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Abstract: Background: Ischemic preconditioning (IPC) could protect against subsequent renal ischemia reperfusion
injury (IRl). However, the mechanisms underlying IPC remain far from complete. Hence, we explored the effects of
IPC on the renal and systemic hemodynamic changes, renal function and morphology, as well the involvement of
endothelial and inducible nitric oxide synthase (eNOS/iNOS), and nitric oxide (NO). Methods: Male Sprague-Dawley
rats were randomly divided into five groups after right-side nephrectomy: Sham group (surgery without vascular
clamping); IRI group (the left renal artery was clamped for 45 min); IPC group (pretreated with 15 min of ischemia
and 10 min of reperfusion); IPC + vehicle group (administrated with 0.9% saline 5 min before IPC); and IPC + NC&-
nitro-L-arginine methylester (L-NAME) group (pretreated with LNAME 5 min prior to IPC). The renal and systemic
hemodynamic parameters, renal function and morphology, as well as eNOS, iINOS, and NO expression levels in
the kidneys were measured at the indicated time points after reperfusion. Results: IPC rats exhibited significant
improvements in renal function, morphology, and renal artery blood flow (RABF), without obvious influence on the
systemic hemodynamics and renal vein blood flow. Increased eNOS, iNOS, and NO expression levels were detected
in the kidneys of IPC rats 24 h after reperfusion. Furthermore, the beneficial effects were fully abolished by the ad-
ministration of LNAME. Conclusions: The results suggest that IPC contributes to early restoration of RABF, probably
through eNOS/iNOS-mediated NO production, thereby alleviating the renal dysfunction and histological damage
caused by IRI.

Keywords: Ischemic preconditioning, ischemia reperfusion injury, renal/systemic hemodynamics, eNOS/iNOS,
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Introduction microvascular endothelium and renal tubular
epithelium [3, 4]. Efforts have been denoted to
Renal ischemia reperfusion injury (IRI) is identify potential therapeutic interventions with
encountered in many clinical settings including the consistent advances in understanding the
Kidney transplantation, nephron-sparing sur- pathophysiological mechanisms of renal IRI [5,
gery, and complex cardiovascular surgeries, 6], and ischemic preconditioning (IPC) has been
which could significantly increase the morbidi- proposed as an effective therapeutic approach
ty, mortality, and medical resource utilization to enhance ischemia tolerance and preserve
[4, 2]. Renal IRl is characterized by an initial renal function [4, 7].
restriction of renal blood supply and the subse-
quent perfusion restoration. During the pro- IPC was initially reported by Murry et al. as brief
cess, a robust inflammation and oxidative sublethal episodes of ischemia and reperfusion

response occurs, and leads to the injury of that protect the myocardium against lethal isch-
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Figure 1. Schematic illustration of the main experimental protocols. IRI, ischemia reperfusion injury; IPC, ischemic
preconditioning; Veh, vehicle (0.9% saline); and LNAME, NG-nitro-L-arginine methylester (a nonselective NO syn-

thase inhibitor).

emia insult [8]. The beneficial effects of IPC
have been subsequently confirmed in various
organs, including the heart [9], brain [10], liver
[11], and kidneys [12]. The protective effects of
IPC against kidney IRI have been extensively
studied [12], and proven to be partially mediat-
ed by reducing inflammation and enhancing the
mobilization and recruitment of endothelial pro-
genitor cells (EPCs) [13-15]. Although the reno-
proctective effects of IPC have been success-
fully validated, the underlying mechanisms
remain elusive, which limited the translation of
IPC in the clinical settings to some extent [7].

Sustained reductions in renal blood flow (RBF)
following renal IRl have been demonstrated in
numerous studies [16, 17], which were caused
by microcirculation disturbance and impaired
renal vascular reactivity and hampered the
early recovery of injured kidneys [4, 18, 19]. IPC
has been proven to maintain the microcircula-
tion balance effectively [14, 20]; however, the
effects of IPC on renal hemodynamics and its
underlying mechanisms remain to be elucidat-
ed. Hence, we conducted the present study to
comprehensively explore: 1) the effects of IPC
on renal function and morphology; and 2) its
impact on systemic and renal hemodynamics
and the potential underlying mechanisms.

