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Abstract
The present study was considered to assess the protective effects of boron (B) on gentamicin-induced oxidative stress, proin-
flammatory cytokines, and histopathological changes in rat kidneys. Rats were split into eight equal groups which were as
follows: control (fed with low-boron diet); gentamicin group (100 mg/kg, i.p.); B5, B10, and B20 (5, 10, and 20 mg/kg B, i.p.)
groups; gentamicin (100 mg/kg, i.p.) plus B5, B10, and B20 (5, 10, and 20mg/kg B, i.p.) groups. B was given to rats 4 days before
the gentamicin treatment and B administration was completed on the 14th day. Gentamicin administration was started on the 4th
day and finished on the 12th day. Gentamicin increased malondialdehyde levels, while reduced glutathione levels in the blood
and kidney. Furthermore, superoxide dismutase and catalase activities of erythrocyte were decreased. Besides, serum and kidney
nitric oxide and 8-dihydroxyguanidine levels were increased by gentamicin. Additionally, serum levels and kidney mRNA
expressions of TNF-α, NFκB, IL-1β, and IFN-γ were found to be the highest in the gentamicin group. Histopathologically,
interstitial hemorrhage and tubular necrosis were detected in the kidneys of the gentamicin group. Nonetheless, B administration
reversed gentamicin-induced lipid peroxidation, antioxidant status, and inflammation. In conclusion, B has a preventive effect
against gentamicin-induced nephrotoxicity and ameliorates kidney tissues of the rat.
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Introduction

Among aminoglycosides, gentamicin has the widest spectrum
and the highest bactericidal potency after amoxicillin. It is
particularly effective on strains of Enterobacteriaceae
(Escherichia coli, Klebsiella, Aerobacter, etc.) bacteria and
Gram-negative bacilli such as Pseudomonas aeruginosa and
methicillin-resistant Staphylococcus aureus [1]. Clinical

usage of gentamicin is important due to its effect and low price
[2, 3]. The most important side effects of aminoglycoside
antibiotics are kidney dysfunction, loss of balance, and hear-
ing. Especially in chronic diseases, renal failure, and metabol-
ic diseases, adverse effects on the kidneys can be seen obvi-
ously. The formation of free oxygen radicals such as superox-
ide and hydroxyl radicals caused by gentamicin has been pro-
posed to explain the gentamicin-mediated nephrotoxicity.
Numerous studies investigated the side effect mechanisms of
gentamicin and concluded that there may be a relationship
between the increased lipid peroxidation (LPO) and nitric ox-
ide (NO) with side effects in target tissues [4–6]. Several
in vivo and in vitro studies suggest that gentamicin adminis-
tration could result in inflammation due to one of the mecha-
nisms of nephrotoxicity. In this toxicity, gentamicin activates
tumor necrosis factor (TNF-α), interleukin (IL-1β), and inter-
feron (IFN-γ) which are responsible for inflammation [7, 8].

Boron is mainly provided in trace amount by plants and
also, recent studies indicated that B showed beneficial effects
on inflammatory and oxidative stress, DNA damage, and S-
adenosylhomocysteine involvement in methylation and ho-
mocysteine levels. By means of these effects, nutritional in-
takes of B moderate or alleviate several pathological

* Sinan Ince
incesinan@gmail.com

1 Faculty of Veterinary Medicine, Department of Pharmacology and
Toxicology, Afyon Kocatepe University,
TR-03200 Afyonkarahisar, Turkey

2 Faculty of Veterinary Medicine, Department of Biochemistry, Afyon
Kocatepe University, TR-03200 Afyonkarahisar, Turkey

3 Bayat Vocational School, Department of Laboratory and Veterinary
Health, Afyon Kocatepe University,
TR-03780 Afyonkarahisar, Turkey

4 Faculty of Medicine, Department of Medical Genetics,
Afyonkarahisar Health Science University,
TR-03100 Afyonkarahisar, Turkey

https://doi.org/10.1007/s12011-019-01875-4
Biological Trace Element Research (2020) 195:515–524

