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Abstract: Side effects of cisplatin, especially dose-dependent nephrotoxicity, are major factors limiting its use in cancer.

Boldine ((S)-2, 9-dihydroxy-1, 10-dimethoxy-aporphine) is a natural alkaloid known for its strong antioxidant activity

present in leaves/bark of boldo tree (Peumus boldus Molina), a native tree in Chile. Here, we aimed to investigate the

nephroprotective effect of boldine and its underlying mechanisms on cisplatin-induced rat renal injury. Thirty Wistar

albino rats divided into 5 groups (Control, Cis, Bold.40, Cis + Bold.20, Cis + Bold.40 groups) were used. Rats received

boldine (20 or 40 mg/kg/day), or vehicle (saline) intraperitoneal for 14 days and a single dose cisplatin (7 mg/kg, ip)

was applied on the 10th day to induce nephrotoxicity. Rats and kidney tissue were weighed to determine kidney

index. Blood urea nitrojen (BUN) and creatinine levels, the amount of thiobarbituric acid reactive substances (TBARS,

an index of lipid peroxidation), superoxide dismutase (SOD), glutathione peroxidase (GPx) enzyme activities and

tumor necrosis factor alpha (TNF-α) levels were measured and histopathologic examination was performed. Inducible

nitric oxide synthase (iNOS) and caspase-3 expressions were detected immunohistochemically. Nephrotoxicity

induced by cisplatin was apparent by elevated levels of BUN, creatinine, kidney index, TBARS and TNF-α, and

decreased body weight, SOD and GPx enzyme levels. Pretreatment with boldine protected the renal function at both

boldine doses by fixing the renal damage markers, oxidative stress, caspase-3 and iNOS expression. Histopathological

findings supported biochemical findings. Taken together these findings indicate that boldine has promising protective

effect against cisplatin nephrotoxicity by improving oxidative stress, inflammation, histopathological alterations and

by alleviating caspase 3 expression.

Introduction

Cisplatin (cis-diamminedichloroplatinum-II), is a chemotherapeutic
agent used against variety of cancers such as solid tumors,
osteosarcoma, hematological malignancies, lymphoma,
pulmonary, gastric, obstetric, urogenital, breast and neck cancers
(Ghosh, 2019). Besides important anticancer activity, it also has
severe adverse effects such as nephrotoxicity, ototoxicity,
neurotoxicity and hepatotoxicity, and these side effects limit the

use of cisplatin (Dos Santos et al., 2012). Nephrotoxicity is the
most prevalent, severe and dose limiting side effect of cisplatin
treatment, and despite preventive measures, one third of patients
experience renal damage. Due to its strong renal affinity,
cisplatin usually accumulates in renal proximal tubule cells by
damaging these cells with cellular necrosis, microvillus decrease
and replacement of lysosomes. The concentration of cisplatin in
these cells is almost five times the serum concentration which
attributes to its dose limiting nephrotoxicity (Manohar and
Leung, 2018). Although the molecular mechanism of cisplatin
nephrotoxicity is not fully known, recent studies reveal that it is
a multi-factor process involving apoptosis, necrosis, ischemia
inflammation, oxidative stress and mitochondrial dysfunction
(Karasawa and Steyger, 2015; Yilmaz et al., 2004).
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Oxidative stress is one of the main mechanisms of acute
kidney injury. Cisplatin induced nephrotoxicity is closely
associated with enhanced production of reactive oxygen
species (ROS) and reactive nitrogen species (RNS), increasing
lipid peroxidation and decreased antioxidant enzyme
activities. It has been shown that cisplatin accumulates in the
mitochondria, inducing oxidative stress and causing
mitochondrial ROS that cause mitochondrial degradation
(Ma et al., 2017). One of the main sources of ROS is reduced
nicotinamide adenine dinucleotide phosphate (NADPH).
NADPH Oxidase 4 (Nox4), an NADPH oxidase, present in
kidney tissues has been investigated for its role in kidney
diseases (Meng et al., 2018). Inflammation has also been
reported to play an important role in cisplatin nephrotoxicity
(Qin et al., 2019). Oxidative stress leads to inflammatory
response. Produced ROS and RNS stimulate Nuclear Factor
kappa B (NF-κB) pathway generating cytokines, enzymes and
other mediators of inflammation including, tumor necrosis
factor (TNF-α), interleukin-6 (IL-6), interleukin-1 beta (IL-
1β), cyclooxygenase-2 (COX-2), transforming growth factor-β
(TGF-β), and inducible nitric oxide synthase (iNOS) (Kim
et al., 2018a; Ueki et al., 2013). In vivo nephrotoxic dose of
cisplatin leads to increase of necrosis and apoptosis in the
kidney. Caspases, family of cysteine proteases, act as key
mediators of apoptosis (Kim et al., 2018b). Cisplatin treated
renal epithelial cells activates caspase which has an important
role in the apoptosis execution stage (Lee et al., 2001).

