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Notoginsenoside R1 (NR) is a major dynamic constituent of Panax notoginseng found to possess anti-inflam-
matory activity against various inflammatory diseases. However, its protective effects against renal ischemia-
reperfusion (I/R) injury have not been elucidated. In male Wistar rats, we induced I/R under general anesthe-
sia by occluding the renal artery for 60 min, followed by reperfusion and right nephrectomy.

Rats were randomized to 4 groups: a sham group, an I/R group, an NR-pretreated (50 mg/kg) before I/R induc-
tion group, and an NR control group. All animals were killed at 72 h after I/R induction. Blood and renal tissues
were collected, and histological and basic renal function parameters were assessed. In addition, levels of var-
ious kidney markers and proinflammatory cytokines were measured using RT-PCR, ELISA, and immunohisto-
chemistry analysis.

After I/R induction, the onset of renal dysfunction was shown by the elevated levels of serum urea, creatinine
levels, and histological evaluation, showing a 2-fold increase in the renal failure markers kim-1 and NGAL com-
pared to control rats. Rats pretreated with NR before I/R induction had significantly better renal functions, with
attenuated levels of oxidative markers, restored levels of inflammatory cytokines such as tumor necrosis fac-
tor-a (TNF-ar), tumor growth factor-B1 (TGF-B1), INF-y, and IL-6, and increased anti-inflammatory cytokine lev-
els (IL-10) compared to I/R-induced rats.

NR suppressed I/R-induced inflammatory cytokines production by suppressing oxidative stress and kidney
markers, suggesting that NR is a promising drug candidate for prevention, progression, and treatment of renal
dysfunction.
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Material and Methods

Renal ischemia can cause acute kidney injury during major
cardiovascular surgery and renal transplantation, known as
ischemia-reperfusion injury (I/R). This is characterized by a
blood flow restriction (ischemia) to the kidneys and subse-
quently oxygenating it by restoring the blood flow (reperfu-
sion). Both of these actions can contribute to renal injuries that
occur during organ transplantation or after infarction, caus-
ing tissue damage. The damage can occur in the renal micro-
vascular architecture due to energy shortage in the blood for
ion transport, and the condition can spread and worsen due
to the absence of a repair mechanism normally performed by
angiogenesis [1]. When the blood supply is restored, the tis-
sue repair mechanism is activated, with the dedifferentiated
cells at the site of injury undergoing mitosis and differentia-
tion to establish the functional integrity of the microvascular
structure of the nephrons.

Tissue damage during renal injury activates an inflammato-
ry response by producing reactive oxygen species, cytokines,
and chemokines, as well as infiltration of leukocytes to the
site of injury [2]. The combined action of all these factors fur-
ther damage the site of injury by increasing the tissue damage
until the blood supply is restored. During reperfusion, oxygen
supply to the kidneys is restored and free-radical-mediated
cellular damage occurs, which overwhelms the kidney detox-
ification ability [1]. The kidney damage is due to inflammato-
ry responses and the generation of ROS, which can cause cell
injury. The extent of tissue damage due to ROS can be mea-
sured by the extent of toxic products derived from the perox-
idation of protein and lipids and DNA. These serve as mark-
ers for assessment of the extent of renal damage due to ROS
in I/R. It is important to find ways to limit ROS generation and
prevent oxidative damage and reperfusion injury to treat the
post-ischemic renal failure.

Hence, we assessed the ability of notoginsenoside R1 (NR1) to
perform essential anti-inflammatory and antioxidative func-
tions. NR1 is a major phytoestrogen isolated from the tradi-
tional medicinal herb Panax notoginseng, which is used against
inflammation and oxidative stress and also has anti-apoptotic
properties [3-7]. Since the use of NR1 in treatment of I/R in-
jury in the kidneys has not yet been thoroughly studied, we
propose Notoginsenoside NR1 would perform essential anti-
inflammatory and antioxidative functions. Therefore, in the
present investigation, we induced I/R in rats and treated them
with NR1 to evaluate the effects of NR1 on I/R. Our results
suggest the value of NR1 in attenuating the effects of I/R by
reducing the effects of inflammatory mediators and ROS af-
ter kidney transplantation.