/Published online: 2 August 20194Received: 3 July 2019 /Accepted: 18 August 2019

http://crossmark.crossref.org/dialog/?doi=10.1007/s12011-019-01875-4&domain=pdf
http://orcid.org/0000-0002-1915-9797
http://orcid.org/0000-0003-0198-629X
https://orcid.org/0000-0002-4795-2266
https://orcid.org/0000-0001-9230-6725
https://orcid.org/0000-0002-5002-943X
mailto:incesinan@gmail.com


conditions related to aging, cancer, sarcopenia, cognitive de-
cline, and bone health [9]. B also improves fetal development
and enhances early embryonic gene expressions of rats [10].
In order to investigate the effects of B compounds on bio-
chemical parameters such as thyroid hormones, leptin, insulin,
and carnitine levels were analyzed and it was determined that
the effect of borax on hormonal status was more dominant
[11]. In other studies, boric acid and borax were used together;
it was expressed that they decreased LPO levels and DNA
damage by enhancing the antioxidant activity [12–14].
Additionally, B compounds have a protective effect against
malathion- [15], bisphenol- [16], arsenic- [17], cadmium-
[18], and acrylamide-induced oxidative stress [19] in rats. So
far, there have been no reports on the effect of B compounds
against gentamicin-induced nephrotoxicity. Therefore, we hy-
pothesized that B compounds could suppress inflammation,
oxidative, and DNA damage caused by gentamicin.

In this study, it was aimed to determine the effect of B on
gentamicin-inducedDNA damage {8-dihydroxyguanidine (8-
OHDG)}, LPO, and antioxidant markers {malondialdehyde
(MDA), reduced glutathione (GSH), NO, superoxide dismut-
ase (SOD), and catalase (CAT)} in the blood and kidney of
rats. In addition, serum and kidney TNF-α, IFN-γ, IL-1β, and
NFκB levels were analyzed by ELISA and mRNA expres-
sions of these genes in the kidney were determined by real-
time PCR. Also, histopathological changes in the kidney were
evaluated by light microscope.

Materials and Methods

Chemicals

Gentamicin and boric acid as a boron source were provided
from Sigma-Aldrich Co. (MO, USA) and other analytical pure
chemicals were supplied from the companies in Turkey.

Experimental Design

After approval of the Local Ethical Committee on Animal
Research (49533702-62), 2 months of age male Albino
Wistar rats (250–350 g) was obtained from the Afyon
Kocatepe University Experimental Animal Implementation
and Research Center, Turkey. Animals were kept at suitable
conditions (12-h light/dark period, 50–55% humidity, and 25
°C), deionized drinking water was given to rats, and they were
fed with low-B diet which was prepared according to Hunt
[20] as shown in Table 1.

In the experiment, a total of 56 rats were split into 8 equal
groups. Experimental design was carried out as follows: control
(fed with low-boron diet); gentamicin group (100 mg/kg, i.p.),
B5, B10, and B20 (5, 10, and 20 mg/kg B, i.p.) groups; genta-
micin (100 mg/kg, i.p.) plus B5, B10, and B20 (5, 10, and 20

mg/kg B, i.p.) groups. B was administered to rats 4 days before
the gentamicin treatment and B administration was completed
on the 14th day. Administration of gentamicin was started on
the 4th day and finished on the 12th day. Gentamicin and B
doses were chosen according to Ateşşahin et al. [22] and Ince
et al. [21], respectively. End of the administrations, blood and
kidney tissues were collected under anaesthesia (xylazine/keta-
mine). The method ofWinterbourn et al. [23] was carried out to
determine the antioxidant enzyme activities of rat erythrocytes.
Additionally, biochemical, molecular, and histopathological
analyses were performed to detect the effect of B and gentami-
cin on kidney tissues.