Plant derived compounds have an important role in
modern medicine. It is considered that the active ingredients
in natural products have a potential therapeutic effect that
controls the pathogenesis of chronic diseases caused by
oxidative stress (Amato et al., 2019; Mattioli et al., 2018).
Boldine ((S)-2, 9-dihydroxy-1, 10-dimethoxy-aporphine) is
an aporphine alkaloid that is abundant in the leaf/bark of
boldo (Peumus boldus Molina), a common tree native to
central and southern Chile. Boldine is also one of the largest
alkaloids in the bark of a Phoebe grandis tree located in the
northern part of Malaysia. Dried boldo leaves are reported
to contain 0.25–0.54% or 0.4–0.5% alkaloids, of which
approximately 12 to 19% are boldine. Boldo bark is a rich
source of alkaloids, and about 75% represents boldine
(O’Brien et al., 2006). Many pharmacological activities have
been attributed to boldine, such as cytoprotective,
antipyretic, anti-inflammatory and antiplatelet. In addition,
boldine is known for its strong antioxidant activity due to
its ability to scavenge highly reactive free radicals. This
alkaloid has been suggested to be useful in the treatment of
some diseases including free radicals such as atherosclerosis,
ischemia-reperfusion, hypertension and inflammatory
diseases (Lau et al., 2015; Muthna et al., 2013). Recently it
has been suggested that boldine improves kidney damage by
avoiding the increase in TGF-β (Gómez and Velarde, 2018).
In a clinical study done by Gotteland et al. (1995), twelve
healthy volunteers treated daily with 2.5 g of a dry boldo
extract (ethanol 60% V/V) containing 0.12% of boldine and
0.4% of total alkaloids during two successive periods of four
days showed prolongation of oro cecal transit time
compared to placebo. The Committee on Herbal Medicinal
Products (HMPC) has concluded that boldo leaf
preparations which are available as herbal tea can be used

for the relief of symptoms of dyspepsia and mild spasms of
the gastrointestinal tract (Thumann et al., 2019).

Many agents have been tried to protect from cisplatin-
induced nephrotoxicity, however efficient methods for
clinical use have not been determined yet. Despite side
effects, cisplatin is still preferred in chemotherapy for its low
cost and efficacy. Therefore, additional applications for the
prevention of cisplatin-induced nephrotoxicity without
compromising the potency are needed. The protective effect
of boldine on cisplatin- induced nephrotoxicity has not been
elucidated. Due to the high antioxidant and anti-
inflammatory effect of boldine, we consider it worthwhile to
investigate the protective effect of this active ingredient in
the cisplatin-induced renal injury model. The aim of this
study is to investigate the possible protective effect of
boldine and its underlying mechanisms on cisplatin-induced
renal injury in Wistar rats.

Materials and Methods

Drugs and chemicals
Boldine and cisplatin were purchased respectively from Sigma-
Aldrich (St. Louis, MO, USA) and Kocak Pharmaceutical and
Chemical Industry Inc. (Istanbul, Turkey). The kits, superoxide
dismutase (SOD), glutathione peroxidase (GPx) were obtained
from Cayman Chemical Company (USA) and TNF-α from
Shanghai Sunred Biological Technology Co., Ltd. (Shanghai,
China). Caspase-3 and iNOS antibody were obtained from
Santa Cruz Biotechnology (USA). The purity of chemical
reagents was at least analytical grade.

Experimental animals
Thirty adult male Wistar albino rats with an average body
weight of 200–220 g were used in the present study. Rats
were kept under normal conditions (12-h light/dark cycle,
24 ± 2°C, 35–60% humidity), fed with standard pellet chow
and water ad libitum. Experiments were performed in
accordance with the Guideline on the Care and Use of
Laboratory Animals (EU Directive 2010/63/EU for animal
experiments). This study was carried out with the permission
of Local Ethics Committee of the Animal Experiments of
Cumhuriyet University (HADYEK, No. 65202830-050.04.04-
222, Sivas, Turkey).

Induction of nephrotoxicity and treatment protocols
Thirty Wistar albino rats were randomly divided into five
groups, 6 rats in each group (Control, Cis, Bold.40, Cis +
Bold.20, Cis + Bold.40; Cis: cisplatin, Bold.: boldine). Rats
received boldine (20 or 40 mg/kg/day), or vehicle (saline)
intraperitoneal for 14 days and a single dose cisplatin
(7 mg/kg, ip) was applied on the 10th day to induce
nephrotoxicity. The same procedure was performed for the
control group and alone boldine group with the exception
that saline was substituted for cisplatin. Blood samples were
collected via cardiac puncture from the heart of rats 96 h
after the last administration under anesthesia (xylazine +
ketamine, 3 mg/kg + 90 mg/kg, i.p.). Blood samples were
transferred to gel tubes and serum were separated by
centrifuging 15 min at 3000 rpm. Serum samples were placed
in Eppendorf tube and stored at –80°C for further analysis.

2112 NERGIZ HACER TURGUT et al.



After cervical dislocation, kidneys were removed by autopsy
procedures. The kidneys were trimmed from the extraneous
tissue, rinsed and weighed. While one kidney was separated
and fixed in 10% formaldehyde solution for histopathologic
analysis, the second kidney was flash frozen in liquid
nitrogen and stored at −80°C for further analysis. Kidney
tissues were homogenized in ice-cold phosphate-buffered
saline (PBS, 50 mM, pH 7.4), then centrifuged for 10 min at
the speed of 3000 rpm at 4°C for supernatant collection.
Cisplatin dose and application route was based on previous
studies (Sahu et al., 2011; Sohn et al., 2011). Again the
selected doses of boldine 20 mg/kg/day and 40 mg/kg/day
and route were based on previous literature (Asencio et al.,
1999; Lau et al., 2012; Lau et al., 2013; Paydar et al., 2014).