Chemicals

Notoginsenoside R1 was acquired from Sigma Aldrich (St. Louis,
USA). We used a High-Capacity cDNA Reverse Transcription Kit
(Thermo-Fisher, USA) and a Master Mix Rotor-Gene SYBR® Green
PCR Kit (Qiagen, USA). Oxidative marker enzymes and antiox-
idant enzymes were obtained from Cayman Chemicals (USA).
Primary antibodies for iNOS and COX-2, HRP conjugated sec-
ondary antibody were obtained from Santa Cruz Biotechnology,
Inc. (USA). ELISA assay kits for Cystatin-C, NGAL, p2-microglob-
ulin, NAG, IL-18, kim-1, TNF-q, IL-2, IL-17, IL-8, IL-6, and IL-1P
were obtained from Fine Biotech, China. All other chemicals
used were of reagent grade.

IR rat model

For the study, male Wistar rats weighing 160-180 g were used.
The experimental protocol was approved by the Institutional
Animal Ethical Committee of the university. All animal care and
experiments were carried out strictly in accordance with the in-
stitutional guidelines with prior approval by the committee. All
surgery procedures were performed under anesthesia, and all
efforts were made to minimize animal suffering. Rat renal IR in-
jury models were created as per previously published articles [6].
Briefly, rats were anesthetized by isoflurane inhalation induc-
tion followed by intraperitoneal ketamine (650 mg/kg) and xy-
lazine (10 mg/kg) administration. The analgesic buprenorphine
hydrochloride (0.06 mg/kg) was injected subcutaneously and
eye lubricant was applied to the eyes to prevent corneal drying.
Analgesics were administered pre-operatively to aid post-surgi-
cal recovery. As per protocol, right nephrectomy was performed
after ligating the renal artery and vein. Then, ischemia was in-
duced in the left kidney by applying a microaneurysm clamp
onto the artery and vein, and ischemia was confirmed visual-
ly by a gradual uniform darkening of the kidney. The rats were
kept on heat-controlled thermal pads to maintain body tem-
perature throughout the process. After 45 min of warm isch-
emia, the renal clamp was removed and reperfusion was con-
firmed by the change in kidney color from pale to bright red.

Experimental plan

The investigation included 4 experimental groups: Group 1
was Sham-operated, Group 2 was I/R-induced, Group 3 was
NR pretreatment before I/R induction, and Group 4 was NR
pretreatment. All rats were killed 72 h after reperfusion, then
urine, blood, and kidneys were collected for histology, bio-
chemical, functional biomarker, and molecular marker anal-
yses. Serum creatinine, blood urea nitrogen (BUN), oxidative
marker enzymes, and antioxidant enzymes were analyzed us-
ing commercial kits.
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Table 1. Oligonucleotides used in this study.

ANIMAL STUDY

Gene Primer Sequence Annealing Accession number
GAGGACAATGCTCTGGGGAG
TR e e 58 NM_019178
R ATGGGTTTTAGGCGCAGAGT
F CCTTGAACCCCTACATGCCC
R 57 NM_033299.2
R TCCAAGAAGAAGCATGGCCT
F TCAGAACTGGGTATGTTCCACG
B e e e 59 NM_001106015.1
R TTGAAGAAAGCCACGCCCAT
F CTGTACCAGGAGGGTCAGGGA
[EFEE e e s 59 NM_001105749.1
R GTCATCACTGGTCTTGGCGTT
F TGCAAGTCTATCCTGTCCGC
UL oo s 58 NM_139089.1
R CTCTCTGCTGTCCATCGGTC
F CCTCTGGATACAGCTGCGAC
[ e e e e s e 57 NM_012854.2
R GTAGATGCCGGGTGGTTCAA
F AGTGCCAGCCTCGTCTCATA
(R I 58 NM_017008.4
R GGTAACCAGGCGTCCGATAC

Renal markers and cytokine analysis

The onset of acute injury was determined using the markers
Cystatin-C, NGAL, p2-microglobulin (Urine), NAG (Urine), IL-18,
and kim-1 by use of ELISA and commercial assay kits. The cy-
tokines TNF-a, IL-2, IL-17, IL-8, IL-6, and IL-1P were also ana-
lyzed using commercial kits.

