorescence images of
rat mesentery of total salvianolic acid (TSA) group at baseline, 10 and 60 min, respectively. c1-c3: Fluorescence images of rat mesentery of ischemia-reperfusion (I/R)
group at baseline, 10 and 60 min, respectively. d1-d3: Fluorescence images of rat mesentery of TSA + I/R group at baseline, 10 and 60 min, respectively. e1-e3: Fluo-
rescence images of rat mesentery of I/R + TSA group at baseline, 10 and 60 min, respectively. Baseline, no DHR fluorescence is visible in all groups (a1-e1). 60 min
after I/R, prominent DHR fluorescence occurs on the wall of venule of rat mesentery (c3-e3). Arrows: DHR fluorescence on the venular wall; B: Time course of chang-
es in DHR fluorescence ratio on the venular walls. Sham: Sham group; TSA: TSA group; I/R: IIR group; TSA + I/R: TSA plus I/R group; IIR + TSA: I/R plus TSA group.

Data was expressed as mean + SE of six animals. °P < 0.05 vs sham group; °P < 0.05 vs IIR alone.

fluorescence intensity of CD11b and CD18 in neutrophils
induced by I/R. A similar effect was observed for post-
treatment with TSA.

Ultrastructure changes in post-capillary venules

Figure 7 presents the electron micrographs of rat mes-
entery post-capillary venules in each group. In the Sham
group (A) and TSA group (B) venules were lined by a
layer of endothelial cells, which exhibited a rather smooth
inner face with occasionally occurring vesicles in the cy-
toplasm. At 10 min after repetfusion (C) in I/R group,
the adherent leukocyte and platelet were observed within
the lumen of venules in rat mesentery, and numerous ca-
veolae emerged in the endothelial cells of post-capillary
venules. At 60 min after reperfusion, an even more ap-
parent alteration in the ultrastructure of the endothelial
cell occurred, characterized by the increase in the number
and size of caveolae in the cytoplasm (D). I/R-induced
alterations in the ultrastructures of endothelial cell were

abated by pre-and post-treatment with TSA (E and F).
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DISCUSSION

With the animal model of rat mesenteric microcirculation
disturbance induced by I/R, this research demonstrated
that pre-treatment with TSA has an improvement effect
on the adhesion of leukocytes to venules, production of
peroxides in the venular wall, albumin leakage and mast
cell degranulation induced by I/R. Post-treatment with
TSA displays an improvement action on the I/R-induced
insults likewise, except for the mast cell degranulation.

The diameters of the mesenteric venules were not
changed after I/R, and TSA had no effect on venular di-
ameter during I/R, suggesting that TSA does not affect
vascular tone. Therefore, TSA exerts protective effects on
I/R-induced microcirculatory disturbance through a way
other than vasodilation. In addition, both pre- and post-
treatment with TSA had no apparent influence on the
decrease of RBCs velocity induced by I/R, indicating that
TSA does not affect the hemodynamics of the rats.

One of the interesting results in this study is that pre-
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Figure 4 The effect of pre-treatment and post-treatment of total salvianolic acid on ischemia-reperfusion-induced albumin leakage from rat mesenteric
venule. A: Representative images for the effect of pre-treatment and post-treatment with total salvianolic acid (TSA) on fluorescein isothiocyanate-labeled albumin
leakage from mesentery venule. a1-a3: Fluorescence images of rat mesentery of Sham group at baseline, 10 and 60 min, respectively. b1-b3: Fluorescence images of
rat mesentery of TSA group at baseline, 10 and 60 min, respectively. ¢1-c3: Fluorescence images of rat mesentery of ischemia-reperfusion (I/R) group at baseline, 10
and 60 min, respectively. d1-d3: Fluorescence images of rat mesentery of TSA + IR group at baseline, 10 and 60 min, respectively. e1-e3: Fluorescence images of rat
mesentery of I/R + TSA group at baseline, 10 and 60 min, respectively. V: Rat mesenteric venule; B: Times course of changes in the albumin leakage from mesentery
venules. Sham: Sham group; TSA: TSA group; I/R: I/R group; TSA + I/R: TSA plus I/R group; I/R + TSA: I/R plus TSA group. Data was expressed as mean + SE of six

animals. °P < 0.05 vs sham group; °P < 0.05 vs I/R alone.