Assessment of body weight and kidney index
The body weight was measured at the beginning before drug
treatment and at the end of the experiment prior to
euthanasia. No mortality was observed in animals treated
with cisplatin and/or boldine during the study. Kidney index
(relative kidney weight) was calculated and statistically
analyzed using the formula: (kidney weight/total body
weight) × 100 (Atessahin et al., 2005; Yu et al., 2021).

Determination of BUN and creatinine
Blood urea nitrojen (BUN) and creatinine levels in serum was
determined with the auto analyzer device (Mindray BS-200
Fully Automatic Clinical Chemistry Analyzer, Mindray Bio-
Medical Electronics, Ltd., China) using a standard
commercial kit (Mindray CREA kit, Mindray Bio-Medical
Electronics Ltd., China). The working principle of the kit is
based on the reaction of Jaffe (Toora and Rajagopal, 2002).

Determination of lipid peroxidation
Thiobarbituric acid reactive substances (TBARS), an index of
lipid peroxidation was assessed spectrophotometrically by the
method described by Ohkawa et al. (1979) based on the
reaction between lipid peroxidation breakdown products
mainly malondialdehyde (MDA) and thiobarbituric acid.
When thiobarbituric acid reacts with MDA, a colored
complex [MDA-(TBA) 2 complex] forms. The absorbance
values were measured by spectrophotometer (Shimadzu V-
1700, Japan) at 532 nm. Thiobarbituric acid reactive
substances were expressed as MDA equivalents “nmol/mg
protein” for kidney tissue. Standard solutions of 1, 1, 3, 3-
tetraethoxypropane (TEP) were used for comparison.

Activity of superoxide dismutase
Superoxide dismutase activity was determined in kidney
homogenate by the Enzyme-Linked ImmunoSorbent Assay
(ELISA) reader (Thermo Scientific Multiskan GO
Microplate Spectrophotometer, USA) using a commercially
available standard enzymatic kit (Cayman Chemical
Company, USA). Analyzes were performed according to the
manufacturer’s instructions. Absorbance was recorded at
440–460 nm wavelength. SOD was expressed as “U/mg
protein” for kidney tissue. The SOD test measures three
types of SOD (CU/Zn, Mn, and Fe SOD). One SOD unit is
defined as the amount of enzyme required to show 50%
dismutation of the superoxide radical.

Activity of glutathione peroxidase
Glutathione peroxidase activity was determined in kidney
homogenate by the ELISA reader (Thermo Scientific
Multiskan GO Microplate Spectrophotometer, USA) using a
commercially available standard enzymatic kit (Cayman
Chemical Company, USA). Analyzes were performed
according to the manufacturer’s instructions. Absorbance
was recorded every minute at 340 nm using a plate reader
to obtain at least 5 time points. GPx activity levels were
expressed as “nmol/min/mg protein” for kidney tissue. One
unit GPx is defined as the amount of enzyme that catalyzes
the oxidation of 1 nmol NADPH at 25°C per minute.

TNF-α levels
Tumor necrosis factor alpha levels were detected in kidney
tissue homogenate using a commercially available kit (Sunred
Biological Technology Company, China). Analyzes were
performed according to the manufacturer’s instructions. The
absorbance values were recorded at 450 nm wavelength using
an ELISA reader (Thermo Scientific Multiskan GO
Microplate Spectrophotometer, USA). TNF-α levels were
expressed as pg/mg protein.

Total protein measurement
Total protein content was assessed by the method of Bradford
(1976).

Histopathological examinations
Kidney tissues (1–2 cm) obtained from rat were placed in
standard pathology cassettes. They were kept for fixation in
10% formaldehyde for about a week. Following this period,
the tissues were passed through serial alcohol and xylol and
embedded in paraffin. Sections of paraffin blocked tissues
(5 μm thick) were mounted on a slide and stained with
hematoxylin-eosin (H x E). Sections of all stained groups
were examined under a light microscope (Nikon, YS 100).
At least 10 sites were examined for each kidney slide and
the severity of the changes; were determined by an
experienced pathologist unaware of the treatment groups In
microscope examination the findings were scored as: (-)
none, (+) mild, (++) moderate, (+++) severe (Koc et al., 2020).

Immunohistochemical analysis
For immunohistochemical (IHC) staining, the kidney tissues
taken were fixed in 10% formaldehyde and then passed
through alcohol series and embedded in paraffin. Sections
(5 μm thick) were taken from the paraffin blocks. After all
tissue sections were deparaffinized in xylene, they were
rehydrated in graded alcohols. For IHC staining, the tissues
were then antigen retrieval at 600 Watt for 20 min and the
sections were cooled for 20 min. Endogenous peroxidase
activity was treated with 3% hydrogen peroxide solution in
methanol for 15 min. The sections were washed 3 times in
phosphate buffer saline (PBS) for 5 min each. After all
sections were treated with block solution for 10 min, anti-
iNOS (1/250 dilution, Santa-Cruz) and caspase-3 (1/100
dilution, Santa-Cruz) antibodies were dropped on them
without washing and left for 60 min incubation at room
temperature. Following the washing, biotin labeled
secondary antibody was dropped onto the sections and kept
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for 30 min, and then washed 3 times with PBS for 5 min.
Then it was incubated with streptavidin peroxidase
enzyme (Histostain-Plus Kits, California, USA) for
30 min. At the end of this period, the tissues were washed
3 times with PBS for 5 min. Finally, sections were stained
with chromogen 3-amino-9-ethylcarbazole (AEC) (Zymed
AEC RED substrate kit, USA) under the microscope for
10 min in a controlled manner. Counter staining was
done with Gill’s hematoxylin. Sections were sealed with
water-based adhesive (Shandon Immu-mount) (Buyuklu
et al., 2014).