Reverse transcription-PCR

To assess the mRNA expression, total RNA was extracted from
the kidney tissues using TRIzol® and chloroform method. Briefly,
tissues were homogenized in TRIzol and incubated for 5 min at
room temperature, then chloroform was added and the mixture
was centrifuged at 12 000 g for 15 min at 4°C. The top aque-
ous phase was mixed with isopropanol and kept for 10 min at
25+1°C, followed by centrifugation at 12 000 g for 10 min at
4°C. The obtained RNA pellet was washed with 70% ethanol,
and the total RNA was quantified using a Nanoquant spectro-
photometer. A known amount of RNA sample was transcribed
to cDNA using a High-Capacity cDNA Reverse Transcription Kit
(Thermo-Fisher). Real-time RT-PCR was performed for specif-
ic genes using the Rotor-Gene SYBR® Green PCR Kit (Qiagen).
The gene-specific primers are listed in Table 1. The data ob-
tained were analyzed by comparison with house-keeping con-
trol genes. The PCR reaction was performed with the initial
temperature conditions at 95°C for 5 min, 30 cycles at 95°C
for 10 s and 60°C for 1 min, followed by 1 cycle at 95°C for
1 min, 55°C for 30 s, and 95°C for 30 s for the dissociation
curve. The Ct values were calculated, and the gene expres-
sions were determined by the comparative Ct method (AACT).

Immunohistochemical analysis

Briefly, the paraffin sections were rehydrated using a series
of ethanol, and the antigen was retrieved using citrate buf-
fer (pH 6.0). The nonspecific binding was blocked using 3%
BSA in PBS. The tissue sections were incubated with iNOS and
COX-2 specific primary polyclonal antibody (1: 150) diluted in
1% skimmed milk powder in PBS for 2 h at room temperature,
followed by washing and then incubating with corresponding
HRP-labeled secondary antibodies for 1 h at room temperature.
The antigen expression was visualized using peroxidase activ-
ity developed by DAB and counterstained with hematoxylin.

Statistical data

Statistical significance was evaluated with one-way analysis
of variance (ANOVA) followed by a post hoc (Bonferroni) test
for multiple group comparison. For two-group comparison,
the t test was used. Differences with a p-value less than 0.05
were considered statistically significant.

Results

To evaluate the protective effect of notoginsenoside R1 (NR)
against renal ischemia-reperfusion (I/R) injury, the experimen-
tal model of I/R was created in Wistar rats, and the results
are presented here. The blood levels of creatinine, BUN, albu-
min, potassium, and lactate dehydrogenase are presented in
Table 2. Rats with I/R injury demonstrated a significant increase
in levels of BUN, creatinine, and other parameters compared to
controls. Rats in the NR pretreatment group exhibited reduced
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Table 2. The blood levels of creatinine, BUN, albumin, potassium, and LDH of control and experimental rats.

LETETE Control I/R-Induced I/R + NR NR
Creatinine (mmol/L) 2242.4 117+16** 43+6.5%* 23+4.1
CBUN(mmol)  9+435  39:42%% 15537 10225
Abumin@/d) 331 gels™ 424t 241
Potassium (meq/) 521 7s¢l8s®  5s33% as16
CoHOny 4422 1517426 283450 153434

Values are expressed as mean+SE (n=6). Statistical significance is expressed as ** p<0.01, *** p<0.01 compared to sham-operated
controls, # p<0.05, ## p<0.01 NR compared to I/R rats; ns denotes non-significant.
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Figure 1. (A-F) Show the levels of MDA, PCO, 8-hydroxydeoxyguanosine (8-OHdG), and renal antioxidant enzymes in the control and
experimental groups of rats. The experimental details were mentioned in the methodology section. Values are expressed
as mean+SE (n=6). Statistical significance is expressed as ** p<0.01 compared to sham-operated controls, # p<0.05 NR

compared to I/R rats.

levels of these blood analytes in I/R animals but not equal to
levels in control animals (Table 2).

