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Abstract. The present study aimed to examine the hypothesis
that vascular endothelial growth factor (VEGF) has a protec-
tive effect against cardiopulmonary bypass (CPB)-associated
acute kidney injury (AKI). Eighteen male beagles were
randomly allocated to three groups (n=6 per group): Sham
group, animals received sternotomy without going through CPB;
CPB group, animals received CPB only; VEGF group, animals
received CPB and VEGF. VEGEF infusion was completed 1 h
prior to the initiation of CPB. Renal microcirculation perfu-
sion, serum creatinine (SCr) and blood urea nitrogen (BUN),
histopathological injury score and apoptotic index were deter-
mined. Hypoxia inducible factor-1a, VEGF, phosphorylated
(p)-Akt serine/threonine kinase (Akt), p-endothelial nitric
oxide synthase (eNOS), cleaved caspase-3, B-cell lymphoma 2
(Bcl-2) and cluster of differentiation (CD)95 expression levels
were assessed by western blot analysis, Enzyme-linked immu-
nosorbent assay quantitative assays were used to evaluate
tumor necrosis factor (TNF)-a, interleukin (IL)-6, superoxide
dismutase and malondialdehyde levels. Renal microcirculation
perfusion of the VEGF group was higher than that of the CPB
group (P<0.05) and lower than that of the sham surgery group
(P<0.05). SCr and BUN were significantly elevated after CPB
in the CPB and VEGF groups, with significantly lower levels
in group VEGF than group CPB. Renal pathology scores and
apoptotic indices were significantly lower in the VEGF group
than the CPB group. Levels of TNF-a, IL-6 in the VEGF
group were significantly lower than in the CPB group. Levels of
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VEGF, p-Akt, p-eNOS and Bcl-2 expression in the VEGF group
increased significantly in comparison with group CPB. Cleaved
caspase-3 in the VEGF group was significantly lower than in the
group CPB. CPB-associated reduction of renal microcirculation
perfusion may predispose to AKI. VEGF appears to provide a
protective effect on the kidneys through improvement in renal
microperfusion.

Introduction

Postoperative acute kidney injury (AKI) is frequent after cardiac
surgery in patients undergoing cardiopulmonary bypass (CPB)
with a prevalence of around 20-30% in the adult population. It is
associated with perioperative mortality as high as 20-80% (1-3).
We 4,5), as well as others (1) have previously demonstrated that
a reduction in renal perfusion might be a contributing factor
to postoperative kidney injury, however, there is a lack of an
effective remedy to prevent the CPB-associated AKI. Goldberg
and Dennen (6) found that AKI in the early stage can be fully
recovered if early diagnosis and proper treatment are applied.
Leonard et al (7) demonstrated that the reversal of renal dysfunc-
tion by targeted administration of vascular endothelial growth
factor (VEGF) could be a novel potential therapeutic approach
in ischemic renal disease. We hypothesize that VEGF has a role
in protecting against CPB-associated AKI by improving renal
microperfusion.

Materials and methods

The animal protocol of the present study was approved by
the Animal Care and Use Committee at West China Hospital
(Chengdu, China) in accordance with the requirements of the
Chinese Animal Care Committee.

All of the animals used in this study were treated in
compliance with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health
(NIH Publication, no. 85-23, revised 1996).

CPB procedure. A total of 18 beagles, aged 2-4 years old,
10-15 kg, were randomized into 3 groups. Sham group, received
sternotomy and under general anesthesia for 5 h; CPB group,
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2 h of CPB, 2 h after CPB; VEGF group, 2 h of CPB, 2 h after
CPB plus VEGF 0.1 mg/kg (8) intravenous administration in
1 h before CPB.

A systemic CPB flow was established via aortic and
venous cannulation in the right atrial appendage undergoing
median sternotomy. CPB was performed for 2 h (32-34°C,
70-100 ml/kg/min) in the 2 h aortic cross clamping. The
beagles were weaned from CPB, and received another 2 h
observation. Core temperature, mean arterial pressure (MAP),
arterial blood sample and ultrasound data were collected at
five defined time-points (T, ) (Fig. 1). T, was defined as initia-
tion of CPB, T, was defined as 1 h after initiation of CPB, T,
was defined as end of CPB, T, was defined as 1 h after CPB,
and T was defined as 2 h after CPB. Kidneys were harvested
at the end of the procedures for measurements.