Statistical analysis
SPSS software version 25 (SPSS Inc. Chicago IL, USA) and
GraphPad Prism software version 6 (GraphPad Software,
USA) was used for statistical analyses. The normality of data
distribution was tested by using the Shapiro Wilks test. One-
way analysis of variance (ANOVA) was used for comparisons
between groups since data were distributed normally for
biochemical parameters. BUN, creatinine levels, antioxidant
enzyme activities (SOD and GPx), lipid peroxidation
(TBARS) levels, proinflammatory cytokine (TNF-α) levels
were presented as mean ± standard error and statistically
analyzed by using ANOVA, followed by Tukey, post hoc test.
p < 0.05 was assumed statistically significant. Non-
parametric, Kruskall-Wallis test was used to evaluate the
histopatological statistical significance of differences among
groups. Mann-Whitney U-test with Bonferroni correction
was used for post hoc multiple comparisons. Statistical
significance was considered at p < 0.05.

Results

Body weight and kidney index
A single dose of cisplatin (7 mg/kg) resulted in notable weight
loss compared to the control group (p < 0.001). We observed a
27.88% weight loss in cisplatin group. Weight loss was
significantly prevented by boldine pretreatment at both
doses of 20 and 40 mg/kg (p < 0.001) (Fig. 1a). In addition
cisplatin showed significant increase in kidney index by
41.27% as compared to control group (p < 0.001). Boldine
pretreatment significantly inhibited the increase in kidney
index (p < 0.01). The reduction in kidney index was 19.05%
in Cis + Bold.20 and 20.63% in Cis + Bold.40 groups
(Fig. 1b). Treatment with boldine alone did not show any
obvious alteration in these parameters (Fig. 1).

BUN and serum creatinine levels
The effects of cisplatin, boldine and Cis + Bold. combination
on renal function markers (BUN and creatinine) are shown in
Fig. 2. A single injection of cisplatin resulted in a significant
increase in BUN and serum creatinine levels compared to
control values, indicating the induction of severe
nephrotoxicity (p < 0.001). However treatment with boldine
at both doses in cisplatin treated animals decreased BUN
and creatinine levels (p < 0.001) when compared to cisplatin
group. Boldine administration did not alter BUN and
creatinine levels in cisplatin untreated rats (Fig. 2).

Lipid peroxidation
For lipid peroxidation significant differences were obtained
between groups after ANOVA analysis. After a single injection
of cisplatin, TBARS level increased in kidney tissue (p < 0.001)
compared to control values. Boldine administration to cisplatin
treated animals reduced TBARS level in kidney tissue dose
dependently (20 and 40 mg/kg) (p < 0.01 and p < 0.001,
respectively) (Fig. 3a). There were no notable differences in the
level of TBARS between control and boldine alone groups.

Effect on enzymatic antioxidants

Superoxide dismutase activity and glutathione peroxidase activity
As shown in Fig. 3, the mean level of SOD activity in cisplatin
alone group significantly decreased when compared to control
group in kidney tissue (p < 0.001). Boldine administration at
40 mg/kg significantly increased SOD activity in cisplatin
treated rat (p < 0.05); whereas 20 mg/kg did not cause a
change in SOD levels (Fig. 3b). Similarly, significant differences
in GPx activity were observed in kidney tissue between control
and cisplatin groups, there was a significant decrease in GPx
activity in cisplatin treated rat (p < 0.05). In kidney tissue
boldine 40 mg/kg reversed the decrease in GPx activity to a
significant increase (p < 0.05) and 20 mg/kg did not cause a
change in GPx levels (Fig. 3c). Boldine administration did not
change SOD and GPx levels in cisplatin untreated rats (Fig. 3).

TNF-α levels
Cisplatin administration elevated TNF-a levels compared to
control group (p < 0.001). After pretreatment with two
different doses of Boldine (20 and 40 mg/kg), the levels of
TNF-a in kidney tissue significantly decreased compared to
cisplatin group (p < 0.01) (Fig. 4). Alone boldine application
induced no significant change in TNF-a levels in
comparison with control levels.

FIGURE 1. Body weight, kidney index.
a) Effect of boldine on body weight in
cisplatin-induced nephrotoxic rat. b)
Effect of boldine on kidney index
(relative kidney weight) in cisplatin-
induced rat nephrotoxicity. Data are
expressed as mean ± S.D. (n = 6 in
each group). Cis: Cisplatin, Bold.:
Boldine. ***p < 0.001, compared with
the control group; ##p< 0.01,
###p < 0.001 compared with the
cisplatin group.
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Histopathological findings
No histopathological changes were found in the kidney
sections of the control group (Fig. 5a). However, there were
significant histopathological changes in the rat kidneys
treated with cisplatin. Severe hyperemia in interstitium
vessels, mild degeneration in tubular epithelium and
moderate hyaline cylinder accumulation in renal tubule
lumens were observed in the cisplatin given group
(Figs. 5b–5d). On the other hand, significant improvement
was observed in the groups treated with boldine. In the Cis
+ Bold.20, when compared with the cisplatin group, it was
observed that the degenerative changes in the kidney were
eliminated, and the hyaline cylinders in the tubular lumens
regressed from moderate to mild and the hyperemia in the
intermediate tissue from severe to moderate (Fig. 5e). In the

Cis + Bold.40 group, when compared to the cisplatin group
in the renal tubular lumens, it was found that the hyaline
cylinder formation, the degeneration in the tubules
disappeared and the intensive hyperemia in the intermediate
tissue regressed to mild severity (Fig. 5f). In only boldine
given group no histopathological findings were found.
Histopathologically, different regions were evaluated semi-
quantitatively at 40 magnification. Scoring of findings are
shown in Table 1.