Biochemical Analyses

Blood urea nitrogen (BUN) and creatinine levels of serum, as
kidney function parameters, were assayed with commercial
kits (Biolabo, Maizy, France). MDA levels [24, 25] in the
blood and kidney, GSH levels [26] in the blood and kidney,

Table 1 Composition of low-boron diets for animals

Ingredients Amounts (g/kg)

Acid-washed corn1 743.4

Vitamin-free casein2 140

Trace mineral mix3 10

Macromineral mix4 25.4

Vitamin mix5 4

Corn oil6 75

DL-α tocopherol7 0.2

Choline bitartrate8 2

1 Acid-washed corn; corns (kg) were washed with 2.8 L 2 N HCl at
30 min and the top part was discarded. Then, corns were washed 3 times
with 1.2 L deionized water and they dried at 75 °C in 48 h
2Vitamin-free casein
3 Trace mineral mix contains (g/kg): ground corn, acid washed, 8.497;
NaCl, 1.3000; (CH3COO)2Mn·4H2O, 0.0450; Zn(CH3COO)2·2H2O,
0.0340; iron sponge, 22 mesh, 0.0350; CuSO4·5H2O, 0.0240;
N a 2 O 3 S i · 9 H 2O , 0 . 0 5 1 0 ; N a 2 HA sO 4 · 7H 2O , 0 . 0 0 5 0 ;
(NH4)6Mo7O24·4H2O, 0.0003; (CH3CO2)7Cr3(OH)2, 0.0020; NiCl2,
0.0020; NaF, 0.0020; KI, 0.0002; Na2SeO3·5H2O, 0.0005; NH4VO3,
0.0003; 3.5-g iron powder (dissolved in 13-mL doubled distilled 6
mol/L HCl and 13 mL deionized water)
4Macromineral mix contains (g/kg): (CH3COO)2Mg·4H2O, 4.4; KCl,
4.0; CaHPO4, 17.0
5Vitamin mix contains (g/kg): D-dextrose, 3.7855; inositol, 0.050; nico-
tinic acid, 0.030; D-pantothenic acid, 0.016; riboflavin, 0.027; thiamine
HCl, 0.010; pyridoxine HCl, 0.015; vitamin B12 (% 0.1 in mannitol),
0.050; 1,5-dihydroxy cholecalciferol (400,000 IU/g), 0.0025; para-
aminobenzoic acid, 0.005; retinyl palmitate (500,000 IU/g), 0.005; folic
acid, 0.002; D-biotin, 0.001; menadione, 0.001
6 Corn oil
7 DL-alfa tocopherol
8 Choline bitartrate [21]
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activities of SOD [27] and CAT [28, 29] in the erythrocyte and
kidney, NO levels [30] in the serum and kidney, and protein
[31] and hemoglobin levels [32] were measured by Shimadzu
1601-UV spectrophotometer (Tokyo, Japan). Also, TNF-α,
NFκB, IL-1β, IFN-γ, and 8-OHdG levels in serum and tissue
were determined by commercia l ra t ELISA ki ts
(MyBioSource, San Diego, CA, USA).

Determination of mRNA Expression Levels
of Proinflammatory Cytokines

Total RNA of the kidney was extracted and reversed
transcribed using Tripure Reagent (Roche, Germany)
and RT2 HT first-strand kit (Qiagen, Germany), respec-
tively following the manufacturer’s protocols. Primers
were ordered from Ella Biotech (Mar t insr ied ,
Germany) and shown in Table 2. Each sample was an-
alyzed in triplicate. Also, normalization was performed
according to the housekeeping gene GAPDH expression
level. The results are stated as relative gene expression
using the delta–delta CT method [33].

Histopathological Analyses

For histopathological analysis, kidney tissues of rats were
fixed in 10% formalin solution for 48 h. Fixed tissues were
dehydrated by graded alcohol solutions (70–100%).
Afterwards, they were objected to xylene and embedded in
paraffin blocks which were sliced sections (5–6 μm), stained
with hematoxylin–eosin (H&E) and each section was exam-
ined under a light microscope (Nikon Eclipse CI, Tokyo,
Japan).

Statistical Analyses

Data obtained from experimental animals were expressed as
means and standard deviation of means (± SD). Analysis of
the data was performed using one-way analysis of variance,
followed by the Duncan test on the SPSS 20.0 and p < 0.05
was considered to be significant.