Measurement of blood gas values. Arterial blood samples
were collected in a polyethylene catheter from the left femoral
artery. The blood gas parameters, including pH, PaO,, PaCO,
and Hb, were measured immediately with a blood gas analyzer
(i-stat300G; Abbott Pharmaceutical Co. Ltd., Lake Bluff, IL,
USA).

Contrast-enhanced ultrasound (CEU). After intravenous
administration of stabilized sulfur hexafluoride microbubbles
(SonoVue®; Bracco, Milan, Italy), renal microcirculation was
assessed by CEU (IU22; Philips Healthcare, Amsterdam, The
Netherlands). Time-intensity curve (TIC) was derived from
three region of interest (ROI) using QLAB post-analysis soft-
ware. Parameters were calculated, including ascending slope
rate (ASR), area under curve (AUC), peak intensity (DPI) and
time to peak intensity (TTP). We averaged values from upper,
middle and lower segments of kidney for anatomical factors.

Definition of AKI. AKI was defined by increase in serum
creatinine (SCr) to =1.5 times baseline according to Kidney
Disease Improving Global Outcomes (KDIGO) guidelines (9).
SCr and blood urea nitrogen (BUN) were evaluated before
CPB and 2 h after CPB.

Pathology scoring and determination of apoptosis rate.
Specimens of right kidneys were collected at 2 h after CPB,
and were stored in formalin 4% for 24 h. After washing,
alcohol cleaning, and paraffin embedding slice, the slides were
stained with hematoxylin and eosin (H&E). The histological
examination was blindly performed in three groups and 10
view fields per slide were examined. The severity of tissue
damage was scored by two experienced doctors in accordance
with the proportion of necrosis of renal tubule. Criteria:
0, normal morphology; 1, a small amount of renal tubular
necrosis (£10%); 2, mild renal tubular necrosis (10-25%); 3,
moderate renal tubular necrosis (26-75%); and 4, severe renal
tubular necrosis (=75%) (10).

Paraffin sections were regularly dewaxed with xylene,
prior to determination of the apoptosis rate by TdT-mediated
dUTP nick end labeling (TUNEL).

Enzyme-linked immunosorbent assay (ELISA) and western
blot analysis. Left kidneys were harvested at the end of the
procedures, and immediately stored at -80°C until assayed.
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Tissues were ground with a mortar and pestle and then under-
went repeated freeze-thaw cycles in lysis buffer (Promega,
Madison, WI, USA). Tumor necrosis factor (TNF)-a, MDA,
SOD and interleukin (IL)-6 were measured via ELISA, and
B-cell lymphoma 2 (Bcl-2), cluster of differentiation (CD)95,
cleaved caspase-3, HIF-1a, VEGF, phosphorylated (p-)Akt and
p-endothelial nitric oxide synthase (eNOS) protein levels were
measured via western blot analysis.

Statistical analysis. Statistical analysis was performed using
the SPSS 15.0 (SPSS, Inc., Chicago, IL, USA). Physiologic data
were assessed for time effect and treatment using two-way
repeated measurement ANOVA with Turkey post hoc tests, TIC
Parameter, SCr and BUN levels, ELISA, western blot analysis
were compared using a t-test. Values are shown as mean =+ stan-
dard deviation and P<0.05 was considered significant.

Results

Basic characteristics. There were no differences in baseline
values of pH, PaCO,, PaO, and Hb among groups. Core
temperature (T) and MAP decreased T, in comparison with
baseline (P<0.05), with no significant difference after CPB
(Fig. 1). PaO, and Hb decreased significantly at T, 5, with Hb
continually decreased at T, 5 (P<0.05; Fig. 1).

TIC analysis of CEU. There were no differences in baseline
values in the three groups. Compared with group sham,
ASR decreased significantly at T, 5, AUC and TTP increased
significantly at T, s (P<0.05) in CPB and VEGF group, with
DPI decreased significantly at T; 5 in CPB group (P<0.05).
Compared with the T,, ASR decreased and AUC, TTP
increased significantly at T, s in CPB and VEGF group
(P<0.05), with DPI decreased at T;5 (P<0.05) in CPB group.
Compared with group CPB, ASR increased at T, 5, AUC and
TTP decreased at T, 5 in VEGF group (P<0.05; Fig. 2).