Immunohistochemical findings
In IHC staining, iNOS showed no expression in the control
tissues (Fig. 6a), while in the cisplatin group tissues, intense
expression of iNOS was determined (Fig. 6b). This
difference between the control and cisplatin group was

FIGURE 2. Blood urea nitrogen
(BUN), creatinine levels. a) Effect of
boldine on serum BUN levels in
cisplatin-induced nephrotoxic rat. b)
Effect of boldine on serum creatinine
levels in cisplatin-induced rat
nephrotoxicity. Data are expressed as
mean ± S.D. (n = 6 in each group).
Cis: Cisplatin, Bold.: Boldine.
***p < 0.001, compared with the
control group; ##p < 0.01, ###p < 0.001
compared with the cisplatin group.

FIGURE 3. Thiobarbituric acid
reactive substances (TBARS) level,
superoxide dismutase (SOD) and
glutathione peroxidase (GPx) activity.
a) Effect of boldine on oxidative stress
marker TBARS in cisplatin-induced
nephrotoxic rat. b) Effect of boldine
on SOD activity in cisplatin induced
rat nephrotoxicity. c) Effect of boldine
on GPx activity in cisplatin-induced
rat nephrotoxicity. Data are expressed
as mean ± S.D. (n = 6 in each group).
Cis: Cisplatin, Bold.: Boldine.
*p < 0.05, ***p < 0.001 compared
with the control group; #p < 0.05,
##p < 0.01, ###p < 0.001 compared
with the cisplatin group.
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found to be statistically significant (p < 0.001). iNOS
staining was observed to be mild compared to the cisplatin
groups in the Cis + Bold.20 and Cis + Bold.40 groups
(Figs. 6c and 6d). The difference between the cisplatin and
Cis + Bold.20 and Cis + Bold.40 groups was found to be
statistically significant (p < 0.05 and p < 0.01,
respectively). The IHC staining performed in alone
boldine group was similar to the control group and it was

observed that there was no statistically significant
difference between the control groups.

IHC staining with caspase-3 antibody showed only mild
expression in control tissues (Fig. 7a), whereas intense
expression of caspase-3 was determined in the cisplatin group
tissues (Fig. 7b). This difference between the control and
cisplatin group was found to be statistically significant (p <
0.001). It was observed that caspase-3 IHC staining intensity
in the Cis + Bold.20 and Cis + Bold.40 groups was mild
compared to the cisplatin group (Figs. 7c and 7d). The
difference between the cisplatin and boldine treatment groups
was found to be statistically significant (p < 0.05). The IHC
staining performed in alone boldine group was similar to the
control group and it was observed that there was no
statistically significant difference between the control groups.

The reactivity and percent density of cells stained with
caspase-3 and iNOS were evaluated at ×200 magnification
using 100 square grid lenses in 10 adjacent areas forming a
total area of 0.050 mm. Scoring for the density of stained cells
was made as follows: (0) not stained, (1) stained area < 10%,
(2) stained area = 10–30%, (3) stained area > 30%.
Statistical analysis was performed for numerical values
obtained (Table 2).

Discussion

The use of cisplatin as a therapeutic agent is limited by its
nephrotoxicity as 25–35% of patients experience a

FIGURE 4. Effect of boldine on the levels of inflammatory cytokine
tumor necrosis factor alpha (TNF-α) in cisplatin-induced
nephrotoxic rat. Data are expressed as mean ± S.D. (n = 6 in each
group). Cis: Cisplatin, Bold.: Boldine. ***p < 0.001, compared with
the control group; ##p < 0.01, compared with the cisplatin group.

FIGURE 5. Section of kidney tissue. a)
Control group, no histopathological
lesions in the kidney sections HXE,
Bar = 25 μm. b) Cis group, moderate
hyaline cylinder accumulation in renal
tubule lumens (arrows) HXE, Bar =
25 μm. c) Cis group, hyaline cylinder
unit in renal tubular lumens (arrow)
and hyperemia (arrowhead) HXE,
Bar = 25 μm. d) Cis group, degeneration
in renal tubular epithelium (arrows)
HXE, Bar = 25 μm. e) Cis + Bold.20
group, light intensity hyaline cylinder
accumulation in renal tubule lumens
(arrow) HXE, Bar = 25 μm. f) Cis +
Bold.40 group, mild degenerative
changes in renal tubular epithelium
(arrow) HE X Bar: 25 μm. Cis:
Cisplatin, Bold.: Boldine.
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significant decrease of kidney function after following a single
dose of cisplatin therapy (Manohar and Leung, 2018). In this
study, we investigated the possible protective effect of boldine
against cisplatin-induced rat nephrotoxicity. Induction of
cisplatin induced nephrotoxicity is considered a fast process
that reacts with proteins found in the renal tubules. Since
the kidney damage produces within 1 h of cisplatin
application, agents used for protection should be present in
the kidney tissue before the damage occurs (Pabla and
Dong, 2008). For this reason in the present study, rats
received boldine for 14 days and cisplatin was applied a
single dose one hour after boldine administration on the
10th day.