Materials and methods
Animals

Male Sprague-Dawley rats weighing 280 g to
320 g were bred and housed in the Experiment
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Animal Center of Nanjing First Hospital, Nanjing
Medical University. The rats were housed in
individual cages under controlled conditions (a
12 h dark/12 h light cycle and 20°C to 25°C
room temperature) and with free access to
standard laboratory chow and water. All proce-
dures were approved by the Ethics Committee
for the Use of Experimental Animals at Nanjing
Medical University and were conducted in
accordance with the Guide for the Care and
Use of Laboratory Animals of the National
Institutes of Health (NIH).

Experiment design and surgical procedures

Anesthesia was performed using sodium pen-
tobarbital (50 mg/kg, i.p.), a transverse 1 cm to
2 cm lumbotomy incision was made, and the
right kidney was removed. During the surgery,
body temperature was monitored using a rectal
probe and maintained at approximately 37°C
using a heat lamp. After housed in separated
cages and closely watched up for another two
weeks, the rats were randomly assigned to five
groups using a random number table generat-
ed by SPSS software (version 20.0; SPSS
Institute, Chicago, IL, USA). Group 1 was the
sham-operated group, in which the left renal
artery was carefully separated without clamp-
ing. Group 2 was the IRI group, in which the left
renal arteries were occluded using a nontrau-
matic vascular clamp for 45 min. Group 3 was
the IPC group, in which the left renal arteries of
rats were clamped for 15 min and reperfused
for another 10 min prior to the subsequent 45
min occlusion. Group 4 was the IPC + vehicle
(Veh) group, in which 0.9% saline was injected
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Figure 2. Time-dependent changes in the renal function of different groups. A. Blood urine nitrogen (BUN, mmol/L); B. Serum creatinine (SCr, umol/L); C. Cystatin C
(Cys C, mg/L). Columns represent mean + SD. *significant difference vs. Sham group (P < 0.05); tsignificant difference vs. IRI group (P < 0.05).
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Figure 3. Renal tissue histological examination at 24 h after reperfusion. The renal sections were stained with HE
and examined by light microscopy at 200 x magnification. Minimal pathological changes were observed in the cor-
tex (A) and medulla (D) of the sham-operated rats. Severe lesions were detected in the cortex (B) and medulla (E) af-
ter IRl induction. Brush border loss, epithelial cell detachment from the basement membrane, tubular obstruction,
intratubular casts, peritubular capillary congestion, and intraluminal necrotic debris were observed. However, the
severity of tissue injury was significantly attenuated in the cortex (C) and medulla (F) of the kidneys subjected to IPC.

Table 1. Effects of IPC on renal morphological
changes at various time points post reperfu-
sion

Sham group IRI group IPC group
04h 043+0.11 1.84+0.35" 1.03+0.32"f
12h 0.13+0.11 3.09+£0.55" 2.03+0.48"f
24h 0411+0.10 3.54+0.37° 2.54 +0.46"1
03d 0.43+0.11 2.41+0.33" 1.15+0.41"f
07d 0.13+0.12 0.91+0.35° 0.37 £ 0.257

IRI, ischemia reperfusion injury; IPC, ischemic precondi-
tioning. “P < 0.05 vs. Sham group; TP < 0.05 vs. IRI group.

into the tail veins 5 min before IPC. Group 5
was the IPC + L-NAME (N®-nitro-L-arginine me-
thylester; Sigma-Aldrich Inc., Steinheim, Ger-
many) group, in which L-NAME was dissolved in
0.9% saline and intravenously administered at
5 mg/kg (i.v.) 5 min before IPC. The surgical
and drug pretreatment procedures were con-
ducted as previously described with slight mod-
ifications [13, 14, 21], and the detailed experi-
mental protocol was presented in Figure 1.

Measurement of systemic hemodynamics

The systolic blood pressure (SBP), diastolic
blood pressure (DBP), and heart rates (HR) of
the conscious rats were noninvasively mea-
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sured using a volume pressure recording sen-
sor through the occlusion tail-cuff method (BP-
2000; Visitech Systems Inc., Apex, NC, USA). In
brief, the rats were placed in a holding device
mounted on a thermostatically controlled wa-
rming plate with mini-cuffs fixed around the
tails to detect the artery pulsations. The rats
were allowed to acclimate to the cuffs for 10
min to 15 min before the recording session,
and the data were recorded thrice per session
for the calculation of an average value.