and post-treatment with TSA inhibited the DHR fluores-
cence intensity in the venular walls following I/R. It has
been reported that I/R challenge leads to production of
oxygen-free radicals by xanthine oxidase™ and leuko-
cyte adhered to vascular walls generates a peroxide burst
through the NADPH oxidase”* " is one of the reasons
of injury in vascular endothelium and basement mem-
brane®", So inhibition of the production of oxygen-
free radical induced by I/R can help protect the blood
vessels. Previous studies have shown that DLA can clear
the negative oxygen anions produced through the xan-
thine oxidase system™". Sal A was reported to inhibit
cerebral lipid peroxidation after I/R, and scavenge oxy-
gen-free radical i vitrd". Sal B could eliminate 1,1-diphe-
nyl-2-picrylhydrazyl (DPPH), inhibit lipid peroxidation
and production of reactive oxygen speciesm, remove
hydrogen peroxide in a dose-dependent way and inhibit
the activity of NADPH and peroxide generation induced
by TNF-o"". However, the effect of TSA on the produc-
tion of oxygen free radicals on venular walls induced by
I/R in vivo has not been reported. In the present study,
we assessed the production of hydrogen peroxide (H202)
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in the venular wall with the aid of DHR, a fluorescence
probe that transforms to rhodamine when reacting with
hydrogen peroxide, and proved that TSA can inhibit the
DHR fluorescence intensity on the venular walls follow-
ing I/R. The mechanism for TSA to inhibit the hydrogen
peroxide remains to be elucidated, and it is most likely
that its ingredients DLA, Sal A and Sal B work in coordi-
nation through their own pathways to produce a collec-
tive outcome.

Another important observation in this study was that
pre- or post-treatment with TSA can inhibit I/R induced
adhesion of leukocytes to venular walls. It was reported
that I/R promotes the expression of ICAM-1 on endo-
thelium™ and CD11b/CD18 in neutrophils, leading to
the adhesion of leukocyte to vascular wall”™*", Inhibiting
the adhesion of leukocytes to the vascular wall is another
important part of improving the microcirculatory distur-
bance induced by I/R. Our previous study also demon-
strated that DLA can inhibit I/R-induced adhesion of
leukocyte to rat mesenteric venule and expression of ad-
hesion molecule CD11 b/CD18 in vitrd™. No report has
been published so far concerning inhibition of TSA on
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Figure 5 Effect of total salvianolic acid on mast cell degranulation induced
by ischemia-reperfusion in rat mesentery. A: Representative image of degran-
ulated mast cells in the mesentery after ischemia-reperfusion (I/R). a: Mast cells
of Sham group; b: Mast cells of total salvianolic acid (TSA) group; c: Mast cells of
IR group; d: Mast cells of TSA + IR group; e: Mast cells of IIR + TSA group. V:
Rat mesenteric venule; Arrows: degranulated mast cells. B: A quantitative evalu-
ation of mast cell degranulation along venules in Sham group, TSA group, IR
group, TSA + I/R group, I/R + TSA group. Data was expressed as mean + SE of
six animals. “P < 0.05 vs sham group; °P < 0.05 vs I/R alone.

leukocyte adhesion to venular walls induced by I/R. This
study proved that pre- or post-treatment with TSA can
inhibit I/R induced adhesion of leukocytes to venular
walls, which was associated with the inhibition of TSA
on the expression of CD11b/CD18 in neutrophils.

I/R induced mast cell degranulation, resulting in
release of pro-inflammatory factors™*” and vasoactive
substances that attack the vessels from outside, increas-
ing the vascular damage. Inhibiting the degranulation of
mast cells after I/R can reduce the attacks on vessels from
outside. This study proved that pre-treatment with TSA
can inhibit I/R induced mast cell degranulation. However,
based on the result that post-treatment with TSA could
not inhibit mast cells degranulation, the inhibitory effect
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Figure 6 Effect of total salvianolic acid on ischemia-reperfusion-induced ex-
pression of adhesion molecules CD18 (A) and CD11b (B) on rat neutrophils.
The expression of adhesion molecules is presented as fluorescence intensity on
ordinate. Data was expressed as mean + SE of six animals. °P < 0.05 vs sham
group; °P < 0.05 vs ischemia-reperfusion (I/R) alone.

of TSA upon mast cells degranulation is considered to be
an indirect result.