Studies mostly performed on isolated cells and different
animal models state that boldine exhibits low toxicity and
relatively high doses are needed for toxic or lethal effects
(Gerhardt et al., 2013; Heidari and Reza, 2019; Konrath et
al., 2008). For mice, when administered intraperitoneally,
LD50 was estimated to be 250 mg/kg (Lévy-Appert-Collin
and Lévy, 1977). It was observed that acute administration
of boldine (500 mg/kg, p.o.) to rats in early pregnancy led to
no fetal malformation. However with doses of 800 mg/kg of
boldine, a weak but significant miscarriage and teratogenic
effect was observed (Almeida et al., 2000). In our study rats
received boldine (20 or 40 mg/kg/day) for 14 days. Boldine
doses were similar to the doses used by earlier studies in

FIGURE 6. Inducible nitric oxide
synthase (iNOS) immunostaining. a)
Control group, immune negative
iNOS staining in the renal tubular
epithelium, IHC X Bar = 25 μm. b)
Cisplatin group, intense iNOS
immune positivity (arrows) in
cisplatin group renal tubular
epithelium, IHC X Bar = 25 μm. c)
Cis + B20 group, mild iNOS immune
positivity (arrow) in renal tubular
epithelium, IHC X Bar = 25 μm. d)
Cis + B40 group, mild iNOS immune
positivity (arrow) in renal tubular
epithelium, IHC X Bar = 25 μm. Cis:
Cisplatin, Bold.: Boldine.

TABLE 1

Histopathological scoring of study groups for hyperemia, degenerative tubulus and hyaline cylinder

H&E staining of kidney

Control Bold.40 Cis Cis + Bold.20 Cis + Bold.40

Hyperemia – – +++ + +

Degenerative tubulus – – +++ + +

Hyaline cylinder – – ++ + +
Note: (–): no lesions, (+): mild, (++): moderate, (+++): severe. Cis: Cisplatin, Bold.: Boldine.

TABLE 2

Effect of boldine on iNOS and Caspase-3 immunohistochemical expression in cisplatin induced rat kidney toxicity

Control Bold.40 Cis Cis + Bold.20 Cis + Bold.40

(�X Medianð Þ � S�xÞ (�X Medianð Þ � S�xÞ (�X Medianð Þ � S�xÞ (�X Medianð Þ � S�xÞ (�X Medianð Þ � S�xÞ
iNOS 0.12 (0.00) ± 0.12 0.12 (0.00) ± 0.12 2.75 (3.00) ± 0.16*** 1.00 (1.00) ± 0.19# 0.75 (1.00) ± 0.25##

Caspase-3 0.87 (1.00) ± 0.12 1.00 (1.00) ± 0.00 2.87 (3.00) ± 0.12*** 1.75 (2.00) ± 0.16# 1.75 (2.00) ± 0.16#

Note: *p < 0.05, **p < 0.01, ***p < 0.001 compared to Control group; #p < 0.05, ##p < 0.01, ###p < 0.001 compared to Cisplatin group statistically significant using
Kruskall-Wallis analysis of variance post hocmultiple comparisons were performed using the Mann-Whitney U test with Bonferroni correction. iNOS: inducible
nitric oxide synthase, Cis: Cisplatin, Bold.: Boldine.
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literature which investigated therapeutic efficacy (Asencio et al.,
1999; Lau et al., 2012; Lau et al., 2013; Paydar et al., 2014).
There were no signs of toxicity and mortality over a period of
14 days in boldine treated groups indicating the safety of
boldine. No physical changes were observed in the eyes, fur,
skin, mucous membranes, sleep and behavioral patterns of
the rats. Again with boldine (40 mg/kg) alone application,
there was no significant change in body weight, kidney index
and also BUN, creatinine, TBARS, SOD, GPx, TNF-a levels
compared to control. The IHC staining performed in alone
boldine group was similar to the control group and it was
observed that there was no statistically significant difference
between the control groups. Histopathological findings for
alone boldine group supported biochemical findings.

The most common and two most serious health
problems in cancer patients undergoing chemotherapy,
especially those using cisplatin, are decreased food intake
and weight loss (Karasawa and Steyger, 2015). In our study,
rats treated with cisplatin showed a significant reduction in
body weight associated with an increase in kidney weight
and relative kidney index which is known as the ratio of
kidney weight to body weight and is a predictor of kidney
damage. Cisplatin-induced body weight loss may be due to
toxicity of alimentary tract and/or a reduction in food
consumption (Atessahin et al., 2005). As cisplatin can cause
renal inflammation, the increase in kidney index may be
due to the edema of renal parenchyma. Kidney with
impaired function has a greater weight due to edema (Kim
et al., 2015). Treatment with boldine prevented weight loss.
The increase in kidney weight was prevented by boldine,
which is attributable to its anti-inflammatory effect. Boldine
treatment, which improves the decrease in body weight and
the increase in kidney index, confirms the protective effect
of boldine against cisplatin nephrotoxicity.