Measurement of renal hemodynamics

Renal artery blood flow (RABF) and renal vein
blood flow (RVBF) were evaluated with Vevo
2100 system (Visual Sonics, Toronto, Canada),
as previously described by Boesen et al. [17].
Briefly, rats were anesthetized with sodium
pentobarbital (50 mg/kg, i.p.) and placed in the
supine position on the electrocardiogram pad
to constantly monitor HR and body temperature
(maintained at 37°C). The left kidney was ini-
tially imaged in the two-dimensional long-axis
view. Color flow and velocity time integral were
then determined using pulse-wave Doppler.
Three to five blood flow-velocity recordings were
obtained from each rat, and the average was
calculated as the individual data.

Int J Clin Exp Pathol 2015;8(2):1128-1140
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Table 2. Summary of renal and systemic hemodynamics at
various time points post reperfusion

Sham group IRI group IPC group
RABF (mm/s)
04 h 742.1+£29.2 660.0 £ 19.3" 698.9 + 19.2"1
12 h 7511+ 15.3 591.2 + 15.2" 679.8 + 15.4"1
24 h 745.8 +14.0 4359+ 16.6" 6319+ 15.7"1
03d 750.8 £ 18.3 630.2+17.0" 699.8 + 13.6™"
07d 740.7 £ 19.2 705.8+21.5" 722.6+17.8
RVBF (mm/s)
04 h 1249+ 13.3 120.6+16.6 130.8+18.5
12 h 131.5+18.0 121.2+181 1249+23.4
24 h 122.7+12.8 1285+149 1251 +16.0
03d 1289+ 173 126.2+21.0 120.0+16.4
07d 1259+ 14.6 128.8+20.1 121.3+171
SBP (mm Hg)
04 h 121.8+ 125 115.3+10.2 116.1+10.1
12 h 1189+ 11.0 112.7+11.2 115.8+10.8
24 h 1225+115 1173 +10.7 1189+119
03d 118.4+8.7 1211 +13.2 122.7+119
07d 121.9+104 1243 +111 1189+11.8
DBP (mm Hg)
04 h 74.8 £ 8.3 73.1+76 774 +£78
12 h 72.7+7.7 78.2+9.2 749 +8.4
24 h 76.2 £ 8.3 73377 704 +£8.1
03d 72.7+6.9 76.9 £ 9.9 72.7 £10.2
07 d 70.9+10.0 75.6+10.0 73.8+9.5
HR (beats/ min)
04 h 355+21 366 + 19 360 + 14
12 h 353+ 12 364 + 16 358 £21
24 h 350 + 12 360 + 16 358 + 13
03d 355+ 16 354 + 14 352+ 15
07d 357 + 12 353+ 11 355+ 11

IRI, ischemia reperfusion injury; IPC, ischemic preconditioning; RABF,
renal artery blood flow; RVBF, renal vein blood flow; SBP, systolic blood
pressure; DBP, diastolic blood pressure; HR, heart rates. “P < 0.05 vs.

Sham group; TP < 0.05 vs. IRI group.

other half was snap frozen in liquid
nitrogen and stored at -80°C for We-
stern blot analysis.

Renal function analysis

The blood samples were centrifuged at
3,500 rpm for 10 min, and the super-
natants were collected to measure
serum creatinine (SCr), cystatin C (Cys
C), and blood urine nitrogen (BUN) lev-
els using clinically automated analysis
methods (Hitachi 7600-10; Hitachi
High-Technologies Corp., Tokyo, Japan).

Histological examination

The kidney specimens were dehydrat-
ed in a graded ethanol series, embed-
ded in paraffin, and sectioned to 5 ym
thicknesses. The sections were depar-
affinized with xylene, stained with he-
matoxylin and eosin (HE), and then
microscopically assessed by an experi-
enced pathologist, who was blinded to
the experiment protocol. As described
previously [14], renal tubulointerstitial
injury was defined as tubular necrosis,
tubular dilatation and/or atrophy, infl-
ammatory cell infiltration, or cellular
edema. Histopathologic scores of kid-
neys (HSK) ranged from O to 4, and
high values represent severe damage.