Results

Effect on Kidney Function Parameters

Gentamicin treatment increased BUN (Fig. 1a) and creatinine
(Fig. 1b) levels of serum compared with control (p < 0.05).
However, only B treatment did not affect these values com-
pared with the control group (p > 0.05). Furthermore, B treat-
ment in a dose-dependent manner decreased these alterations
in gentamicin plus B groups compared with the gentamicin
group (p < 0.05).

Effect on Lipid Peroxidation and Antioxidant Enzyme
Activities

Gentamicin treatment increased MDA levels in whole blood
(Table 3) and kidney tissue (Table 4) compared with control (p
< 0.05), and B administration (especially at 10 and 20 mg/kg)
decreased MDA levels compared with the control group (p <
0.05). Moreover, B plus gentamicin treatment decreased
MDA levels compared with the gentamicin group (p <
0.05). On the other hand, gentamicin treatment decreased
GSH levels in whole blood (Table 3) and kidney tissues
(Table 4) compared with control (p < 0.05) whereas B plus
gentamicin treatment enhanced GSH levels compared with
the gentamicin group (p < 0.05). In addition, gentamicin treat-
ment decreased SOD and CAT activities in whole blood
(Table 3) and kidney tissue (Table 4) compared with control
(p < 0.05); nonetheless, B plus gentamicin treatment amelio-
rated these enzyme activities compared with the gentamicin
group (p < 0.05). Also, only B treatment did not affect SOD
and CAT activities compared with control (p > 0.05).
Gentamicin treatment increased NO levels of serum
(Table 3) and kidney tissue (Table 4) compared with control
(p < 0.05) yet, B plus gentamicin treatment decreased NO
levels compared with gentamicin group (p < 0.05).
Additionally, only B treatment in a dose-dependent manner
increased NO levels of kidney compared with the control
group (p < 0.05).

Effect on Proinflammatory Cytokine Levels

It was found that gentamicin treatment increased TNF-α,
NFκB, IL-1β, IFN-γ, and 8-OHdG levels of serum com-
pared with control (p < 0.05) which were presented in
Table 5. However, B plus gentamicin treatment decreased
their serum levels in a dose-dependent manner compared
with the gentamicin group (p < 0.05). Additionally, gen-
tamicin treatment increased TNF-α, NFκB, IL-1β, IFN-γ,
and 8-OHdG levels of kidney tissue (Table 6) compared
with control, and B plus gentamicin treatment in a dose-
dependent manner reversed these alterations compared
with the gentamicin group (p < 0.05). Also, fold changes
in mRNA expression levels of TNF-α (Fig. 2a), NFκB
(Fig. 2b), IL-1β (Fig. 2c), and IFN-γ (Fig. 2d) in the
kidney of rats were found to be increased in the gentami-
cin group compared with control (p < 0.05). Moreover, B
plus gentamicin treatment in a dose-dependent manner
suppressed mRNA expression of these genes compared
with the gentamicin group.

Effect on Histopathological Changes

Gentamicin treatment evoked hemorrhage in interstitial
areas, necrosis in tubular epithelial cells, eruption of
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epithelial cells, and hyaline cylinders in tubules lumen
of kidneys. Also, there were not found to be any histo-
pathological changes in the control and alone B treat-
ment groups. The histopathological alterations of rat
kidney were detailed in Table 7 and were also demon-
strated in Fig. 3.

Discussion

The important side effect of gentamicin is nephrotoxicity
which is mainly determined by serum BUN and creatinine
levels [3, 34, 35], whereas several substances such as lyco-
pene [3], green tea extract [34], and cilostazol [35] reduced the

Table 2 Description of
polymerase chain reaction
primers (GAPDH, TNF-α,
NFκB, IL1-β, and IFN-γ),
product size, and gene accession
numbers