Further, to explore whether the renoprotection conferred by
NR in I/R was associated with oxidative stress, the oxidative
stress markers were examined, and the results are presented
in Figure 1. The levels of oxidative stress markers MDA, PCO,
and 8-hydroxydeoxyguanosine (8-OHdG) were increased and
renal antioxidant enzymes such as SOD, catalase, and GSH lev-
el were decreased in I/R rats compared with the sham-oper-
ated group. Rats with NR pretreatment before I/R had levels
near normal compared to I/R rats (Figure 1).

In addition, to evaluate the condition of acute kidney injury,
markers of acute injury — Cystatin-C, NGAL, 2-microglobulin,
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NAG, IL-18and kim-1 levels — were assessed using ELISA. From
the above serum biochemical results, the acute injury was
observed in I/R animals. Conversely, the molecular markers
demonstrated significant increases in the levels of Cystatin-C,
NGAL, B2-microglobulin, NAG, IL-18, and kim-1 in I/R rats com-
pared to control. Conversely, rats with NR exposure had de-
creased levels of these biomarkers, showing that NR exerts
protection (Figure 2).

Further experiments to assess cytokine levels were carried out,
and the results are presented in Figure 3. Rats with induced I/R
had substantial increases in levels of cytokines TNF-a (p<0.01),
IL-2 (p<0.05), IL-17A (p<0.01), IL-6 (p<0.001), IL-8 (p<0.01), and
IL-1B (p<0.05) compared to control. These inflammatory cyto-
kines were diminished in the NR pretreatment group, and I/R
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Figure 2. (A-F) Show the levels of renal markers of an acute injury such as Cystatin-C, NGAI, 2-microglobulin, NAG, IL-18, kim-1 in
the control and experimental groups of rats. Values are expressed as mean+SE (n=6). Statistical significance is expressed as
** p<0.01, *** p<0.001 compared to sham-operated controls, # p<0.05, ## p<0.01 NR compared to I/R rats.
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Figure 3. (A-F) Show cytokine expression of TNF-q, IL-2, IL-17, IL-8, IL-6, and IL-1B in the control and experimental groups of rats.
Values are expressed as mean+SE (n=6). Statistical significance is expressed as ** p<0.01, *** p<0.001 compared to sham-
operated controls, # p<0.05, ## p<0.01 NR compared to I/R rats.

progression was reduced by NR, probably through reducing

the inflammatory signaling (Figure 3).

To determine the role of NR on the modulation of inflamma-
tory signaling, the mRNA levels of cytokines were assessed by
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real-time quantitative PCR of the control gene, and the results

are shown in Figure 4. The results show a profound increase
(p<0.01) in the mRNA expression of TLR-4 (4-fold), PLD2 (5.2-
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Figure 4. (A-F) Show gRT-PCR mRNA expression of TLR-4, PLD2, PLA2, IL-16, CXCL10, and IL-10 in the control and experimental
groups of rats. The experimental details of the PCR method are provided in the methodology section. Values are expressed
as mean+SE (n=6). Statistical significance is expressed as ** p<0.01 compared to sham-operated controls, # p<0.05 NR

compared to I/R rats.

the increased levels of these chemokines’ genes were reduced
in the NR pretreatment group, indicating that the drug restored
normal functioning (Figure 4).

Figure 5 shows the immunohistochemical (IHC) analysis in
the kidney tissues of control and NR rats. We assessed the
tissue-level expression of inflammatory mediators and per-
formed IHC analysis of iNOS and COX-2 expression. The re-
sults demonstrated an increase (p<0.05) in chemical reactivi-
ty for the iNOS and COX-2 proteins in I/R-induced rats, while
the levels of these proteins were lower in NR-pretreated rats
compared to induced rats. No significant changes in the ex-
pression of these proteins were detected in the kidney tissue
of control rats (Figure 5).