In preclinical studies BUN and creatinine, serum
markers are recommended for the evaluation of kidney cell
damage as they are considered as more sensitive and specific
indicators of renal damage (Mehta et al., 2007). Renal
damage in many patients treated with cisplatin, is
determined with increased BUN and serum creatinine
levels and decreased renal blood flow, hypocalcemia,
hypomagnesemia, and proteinuria. It has been determined
that a single injection of cisplatin (7 mg/kg body weight) in
rat can cause marked kidney damage characterized by
elevated BUN and serum creatinine levels and increased
morphological changes in the renal tubules (Yilmaz et al.,
2004). Cisplatin injection produces mainly proximal tubular
necrosis which causes obstruction, fluid leakage and/or bulk
formation (Dos Santos et al., 2012). In the present study,
BUN and serum creatinine values were significantly
increased in cisplatin treated group when compared with
control rats. Our results indicated that boldine showed
amelioration in BUN and serum creatinine levels. This may
be related to the direct effect of boldine on free radicals to
prevent kidney cellular damage by protecting membrane
integrity. The decline of BUN and creatinine levels to near-
normal levels indicated the regeneration of the kidney cell
with improvement in nephrotoxicity.

It is well known that oxidative stress is one of the
mechanisms involved in cisplatin induced cell damage.
Measurement of lipid peroxidation as TBARS is a suitable
method for monitoring oxidative damage in tissues. Studies
in the literature have shown that cisplatin causes oxidative
stress in kidney tissue and shows a significant increase in
TBARS level, which indicates the level of lipid peroxidation
(Borrego et al., 2004; Hagar et al., 2015). The present study
showed that cisplatin causes increase in TBARS, which is
consistent with the results of the cisplatin kidney toxicity

FIGURE 7. Caspase-3 immunostaining. a) Control group, mild caspase-3 staining in the renal tubular epithelium, IHC X Bar = 25 μm. b)
Cisplatin group, intense caspase-3 immune positivity (arrows) in cisplatin group renal tubular epithelium, IHC X Bar = 25 μm. c) Cis + B20
group, moderate caspase-3 immune positivity (arrow) in renal tubular epithelium, IHC X Bar = 25 μm. d) Cis + B40 group, moderate caspase-3
immune positivity (arrow) in renal tubular epithelium, IHC X Bar = 25 μm. Cis: Cisplatin, Bold.: Boldine.
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studies in literature (Borrego et al., 2004; Elberry et al., 2013;
Hagar et al., 2015). Boldine has been demonstrated for its
strong antioxidant activity due to its ability to scavenge
highly reactive free radicals in several studies (Lau et al.,
2015; Muthna et al., 2013; O’Brien et al., 2006) Moreover it
has been shown that boldine reduces kidney damage by
decreasing oxidative stress in hypertensive 2K1C rats (Gómez
and Velarde, 2018). In our study, cisplatin-induced TBARS
production decreased with boldine administration in kidney
tissue suggesting that boldine is reducing oxidative stress and
decreasing the amount of species that can react with
thiobarbituric acid in the kidney tissue of cisplatin treated rats.

Hydroxyl radicals, superoxide anion and hydrogen
peroxide are produced under normal cellular conditions and
are detoxified by endogenous antioxidants such as, catalase
(CAT) glutathione (GSH) and SOD. However, excessive
ROS deposition causes an antioxidant state imbalance and
leads to lipid peroxidation and GSH depletion. A significant
decrease in the activities of all major antioxidant enzymes,
including GPx, CAT and SOD has been observed in the
renal cortex and medulla with cisplatin treatment (Sahu et
al., 2011; Sohn et al., 2011). It has been shown that cisplatin
administration causes zinc and copper loss in renal tissues
and the decrease in SOD activity in kidney may be due to
loss of zinc and copper (Tanaka-Kagawa et al., 1999).
Similar to these studies, a statistically significant decrease in
SOD and GPx levels was observed with cisplatin
administration in our study. The pharmacological properties
of boldine appear to be useful where peroxidation products
and/or free radicals act as mediators of intracellular damage.
Boldine’s therapeutic and protective roles have been studied
over oxidative stress in different models (Hernández-Salinas
et al., 2013; Lau et al., 2015; Subramaniam et al., 2019).
Boldine treatment (40 mg/kg daily) for 14 days reversed the
altered enzyme activities in cisplatin-treated rat kidney
tissue, but no significant change in enzyme activities was
observed with boldine administration at a dose of 20 mg/kg.

In addition to oxidative stress, recent evidence has shown
that cytokine activity and inflammation play an important role
in the pathogenesis of kidney damage caused by cisplatin and
that oxidative stress can induce inflammation. Inflammatory
cell infiltration in damaged renal tissue may be an important
process in cisplatin-induced nephrotoxicity. After 24–72 h of
cisplatin application, infiltration of macrophages into kidney
tissue increases (Meng et al., 2018; Ueki et al., 2013). The anti-
inflammatory effects of boldine have been previously reported
(Hernández-Salinas et al., 2013; Li et al., 2020). Also, boldine
has been shown to ameliorate kidney damage in 2K1C rats by
preventing angiotensin converting enzyme 1(ACE-1) and
TGF-β increase (Gómez and Velarde, 2018). To investigate the
anti-inflammatory mechanism underlying the protective effect
of boldine, we measured the levels of TNF-α, a well-known
critical mediator of inflammatory disorders that stimulates
neutrophils and macrophages, promoting cytokine generation
and inflammatory reaction, resulting in cellular necrosis or
apoptosis. We demonstrated that cisplatin-induced
proinflammatory cytokine TNF-α was reduced by boldine
administration. This effect exhibited by boldine may contribute
to suppression of inflammation associated with cisplatin-
induced loss of kidney function.