Western blot analysis

The total kidney tissues were homoge-
nized, and total proteins were extract-
ed with a protein extraction kit (KeyGEN
Biotechnology, Nanjing, China) for fur-
ther analysis of the expression levels of
endothelial nitric oxide synthase (eN-

Blood and kidney tissue preparation

A midline incision was made immediately after
renal hemodynamics measurement (still under
complete anesthesia), and 2 ml of blood was
obtained from the abdominal inferior vena cava
of each rat for further renal function analysis.
The rats were sacrificed and transcardially per-
fused with 0.1 mol/L phosphate buffered saline
(PBS; pH 7.4 and 4°C). The left kidney was
immediately harvested and cut into two parts.
One half was fixed in 4% paraformaldehyde (pH
7.4 and 4°C) for renal injury assay, and the
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0S) and inducible nitric oxide synthase (iNOS).
Different samples of the same 50 pg of protein
were loaded on each lane and subjected to
12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. The separated proteins
were then transferred to polyvinylidene fluoride
membranes (Millipore, Billerica, MA, USA).
Afterwards, the membranes were blocked with
5% skimmed milk in Tris-buffered saline-Tween
20 (TBST) for 2 hand incubated overnight at
4°C with primary antibodies against eNOS,
iNOS, and B-actin (all above from Santa Cruz
Biotechnology Inc., CA, USA). The membranes

Int J Clin Exp Pathol 2015;8(2):1128-1140
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were rinsed with TBST buffer thrice, incubated
with horseradish peroxidase-conjugated sec-
ondary antibody (SuperSignal WestPico;
Thermo Scientific Inc., MA, USA) for 2 h at room
temperature, and developed with an enhanced
chemiluminescence system (ECL kit; Thermo
Scientific Inc., MA, USA). The signals were quan-
tified by scanning densitometry using the Image
J analysis system (NIH, MD, USA).

Measurement of nitric oxide content in kidney

As the stable end products of nitric oxide (NO)
metabolites, nitrite and nitrate were measured
to assess the NO levels in the kidney. The
amount of nitrite and nitrate in renal homoge-
nate was determined with a NO colorimetric
assay kit (Jiancheng Biotechnology, Nanjing,
China), as previously described [22]. The con-
centration of NO in the kidney tissue was
expressed as umol/g protein.

Statistical analysis

All data were expressed as mean * standard
deviation (SD). Statistical differences between
groups were evaluated by one-way analysis of
variance, followed by least-significant differ-
ence or Dunnett’s C post hoc test when appro-
priate. All statistical analysis was performed
with SPSS software (version 20.0; SPSS
Institute, Chicago, IL, USA), and two-sided P <
0.05 was considered significant.

Results
General observations

A total of 136 Sprague-Dawley rats were initial-
ly included and underwent right-side nephrec-
tomy. Six rats died of massive bleeding of the
right renal hilum (n = 2), unsuccessful recovery
from anesthesia (n = 2), and severe postopera-
tive infection (n = 2) despite of the careful oper-
ation and close observation. Thus, the remain-
ing 130 healthy and well-performing rats were
randomly assigned into the five treatment
groups and analyzed at various time points (4
h, 12 h, 24 h, 3 d, and 7 d) post reperfusion
(Figure S1). No significant difference in body
weight was observed among the five groups
(Sham group: 298.3 + 10.7 g, IRI group: 302.8
+10.2 g, IPC group: 299.2 + 10.3 g, IPC + Veh
group: 303.9+13.1 g, and IPC + L-NAME group:
304.2 + 9.6 g; P > 0.05), nor the subgroups at
various time points post reperfusion (Table S1).
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Effects of IPC on renal function

Figure 2 depicted that the renal function of the
rats suffered from IRI significantly deteriorated,
as indicated by the changes of BUN (Figure 2A),
SCr (Figure 2B), and Cys C (Figure 2C). These
renal function markers changed in a monopha-
sic manner: significantly increased from 4 h,
peaked at 24 h, and returned to the baseline
values at 7 d. These changes were remarkably
attenuated in the ischemic preconditioned rats
starting from 4 h after reperfusion because Cys
C levels decreased at 4 h (IPC vs. IRI: 0.15 +
0.02mg/Lvs. 0.19 £ 0.04 mg/L; P< 0.05). The
detailed parameters of renal function were
summarized in Table S2.

Effects of IPC on renal morphology

The animals subjected to 45 min ischemia
without IPC demonstrated the recognized fea-
tures of sever acute tubular injury in the cortex
(Figure 3B) and medulla (Figure 3E) compared
with the Sham group (Figure 3A, 3D). These
features included tubular epithelial cell necro-
sis, tubular dilatation and/or atrophy, inflamma-
tory cell infiltration, and cellular edema, which
were less pronounced in the IPC group (Figure
3C, 3F). Furthermore, HSK was also applied to
quantify interstitial tubule damage, and the
results were summarized in Table 1. The results
were in agreement with the renal function
parameters, especially serum Cys C levels
(Figure 2C; Table S2).