Discussion

When the renal blood supply is cut off in conditions such as
kidney transplantation, nephrectomy, and aortic bypass sur-
gery, and then restored, it will result in renal I/R injury [1]. Such
conditions may aggravate into decreased glomerular filtration
and blood flow to the kidney, which result in natriuresis and
dysregulated urine output. This condition is known as renal
failure and is characterized by damage to glomerular tubules,
glomerular injury, and necrosis, followed by blockage of renal
tubules with cell debris [8-10]. Ischemia-reperfusion injuries
are caused by damage to cellular components by ROS that are
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generated during oxidative stress and by the additional lipid
peroxidation that they initiate [2]. They react with proteins, lip-
ids, and nucleic acids to generate toxic peroxidation products
that inhibit normal functioning of the kidney and DNA repair,
resulting in death [11,12]. Perturbation of peroxidation of poly-
unsaturated fatty acids that may have methylene-interrupted
double bonds can generate malondialdehyde (MDA), which is
the most reliable lipoperoxidation marker (protein carbonyl
concentration as a biomarker for development and mortality
in sepsis-induced acute kidney injury) of oxidative stress un-
der ischemic conditions [13-15]. When we conducted our in-
vestigation, we found that the untreated I/R rats had an up-
surge in MDA and protein carbonyls (Figure 1A, 1B) as a result
of ROS generation, and, due to the antioxidative capacity of
the SOD, catalase enzymes were reduced [16] (Figure 1D, 1E).

This increase in MDA and PCO indicates the oxidative in-
jury [17,18] caused by oxidative stress due to the successful
onset of I/R on the renal tissues, leading to membrane cross-
linking and ion permeability [19,20], which is an indicator of
cell damage. The increase in renal damage was evident in the
I/R groups, which had high MDA, but which was controlled in
rats with NR1 pretreatment. The extent of renal damage is pro-
portional to the extent of MDA increase [21] in cells. Renal tu-
bules injury compromises the normal functioning of the kid-
ney and hence increases the serum BUN and creatinine levels
(Table 2) [1], which is indicative of decreased renal function.
Compared to the controls, I/R-induced rats showed an increase
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Figure 5. (A-D) Show results of immunohistochemical (IHC) analysis in the kidney tissues for iNOS and COX-2 expression in the
control and experimental groups of rats. The experimental details of the IHC analysis is provided in the methodology section.
Values are expressed as mean+SE (n=6). Statistical significance is expressed as ** p<0.01 compared to sham-operated

controls, # p<0.05 NR compared to I/R rats.

in extracellular lactate dehydrogenase, which is an indicator
of decreased cell viability and a biomarker for cell death [16].
Such increases were controlled in rats pretreated with NR and
then induced with I/R, which protected the kidneys by prevent-
ing the protein and lipid peroxidation by improving the anti-
oxidant activity of pretreated rats (Figure 1A, 1B).

Damage to cellular DNA takes place by the constant interac-
tion of free oxygen radicals reacting with the DNA and by the
formation of 8-hydroxy guanine (8-OHG), which is an indica-
tor of the oxidative damage to cellular DNA [23]. We have ob-
served that the renal cells in the I/R groups had higher lev-
els of 8-OHG than in the groups pretreated with NR and in
the sham group (Figure 1C). The reduced levels of 8-OHG is
an indication of the healthy renal cells in the pretreated rats.
Ischemic tissues generally show relatively lower expression of
GSH [24,25]. The amount of oxidative stress can be assessed

by measuring the activity of GSH, which is an antioxidant
that is expressed to fight against the ROS. Since the ischemia
followed by reperfusion has damaged the renal tissues, lev-
els and the activity of GSH in acting against the ROS is com-
promised [21] and cannot process peroxides and free radicals
into simpler non-toxic products, thus protecting the renal cells
against oxidative damage. These conditions were seen in the
I/R rats, but not in the NR-pretreated rats with I/R. The nor-
malcy of antioxidants was restored in the rats with I/R that
were pretreated (Figure 1F).