iNOS is the main mediator of inflammation in different
cell types and it takes place in the production of nitric oxide
(NO). Superoxide anion reacts with excess NO and forms
peroxynitrite radical which leads to protein nitration and
organ damage. Also, excess NO increases sensitivity to ROS
by decreasing intracellular GSH (Yui et al., 2016). Alteration
in the renal level of NO, is a proposed mechanism for
cisplatin-induced nephrotoxicity (Coats and Jain, 2017). It
has been reported that the effect of cisplatin on NO is likely
to occur through modulation of the iNOS and endothelial
nitric oxide synthase (eNOS) expression levels (Chirino and
Pedraza-Chaverri, 2009; Sattarinezhad et al., 2017). In our
study the effect of boldine against cisplatin-induced
inflammation was evaluated by the expression of iNOS in
the kidney tissue of rat by IHC staining. The results showed
that positive iNOS expression in renal tissue significantly
increased in rats treated with cisplatin. The
pathophysiological role of iNOS expression in this study
supported findings demonstrating selective iNOS inhibition
reduces cisplatin-induced nephrotoxicity (Chirino and
Pedraza-Chaverri, 2009; Pan et al., 2009). Incontrast,
pretreatment with boldine significantly suppressed the
expression of iNOS. The suppression of iNOS suggests that
the protective effect of boldine may be closely related to its
inhibition on cisplatin-induced NO production.

Cisplatin application shifts the balance between
proapoptotic and antiapoptotic proteins to the proapoptotic
pathway. Proapoptotic effects caused by inducing the
activation of caspases is another mechanism underlying the
cisplatin nephrotoxicity (Helmy et al., 2018; Ma et al.,
2019). Caspases are intracellular cysteine proteases that are
required for the execution of apoptosis. Caspase-3, known
as the main apoptosis mediator, is an important molecule
for cisplatin-induced renal cell apoptosis. Caspase-3
activates the other caspase enzymes and leads to
mitochondrial fragmentation and eventually apoptosis
(Julien and Wells, 2017). Therefore in renal tubular cells,
the activation of caspase is thought to be a main cellular
mechanism for the induction of apoptosis in cisplatin-
induced nephrotoxicity (Helmy et al., 2018). Additionally,
both oxidative stress and inflammation have been associated
with caspase dependent renal cellular apoptosis. ROS
generation by cisplatin leads to accumulation of free radicals
and depletion of intracellular antioxidants which leads to
large pores in cell membrane, apoptosis and DNA damage
in cisplatin-induced nephrotoxicity (Badawy et al., 2019;
Deniz et al., 2020). The present study showed that the
cisplatin treated group had elevated caspase-3 expression
compared to the control group. This data shows that in the
activation of caspase-3, oxidative stress has an important
role. Antioxidants by reducing the activation of caspase-3,
show protective effects against apoptosis in cisplatin-
induced kidney damage (Badawy et al., 2019; Sahu et al.
2011). Treatment with boldine (20 and 40 mg/kg)
significantly attenuated caspase-3 immunopositive staining.
These results show that boldine affects caspase-3 signaling
pathway by suppressing caspase-3 expression.

Typical histopathological changes in cisplatin-induced
renal toxicity can be observed as tubular epithelial
degeneration, tubular dilatation, cytoplasmic vacuolization,
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pyknotic nuclei and proteinaceous casts, among others (Perše
and Večerić-Haler, 2018; Yuluğ et al., 2019). In the present
study degenerated tubular structures, hemorrhage, hyaline
cylinder formation, and interstitial congestion were seen
with cisplatin application. Histopathological examination
revealed the protective effect of boldine. Boldine
administration significantly improved hyperemia in
interstitium vessels, hyaline cylinder accumulation in renal
tubule lumens and degeneration in tubular epithelium.
Histopathological findings support the biochemical findings.

Similar effects were observed with both 20 and 40 mg/kg
boldine doses for body weight, kidney index, BUN and
creatinine levels, TBARS, TNF-α levels, histopathological
scoring and for iNOS and Caspase-3 immunohistochemical
expression however, the protective effect was more
pronounced for most parameters with the 40 mg/kg dose.
Boldine treatment with 40 mg/kg altered enzyme activities
in cisplatin-treated rat kidney tissue, but no significant
change in enzyme activities was observed with at a dose of
20 mg/kg. These results show that the effect of aporphine
alkaloid on antioxidant enzyme activities becomes
significant with increasing dose. These results suggest that
normalization of enzyme activities through ROS scavenging
actions may have a significant contribution for the
protective efficacy created by 40 mg/kg boldine treatment.

The development of therapies designed to prevent the
harmful effects of oxidative stress, inflammation and
apoptosis may hinder the progression of cisplatin-induced
kidney damage. The use of antioxidant natural substances
against these side effects is of interest. For the first time in
our study; we provided persuasive evidence for the
nephroprotective efficacy of boldine, a pharmacologically
active natural aporphine alkaloid found in the leaf/bark of
boldo tree against cisplatin-induced renal injury in rats. We
concluded that this nephroprotective effect of boldine may be
mediated by anti-inflammatory, antioxidant effects and
alleviation of caspase-3 expression. We think that boldine
may represent a promising new protective strategy against
cisplatin induced nephrotoxicity and the use of boldine as an
adjunct agent, may contribute to cisplatin used cancer
chemotherapy. Future in-depth studies that may relate to
these results will explore additional mechanisms and improve
our understanding of nephroprotection provided by boldine.
Advanced analysis for apoptosis will be needed to explore in
future research in order to strengthen the apoptotic approach.
Again further extensive clinical research is necessary to
determine the potential of boldine for its use in humans.
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