Differential effects of IPC on renal and sys-
temic hemodynamics

The changes of RBF (both RABF and RVBF)
were evaluated with the aid of Doppler ultra-
sound method. As summarized in Table 2 and
Figure 4, the rats subjected to 45-min ischemia
insult demonstrated significant deterioration of
RABF. RABF started to decrease at 4 h post
reperfusion, reached the bottom at 24 h (Figure
4B), and returned near the baseline values at 7
d (IRl vs. Sham groups: 705.8 + 21.5 mm/s vs.
740.7 + 19.2 mm/s). However, the decrease of
RABF was significantly improved by IPC treat-
ment (Figure 4; Table 2). In contrast to RABF,
no significant difference of RVBF was detected
among the three groups (Figure 4D-F, 4H; Table
2). Furthermore, the systemic hemodynamic
parameters were also measured, but no signifi-
cant differences in SBP, DBP, or HR were
observed among the three groups (Table 2).

Int J Clin Exp Pathol 2015;8(2):1128-1140
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Figure 4. Effects of IPC on renal hemodynamic changes. The renal artery blood flow (RABF) and renal vein blood
flow (RVBF) were measured with Doppler ultrasound. The RABF in the IRI group (B. ~430 mm/s) was reduced sig-
nificantly at 24 h post-reperfusion compared with the Sham group (A. ~750 mm/s), whereas the IPC group (C. ~630
mm/s) showed remarkable improvement in RABF compared with the IRl group. However, no significant differences
in RVBF were observed between the Sham (D. ~ 20 mm/s), IRl (E. ~130 mm/s), and IPC groups (F. ~125 mm/s) at
24 h after reperfusion. Time-dependent changes in RABF (G) and RVBF (H) in the different groups are presented.
Columns represent mean + SD. *significant difference vs. Sham group (P < 0.05); tsignificant difference vs. IRI
group (P < 0.05).
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Figure 5. Effects of IPC on eNOS, iNOS, and NO expression levels at 24 h post reperfusion. (A) Representative
Western blots show the effects of IPC on eNOS and iNOS expression levels. Densitometric analyses of the eNOS (B)
and iNOS (C) activities were also conducted. (D) The NO content in kidney tissues. Columns represent mean + SD.
*Significant difference vs. Sham group (P < 0.05); tsignificant difference vs. IRI group (P < 0.05).

IPC-induced expression of eNOS, iNOS, and NO compared to the sham group (IPC vs. sham:
0.70 £ 0.09 pmol/g vs. 0.28 + 0.08 umol/g; P <
Western blot analysis was performed to deter- 0.05) and the IRI group (IPC vs. IRI: 0.70 + 0.09
mine whether IPC induces eNOS and iNOS umol/g vs. 0.46 + 0.10 ymol/g; P < 0.05).
expression in the kidneys. Figure 5 showed that
eNOS (Figure 5A, 5B) and iNOS (Figure 5A, 5C) Inhibition with L-NAME abolished the renoproc-
expression levels significantly increased in the tecion of IPC
kidneys of the rats in the IRl group at 24 h after
reperfusion compared with the Sham group, To determine whether eNOS- and iNOS-mediat-
and such increase was highly prominent in the ed NO production conferred the renoprotective
IPC group (P < 0.05). Furthermore, the NO lev- effects of IPC, rats were pretreated with LLNAME
els in the kidneys were measured (Figure 5D), (5 mg/kg, iv.) 5 min before IPC. The eNOS,
and found that IPC could significantly increase iNOS, and NO expression levels in the kidneys
the NO concentration in renal homogenate were analyzed at 24 h after reperfusion. Figure
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Figure 6. Inhibition of eNOS/iNOS by L-NAME significantly attenuated IPC-mediated renoprotection. (A-C) The de-
creased expression levels of eNOS and iNOS were detected in the IPC + L-NAME group by Western blot analyses.
(D) The concentrations of NO in the kidney tissues of different groups. The RABF values of the rats in the IRI (E), IPC
+ Veh (F), and IPC + L-NAME (G) groups were measured by Doppler ultrasound, and the quantification analysis is
presented in (H, I) The serum Cys C levels at 24 h post reperfusion were evaluated. K to M. Representative images
of renal tissue histological examination in the IRI (K), IPC + Veh (L), and IPC + L-NAME (M) groups, respectively. (J)
HSKs in the three different groups. Columns represent mean + SD. *significant difference vs. Sham group (P <

0.05); tsignificant difference vs. IRl group (P < 0.05).