An increase in oxidative stress stimulates the antioxidant en-
zyme superoxide dismutase, which catalyzes the conversion
of superoxide free radical (0,~) into hydrogen peroxide (H,0,)
and molecular oxygen (0,). The free radicals generated as a
result of the ischemic process due to onset of oxidative stress
were neutralized and helped protect the renal tissues from
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the toxicity of the free radicals and active oxygen species [26].
In the analysis of cytokine expression promoting inflamma-
tion [27,28] IL-2, IL-6, IL-8, and IL-17 were highly expressed in
the IR-induced group (Figure 3). Among them, the proinflamma-
tory cytokine IL-7, secreted by Th17 cells, and NK cells recruit
neutrophils to the site of inflammation [29] and trigger the in-
flammatory cascade through NF-kB activation [30]. The antioxi-
dant capacity of NR1 reduced the oxidative stress in pretreated
rats and thereby blocked NF-«B activation [31], which regulat-
ed the expression of cytokines IL-1B, IL-6, and TNF-o [32]. Our
ELISA results indicated that NR1 reduced the proinflammatory
effect in pretreated rats by reducing IL-17 (Figure 3), which is
the upstream activator of NF-kB [33]. Moreover, qPCR exper-
imental results show an increase in the expression of TLR-4
mRNA in the renal cells of I/R-induced rats (Figure 4A). These
results agree with our data showing the increased levels of pro-
inflammatory cytokines as reported in induced ischemia [34].
Further, these inflammatory cytokines increased the expres-
sion of cyclooxygenase 2 (COX-2) (Figure 5D), and a there was
a direct correlation between the expression of COX2 and re-
nal ischemic injury in rats [35]. The retreated rats, but not the
I/R-induced rats, showed a decrease in COX2 expression with
the immunomodulatory action of NR1[36,37]. Levels of Cxcl10
(chemokine [C-X-C motif] ligand 10) were reported to be over-
expressed in I/R rats when multiple pathogenic events such as
oxidative stress and inflammatory response caused reperfu-
sion injury [38], and this was decreased in NR-pretreated rats
in the present study (Figure 4E).

A strong increase in the mRNA expression of IL-16 (Figure 4D)
indicates that the renal injury is complete and it has affect-
ed various segments of the nephron and proximal and distal
tubules in the medulla, recruiting leukocytes and causing in-
flammation [39]. The effect was more prominent in I/R-induced
rats, but NR1 modulated the inflammation by downregulat-
ing the expression of IL-16 and upregulating the anti-inflam-
matory cytokine IL-10 (Figure 4F) to inhibit the acute renal in-
jury [40,41]. Hence, NR1 has an inhibitory effect [42,43] on
such inflammatory cytokines in NR-pretreated rats with IR.
In the aftermath of reperfusion in rat kidneys, there is an im-
balance in the oxygen supply and a decrease in activity of
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mitochondria in scavenging the ROS. This results in increased
ROS, and they attach to proteins and upregulate the super-
oxide anions in mitochondria, which, with the active partici-
pation of nitric oxide [1,44], results in reperfusion injury [44]
in IR-induced rats without any pretreatment, as shown in our
immunohistochemistry analysis showing that inducible nitric
oxide synthase (iNOS) expression has increased (Figure 5A, 5B)
and it played a key role in the onset of reperfusion injury in
that group. Similar levels of iINOS expression were not ob-
served in NR-pretreated rats [1], as iNOS inhibition did not
result in renal failure.

To evaluate the severity of renal injury due to reperfusion, we
assessed the acute kidney injury markers (Figure 2) neutro-
phil gelatinase-associated lipocalin (NGAL)-induced renal injury,
N-acetyl-B-glucosaminidase (NAG)-tubular injury, Cystatin-C
and B2-microglobulin-tubular dysfunction, IL-18-ischemic in-
jury [41], and kidney injury molecule (kim-1) expressed in
proximal tubules in post-ischemic kidneys in rats [41,45,46].
Treatment with NR1 decreased the levels of NGAL, as previ-
ously reported [47-50]. All these molecules found to be elevat-
ed in I/R-induced rats by ELISA were found to be reduced with
NR1 pretreatment. The reduction in acute renal injury mark-
ers indicates that extended protection has been made possi-
ble by NR1 pretreatment in IR-induced rats.

Conclusions

We showed that rats pretreated with NR-1 had lower levels of
inflammatory cytokines arising from I/R, and the iNOS mediat-
ing the oxidative damage and NF-KB activation are controlled,
thus improving renal function after I/R. Our findings could be
helpful as we have identified a potential drug candidate for
use as a therapeutic strategy in treating I/R injury in patients
hospitalized for renal transplantation. Our results need to be
verified in animal models and in humans.
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