Renal function. Baseline values of SCr and BUN did not differ
significantly among groups. After 2 h CPB, SCr and BUN
increased significantly in CPB group in comparison with
baseline, SCr and BUN in VEGF group were lower than that of
CPB group. AKI occurred in 2 beagles in CPB group (1 beagle
in stage 1, 1 beagle in stage 2) and 1 beagle in VEGF group (in
stage 1; Fig. 3).

Histological analysis

H&E staining. Damage scores of renal tubular epithelial cells
in the CPB and VEGF groups were significantly higher than
those in the sham group (P<0.05), and the score of the CPB
group was higher than that of the VEGF group (P<0.05; Fig. 4).

TUNEL staining. There were few apoptotic cells in the sham
group. Apoptotic index in the CPB group was significantly
higher than that in the VEGF group (P<0.05; Fig. 4).

Expression of TNF-a, IL-6, MDA and SOD. Levels of TNF-a,
IL-6 and MDA increased significantly in the CPB and VEGF
groups compared with sham group, whereas SOD decreased
significantly (P<0.05). TNF-a and IL-6 in the VEGF group
decreased significantly compared with the CPB group (Fig. 5).
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Figure 1. (A) Flow scheme of the animal experiment; (B) core temperature; (C) MAP and (D-G) blood gas values during the experiment. 'P<0.05 vs. baseline.
MAP, mean arterial pressure; CPB, cardiopulmonary bypass; VEGF, vascular endothelial growth factor.

Western blot analysis. Compared with the sham group, cleaved
caspase-3, HIF-1a, VEGF, p-Akt and p-eNOS increased
significantly in the CPB and VEGF groups, and Bcl-2
decreased obviously (P<0.05). Compared with the CPB group,
cleaved caspase-3 significantly decreased in the VEGF group
(P<0.05), whereas Bcl-2, VEGF, p-Akt and p-eNOS increased
significantly (P<0.05; Fig. 6).

Discussion

Our previous studies have demonstrated that reduction in renal
microcirculatory perfusion was associated with AKI even
within normal range of blood pressure (4,5), but we have no
renal ultrasound data from patients during CPB to evaluate
how renal microcirculatory perfusion effect on kidney for
patients' safety consideration and surgeon's feeling. Kumar
and Suneja (1) described that CPB-associated postoperative
kidney injury was associated with renal microcirculatory and
resorted to diagnostic technique and early diagnosis qualifying
severity. CEU, from which decrease of the ASR and DPI and
increase of AUC and TTP mean reduction of microperfusion,
is able to quantify changes in renal microcirculation with
advantages of real-time dynamic imaging, convenient, fast, no
radiation, and no renal toxicity (11).

We found there were significant decreases in the ASR and
DPI, increases in AUC and TTP at the beginning of CPB,
at least from 1 h after initiation of CPB, and throughout the
whole procedure. It was suggestive of decreased renal micro-
circulation perfusion, and similar to our previous studies (4,5),
and confirmed by Andersson er al (12)and Pathi et al (13). By
contrast, same tendency was found after VEGF administra-
tion, but there were much better outcomes, including ASR
increased, AUC and TTP decreased significantly throughout
the whole procedure in comparison with CPB group. Our data
at least confirmed the existence of improved renal microcircu-
lation after VEGF administration.

Since the target of the present study was to reduce AKI, the
evaluation of a greater number of animals that develop AKI
would be beneficial. However, our ischemic model was built
via a CPB procedure for large animals, which was different
from previous ischemic or metabolic kidney injury models
created by clamping the organ arteries of small animals (14,15).
Clinical on-pump cardiac surgery was maximally stimulated
in this study, so the incidence of AKI was not 100% in beagle
models. AKI occurred in 2 beagles in the CPB group (33.3%),
which was close to previous reports (20-30%) (1,3). One risk
factor of AKI is ischemia reperfusion, so it is reasonable to
think of increase of AKI incidence rate in the re-warming
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Figure 2. Image of time-intensity curve 2 h after CPB (Ts), and time-intensity curve parameter analysis (ASR, AUC, DPI, and TTP). “P<0.05 vs. sham; "P<0.05
vs. T,; °P<0.05 vs. CPB. CPB, cardiopulmonary bypass; VEGF, vascular endothelial growth factor; ASR, ascending slope rate; AUC, area under curve; DPI,

peak intensity; TTP, time to peak intensity.
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Figure 3. Levels of (A) BUN and (B) SCr in each group. (C) Incidence of AKI in CPB and VEGF groups; 2 occurred in the CPB group (33.3%) and 1 in the
VEGF group (16.7%). Staging of AKI: Stage 1, 1.5-1.9 times baseline; stage 2, 2.0-2.9 times baseline; stage 3, 3.0 times baseline. *P<0.05 vs. baseline, °P<0.05
vs. CPB. BUN, blood urea nitrogen; SCr, serum creatinine; AKI, acute kidney injury; CPB, cardiopulmonary bypass; VEGF, vascular endothelial growth factor.

phase post-surgery, even if 2 h may be too short a time-frame
to see significant effects in this study.