6A-D showed that L-NAME significantly attenu-
ated the IPC-induced increase in eNOS, iNOS,
and NO expression levels. The substantial
RABF improvement was remarkably reserved
(IPC + L-NAME vs. IPC+ Veh: 447.6 + 18.8 vs.
635.4 mm/s + 16.1 mm/s, P < 0.05; Figure
6E-H), and the beneficial effects of IPC against
renal IRl was abolished as proven by the signifi-
cantly increased serum Cys C levels compared
to the IPC + vehicle group (Figure 6l). Similar
results were confirmed by renal histological
examination (Figure 6J-M).

Discussion

The current study provides evidence that IPC
contributes to the early restoration of RABF
through inducing eNOS- and iNOS-mediated
NO production, which subsequently attenuates
renal dysfunction and histological damage
caused by IRI (Figure S2). A recent meta-analy-
sis of animal studies have confirmed that IPC
could significantly improve SCr and BUN levels
and renal histological damage following IRI
[12], which are consistent with the results of
our previous studies [14, 15] and the present
study. In the current study, we adopted Cys C as
an additional marker apart from SCr and BUN
to measure renal function, which is an endoge-
nous marker of glomerular filtration rate (GFR)
and more sensitive than SCr in the early detec-
tion of reduced GFR [23, 24]. Serum Cys C
could reflect histological damage more accu-
rately, as Cys C and HSK rather than SCr and
BUN, distinguished the attenuation effects of
IPC against renal IRI at the very beginning time
point (4 h) post reperfusion.

Renal microcirculation disturbance and impai-
red renal vascular activity that occurs after
renal reperfusion are key factors to the devel-
opment of renal IRI, which could sustain RABF
decrease and hamper the full recovery of renal
IRI[18, 19]. IPC has been reported to attenuate
microcirculation dysfunction through inducing
the recruitment and homing of EPCs and over-
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expression of angiogenic factors [14, 15, 20];
however, the influence of IPC on renal hemody-
namics remains far from complete [25, 26]. In
the study reported by Ogawa et al, the effects
of IPC on renal and systemic hemodynamics
were investigated for 60 min post reperfusion
with fewer parameters (RABF and mean artery
blood pressure). The short study interval and
few parameters had limited the capacity to
unravel the exact effects of IPC. Furthermore,
the underlying mechanisms were not explored
[25]. Hence, we stringently designed this study
to comprehensively investigate its impact on
systemic and renal hemodynamics and the
potential underlying mechanisms. In the cur-
rent study, the Doppler ultrasound method was
applied and demonstrated that IPC significantly
alleviated the RABF decrease starting from 4 h
after reperfusion without significantly affecting
RVBF and systemic hemodynamic parameters
(SBP, DBP, and HR). To the best of our knowl-
edge, this is the first study to comprehensively
examine the potential influence of IPC on renal
and systemic hemodynamics for 7 d, and the
findings of the present study could help the
smooth translation of IPC in the clinical prac-
tice.

The possible mechanisms that contributed to
the selective vasodilatation of renal artery and
improvement of RABF were further explored.
The eNOS-/iINOS-mediated NO production has
been reputed as a potent regulator of vascular
smooth muscle tone and organ perfusion [27-
29]. In agreement of these evidence, higher
eNOS, iNOS, and NO expression levels were
detected in the ischemic preconditioned kid-
neys, and RABF improvement was negated by
the pharmacological inhibition using L-NAME,
which is a nonselective NO synthase inhibitor of
both eNOS and iNOS. The reversal of the bene-
ficial effects provided by IPC was also observed,
thereby suggesting that eNOS and iNOS were
involved in IPC-induced renal protection. The
eNOS- and/or iNOS-mediated NO production
exerts a key function in triggering IPC phenom-
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enon in different organs via its antioxidant,
anti-apoptotic, and anti-inflammatory proper-
ties [4, 21, 30, 31]. The renoprotective effects
conferred by IPC were negated by the pharma-
cological inhibition of eNOS and/or iNOS; and
the effects were not observed in eNOS and
iNOS knockout mice [32, 33]. Taken together,
the upregulating eNOS- and iINOS-mediated NO
production through IPC substantially alleviated
RABF impairment and preserved injured renal
function and morphology.