Genes Primers Product size (bp) Gene accession numbers

GAPDH F ACCACAGTCCATGCCATCAC 451 NM_017008.4
R TCCACCACCCTGTTGCTGTA

TNF-α F CTTCTGTCTACTGAACTTCGG 86 NM_012675.3
R GTGCTTGATCTGTTGTTTCC

NFκB F GGGACTATGACTTGAATGCGGTCC 245 LC369719.1
R CAGGTCCCGTGAAATACACC

TCAA

IL1-β F CACCTCTCAAGCAGAGCACAG 78 NM_031512.2
R GGGTTCCATGGTGAAGTCAAC

IFN-γ F CACGCCGCGTCTTGGT 81 NM_138880.2
R TCTAGGCTTTCAATGAGTGTGCC

Fig. 1 Effects of gentamicin (100
mg/kg) and gentamicin (100
mg/kg) plus boron (B) at doses of
5 (B5), 10 (B10), and 20 (B20)
mg/kg on blood urea nitrogen
(BUN; A), and creatinine (B) in
serum of male rats. Values are
mean ± standard deviations (n: 7).
(a, b, c, d) In the same column,
values with different letters show
statistically significant differences
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nephrotoxicity. In this study, gentamicin treatment increased
BUN and creatinine levels, whereas B administration de-
creased these values in a dose-dependent manner. This sug-
gests that B has a protective role in the kidney tissue. A num-
ber of researchers have reported that gentamicin in a dose-
and/or time-dependent manner increases MDA level and de-
creases GSH level and activities of SOD and CAT by inducing
oxidative stress [3, 4, 36, 37]. Karahan et al. [3] treated rats
with 100mg/kg gentamicin i.p. for 6 days and increasedMDA
levels, whereas decreased glutathione peroxidase and CAT
activities were determined in the kidney tissue. Similarly,
Kuhad et al. [36] administered gentamicin (100 mg/kg, i.p.)
for 8 days and observed increased MDA levels, reduced GSH
levels, and SOD and CAT activities in rat kidney. Khan et al.
[4] treated rats with gentamicin (80 mg/kg, i.p.) for 10 days
and they found increased LPO and reduced CAT and SOD
activities in rat kidney. In accordance with other studies, in
this study, it was determined that gentamicin treatment in-
creased MDA levels of the blood and kidney tissue.

However, B treatment with gentamicin significantly decreased
LPO compared with only gentamicin-treated rats. Also, only
B treatment decreased MDA levels compared with control. It
has been observed that B has hydroxyl radical, superoxide,
and singlet oxygen molecule scavenger roles and reduces
LPO [12, 13, 21]. Previous studies have presented that GSH
plays a fundamental role in the detoxification of gentamicin
and when GSH stores are exhausted cell death begins [22].
Ince et al. [13, 21] showed that B administration induced GSH
activity in rats. In this study, an increase in LPO and depletion
in GSHwere observed in the gentamicin group. This may be a
consequence of increased LPO and decreased GSH may arise
from the depletion of GSH deposits. It was observed that B in
a dose-dependent manner ameliorated the GSH levels in
gentamicin-induced rats. This proposes that B reduced perox-
idase activity between cells. It was reported that in animals,
SOD and CAT activities are reduced by nephrotoxic agent
such as gentamicin [3, 4, 36]. Also, the results of our study
showed that gentamicin treatment decreased SOD and CAT

Table 3 Effects of gentamicin (100 mg/kg) and gentamicin (100
mg/kg) plus boron at doses of 5 (B5), 10 (B10), and 20 (B20) mg/kg on
blood malondialdehyde (MDA), blood glutathione (GSH), erythrocyte

superoxide dismutase (SOD), erythrocyte catalase (CAT), and serum nitic
oxide (NO) levels in male rats

Groups MDA (nmol/mL) GSH (nmol/mL) SOD (U/g Hb) CAT (nmol min−1/g Hb) NO (μmol/L)