In the present study, we demonstrated that pre- or
post-treatment with TSA could inhibit FITC-albumin
leakage from venules. It was documented in the lung™
and myocardium™ that the increased vascular perme-
ability induced by inflammatory stimulations is due to the
enlarged population of caveolae, which play a significant
role in microvascular permeability™. Tn line with these
findings, the result of electron microscopy in the present
study showed that the number of caveolae in the endo-
thelial cells of venules was apparently increased at 60 min
after reperfusion, whereas the endothelial cells themselves
and the intercellular junctions remained intact, implying
that I/R-induced albumin leakage obsetrved in the present
situation was mainly accomplished by the caveola. The
present study demonstrated that pre- or post-treatment
with TSA could reduce the number of endothelial cave-
ola as well as FITC-labeled albumin leakage from venular
wall induced by I/R, suggesting that it inhibited albumin
leakage from venular wall by modulating the number of
endothelial caveola. In addition, the inhibition of TSA on
FITC-albumin leakage may be also related to inhibition
of peroxide generation and the adhesion of leukocytes to
venules, thus protecting the venule from inside.

November 14, 2010 | Volume 16 | Issue 42 |



Wang MX et a/. Total salvianolic acid and microcirculatory disturbances

: At’é,/

Figure 7 Representative electron micrographs of post-capillary venules of rat mesentery. A: Sham group; B: Total salvianolic acid (TSA) group; C: 10 min after
reperfusion; D: 60 min after reperfusion; E: TSA + ischemia-reperfusion (I/R) group; F: I/R + TSA group. En: Endothelial cell; CV: Caveolae; L: Leukocyte.

In summary, the present study demonstrated that pre-
treatment with TSA significantly improved the microcir-
culatory dysfunction in rat mesentery induced by I/R.
TSA post-treatment starting from 20-min reperfusion
ameliorated I/R-induced microcirculatory disorders in
rat mesentery alike but in a distinct manner. The 7 vitro
experiment revealed that H2Oz-elicited enhancement in
the expression of CD11b and CD18 on neutrophils was
significantly attenuated by treatment with TSA, raising the
possibility that the ability of TSA to inhibit the leukocyte
adhesion may be correlated with its potential to suppress
the expression of adhesion molecules. It is likely that the
antioxidant activity of TSA and its inhibition on the ex-
pression of adhesion molecules CD11b/CD18 on leuko-
cyte are undetlying its ameliorating action on I/R-induced
microcirculatory disturbance in rat mesentety.

COMMENTS

Background

Ischemia-reperfusion (I/R) injury occurs in a wide range of situations, including
trauma, vascular reflow after contraction, percutaneous transluminal coronary
angioplasty, thrombolysis treatment, organ transplantation, and hypovolemic
shock with resuscitation. I/R-induced microcirculatory disturbance with diverse
manifestations is considered to be the pathological basis of IR injury. An agent
that targets the multiple insults simultaneously would be appealing for manage-
ment of I/R-induced microcirculatory dysfunction. However, the study in this
regard remains limited. Total salvianolic acid (TSA) is the major water-soluble
ingredient of Salvia miltiorrhiza (SM), SM and SM-containing preparations
have been clinically used in the prevention and treatment of various vascular
diseases. However, whether the TSA can improve microcirculatory disturbance
induced by I/R are not clear. The results of the present study provide evidence

(49

Boiohidengs  WJG | www.wijgnet.com

for the beneficial role of TSA in attenuating microcirculatory disorders, using
I/R-induced rat mesenteric microcirculatory dysfunction as a model.
Research frontiers

3,4-dihydroxy-phenyl lactic acid, salvianolic acid A and salvianolic acid B are the
main ingredients of TSA. However, the extraction process of 3,4-dihydroxy-phenyl
lactic acid, salvianolic acid A and salvianolic acid B is complex and the extraction
conditions are hard to control. On the other hand, TSA, if taking as a whole, has
the advantage of high output and low cost in preparation. The present work shows
the potential of TSA for management of I/R-induced microcirculatory dysfunctions.
Innovations and breakthroughs: this study proves, for the first time, the ability of
TSA to inhibit I/R-induced dihydrorhodamine 123 fluorescence intensity, and ad-
hesion of leukocytes to venular walls, the latter of which was possibly associated
with the inhibition of TSA on the expression of CD11b/CD18 in neutrophils.
Applications

These results provide a theoretical support for TSA containing Chinese
medicine intervention in microcirculatory disturbance induced by thrombolytic
therapy or other I/R-related clinical events.

Terminology

TSA s the water-soluble extract of SM, consisting of 3,4-dihydroxy-phenyl lactic
acid, salvianolic acid A and salvianolic acid B as major ingredients.

Peer review

The authors demonstrated the inhibitory effect of total salvianolic acid inhibiting
several markers associated with ischemia-reperfusion injury. This paper was
well-organized and well-investigated, and has a novel finding in this manuscript.
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