Even though the results obtained were promis-
ing, our study still has limitations. First, the indi-
rect tail-cuff and Doppler ultrasound methods
were applied, which could mimic the clinical
settings without invasive interventions. How-
ever, the pulmonary artery catheter positioned
in a branch of the pulmonary artery can con-
tinuously and accurately monitor cardiac out-
put, core temperature, and central venous
pressure apart from SBP, DBP, and HR [34]. As
for evaluating RABF, a perivascular ultrasonic
flow probe was utilized in some studies, which
could monitor the real-time changes in RABF
[18]. Second, the effect of IPC on renal IRl was
observed for only 7 d post reperfusion without
longer follow-up; and the satisfactory long-term
outcomes have been observed by Reutzel-
Selke et al. when follow-up treatment was con-
ducted for 12 weeks [35]. Third, the detailed
mechanisms that regulate eNOS and iNOS
expression levels through IPC and the differen-
tial effects of eNOS and iNOS remain unknown
and need to be studied in future experiments.

In summary, IPC contributes to the early resto-
ration of RABF, probably through eNOS- and
iNOS-mediated NO production, thereby alleviat-
ing IRI-induced renal dysfunction and histologi-
cal damage. Further studies with different mea-
suring methods and long-term follow-up are
warranted to validate our results.
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Figure S1. Flow chart of study design. SD, Sprague-Dawley; IRI, ischemia reperfusion injury; IPC, ischemic precon-
ditioning; Veh, vehicle (0.9% saline); LNAME, NG-nitro-L-arginine methylester (a nonselective NO synthase inhibitor).
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Table S1. Body weight of rats included in the current study

Sham group IRI group IPC group IPC+Veh group IPC+L-NAME group
N2 Weight (g) Ne@ Weight (g) Ne@ Weight (g) Ne  Weight (g) Ne@ Weight (g)

TOTAL 38 298.3+10.7 38 3028+10.2 38 299.2+103 8 3039+131 8 304.2+9.6
Subgroup

04h 7 297.7+83 8 303.2+115 8 300.7+83 NA NA NA NA

12h 8 292.0+10.0 8 302.7+10.3 7 2995+11.2 NA NA NA NA

24h 8 3035+104 7 300.7+10.7 8 2933195 8 3039+131 8 304.2+96

03d 7 2955+116 8 303.7+87 8 3052193

07d 8 3022+112 7 303.3+122 7 297.2+11.6

IRI, ischemia reperfusion injury; IPC, ischemic preconditioning; Veh, vehicle; LLNAME, N°-nitro-L-arginine methylester; NA, not
available. 2Number of SD rats included.

Table S2. Effects of IPC on renal function changes at various time points post reperfusion

Sham group IRl group IPC group
BUN (mmol/L)
04 h 6.07 £ 1.50 12.22 + 2.38" 10.38 + 1.34"
12 h 6.61 + 1.46 19.94 + 4.467 15.01 + 3.09"1
24 h 6.10 + 2.18 30.29 + 4.527 20.76 +5.18"1
03d 6.43+2.12 22.15 + 3.95" 8.36 + 2.411
07d 6.49+ 2.05 8.81+2.64 6.63 + 2.07
SCr (umol/L)
04 h 39.4+85 57.2+11.0" 59.9 + 11.0"
12 h 435+6.4 759+ 111" 63.1+9.9%1
24 h 39.0+76 101.9 £ 14.97 80.6 £ 13.5™1
03d 419 +8.7 742 +12.2° 51.6 + 10.37
07d 38.2+72 48.2 + 11.7 425+ 8.3
Cys C (mg/L)
04 h 0.10£0.03 0.19 £ 0.04" 0.15 £ 0.02"f
12 h 0.12 £+ 0.02 0.22 +0.03" 0.18 £ 0.03"f
24 h 0.09 £ 0.03 0.29 + 0.04" 0.23+0.03""
03d 0.11 £0.03 0.20 + 0.03" 0.13 £ 0.02°
07d 0.10 + 0.03 0.16 + 0.05" 0.13 + 0.05

IRI, ischemia reperfusion injury; IPC, ischemic preconditioning; BUN, blood urine nitrogen; SCr, serum creatinine; Cys C,

cystatin C. "< 0.05 vs. Sham group; 7<0.05 vs. IRI group.
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Figure S2. A model illustrating the role of eNOS-/iNOS-mediated NO production
in the improvement of renal artery blood flow and renoprotection of IPC.