There were no instances of hypotension, severe anemia,
and acid-base balance and water electrolyte abnormalities
observed in the beagles during CPB, however, BUN and SCr
increased significantly after CPB. We also found more degen-
eration and necrosis from H&E staining slices and significantly
increased apoptosis from TUNEL staining slices in compar-
ison to sham group. Meanwhile, we observed that the changes
were in consistence with CEU data, which was similar to the
studies of Kumar and Suneja (1) and Iliescu et al (16) who
concluded that damages of kidney endothelial microvascular

system played an important role in the process of acute renal
failure. Interestingly, BUN, SCr, degeneration and necrosis,
and apoptosis were significantly improved after VEGF admin-
istration including less edema in renal tubules, reduction in
renal tubular injury score, and decreased apoptosis. Thinking
of renal microcirculation changes, it made us to recognize that
VEGF may have protective effect via improvement of the renal
microcirculation, which was not used as an angiogenic factor
but some others.

This finding was similar to several recent studies which
highlighted the important ability of VEGF in stabilization
of the capillary structure (17-20). It has even been predicted
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Figure 5. Expression of TNF-a, IL-6, MDA and SOD. *P<0.05 vs. sham,
"P<0.05 vs. CPB. Data are expressed as mean + standard deviation. TNF,
tumor necrosis factor; IL, interleukin; CPB, cardiopulmonary bypass; VEGF,
vascular endothelial growth factor.

that VEGF could be a novel potential therapeutic approach in
ischemic renal disease (21).

In further experiments on the relationship between CPB
and renal microcirculation, we found that the expression of

hypoxia-inducible factor-la. (HIF-1a), which was upregulated
in anoxic conditions (22,23), increased after CPB under
widely accepted normal blood pressure. It intuitively drove
us to consider it a sign of renal ischemia. Meanwhile, the
expression of VEGF was also elevated, the transcription and
expression of which was induced by HIF-1a. VEGF mRNA
expression was 4 h late after the increase of HIF-1a (24,25).
The increase of VEGF protein level may due to the release of
synthesized VEGF. However, the increased concentration of
VEGEF in the CPB group was not enough to exert a positive
effect on the renal capillaries, so we administered exog-
enous VEGF to beagles. At last, we obtained a significantly
improved renal microcirculation and elevated expression
of p-Akt and p-eNOS. P-Akt, which is activated by VEGF,
could activate eNOS and increases the ratio of p-eNOS to total
eNOS. P-eNOS induces nitric oxide (NO) (26), and increases
the cGMP concentration that leads to vasodilatation by the
activation of soluble guanylate cyclase, and improves micro-
circulation (2,3). Besides the effect of vasodilatation, NO can
be beneficial to inflammatory conditions via inhibiting the
accumulation of neutrophils and leukocyte adhesion (27-29).
We found inflammation, such as IL-6 and TNF-a, were lower
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bypass.

after VEGF administration, which may be associated with
anti-inflammatory effect of NO.

CPB-associated decrease of renal microperfusion,combined
with ischemia reperfusion after CPB, systemic inflammatory
response, reduced postoperative cardiac output and use of
vascular active drug, may contribute to renal microcirculatory
injury (30). Renal microcirculation injury includes two stages:
functional injury and structural injury (11,31). Function injury
is at early stage, due to endothelial damage, inflammatory
cytokines release, and decrease of expression of endothelial
NO (31,32). Elevated BUN and SCr quickly after CPB might
be associated with functional renal injury (6,33), which could
be reversed by effective improvement of the microcirculation.

Tiny tweaks may lead to big changes to patients. We hope
this study may provide important insights to support the use
of CEU during CPB in clinical on-pump cardiac surgery, and
initiate insights in renal microcirculation regimen for kidney
protection.

In conclusion, CPB-associated decrease of renal micro-
circulation perfusion may predispose to AKI. VEGF may
produce protection against AKI through minimizing reduc-
tion in renal microperfusion.
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