Control 6.06 ± 1.18bc 14.78 ± 1.07b 11.16 ± 2.34a 293.52 ± 35.71a 32.93 ± 3.75b

B5 5.36 ± 0.93cd 11.99 ± 1.03d 10.15 ± 1.44a 291.59 ± 14.70a 33.31 ± 2.99b

B10 4.64 ± 1.05de 13.31 ± 1.23c 10.30 ± 1.34a 282.59 ± 13.71a 34.05 ± 1.12b

B20 3.71 ± 0.98e 15.11 ± 1.14a 9.50 ± 1.21a 283.99 ± 20.38a 35.23 ± 4.34b

Gentamicin 10.93 ± 1.05a 8.25 ± 0.98e 3.96 ± 1.26d 155.82 ± 15.95d 41.36 ± 2.90a

B5 + gentamicin 7.12 ± 1.03b 9.14 ± 0.81e 4.50 ± 1.4d 166.74 ± 15.38cd 40.06 ± 4.55a

B10 + gentamicin 6.53 ± 0.91bc 9.33 ± 0.92e 5.04 ± 1.18cd 181.69 ± 18.90b 36.29 ± 3.28b

B20 + gentamicin 6.31 ± 1.06bc 10.83 ± 1.13d 6.24 ± 1.30bc 181.68 ± 14.77b 34.47 ± 2.31b

Mean ± standard deviation; n = 7
a, b, c, d, e Values with different letters in the same column are statistically significant (p < 0.05)

Table 4 Effects of gentamicin (100 mg/kg) and gentamicin (100
mg/kg) plus boron at doses of 5 (B5), 10 (B10), and 20 (B20) mg/kg on
malondialdehyde (MDA), glutathione (GSH), superoxide dismutase

(SOD), catalase (CAT), and nitric oxide (NO) levels in the kidney of male
rats

Groups MDA (nmol/g tissue) GSH (nmol/g tissue) SOD (U/μg protein) CAT (nmol min−1/μg protein) NO (μmol/g tissue)

Control 7.76 ± 1.06cd 5.84 ± 1.44a 12.30 ± 2.36a 59.48 ± 4.83a 24.96 ± 4.47c

B5 7.35 ± 1.01de 5.25 ± 1.23ab 11.48 ± 2.02a 58.30 ± 4.92a 25.76 ± 3.31c

B10 6.75 ± 0.9de 4.77 ± 1.20b 11.82 ± 2.20a 55.77 ± 4.05a 28.75 ± 4.22bc

B20 6.42 ± 1.17e 4.63 ± 1.11b 11.80 ± 0.99a 55.48 ± 4.08a 31.43 ± 5.47b

Gentamicin 12.32 ± 1.08a 0.92 ± 0.29c 6.42 ± 1.05d 36.90 ± 3.79c 39.72 ± 5.36a

B5 + gentamicin 10.83 ± 1.07b 0.97 ± 0.21c 6.75 ± 1.02d 43.35 ± 3.73b 38.90 ± 5.24a

B10 + gentamicin 10.62 ± 0.94b 1.01 ± 0.21c 7.32 ± 1.10cd 43.83 ± 2.51b 37.98 ± 5.21a

B20 + gentamicin 8.65 ± 0.96c 1.05 ± 0.15c 7.76 ± 1.01bc 47.36 ± 3.52b 31.80 ± 4.20b

Mean ± standard deviation; n = 7
a, b, c, d, e Values with different letters in the same column are statistically significant (p < 0.05)
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activities of erythrocytes and tissues. Increased oxidative
stress may deplete these enzymes. SOD and CAT activities
of B plus gentamicin treatment groups were significantly
higher compared with the gentamicin group. These findings
suggested that B dose dependently increased the ability of
these enzymes.

Nitric oxide has a notable role in the maintenance of local
blood flow in the renal cortex of rats, which can also be af-
fected by intraglomerular dynamics [38]. Moreira et al. [39]
emphasized that gentamicin administration (100 mg/kg, i.p.)
in rats increased serum NO level while vitamin C, as a pro-
tective agent, decreased this level. Parlakpinar et al. [40] in-
vestigated the protective effect of caffeic acid phenyl esterase
(10 μmol/kg i.p) against gentamicin 100 mg/kg i.p-induced
renal toxicity in rats and they reported increased NO produc-
tion as well as increased LPO. Yaman and Balikci [41] eval-
uated the protective effect of Nigella sativa against
gentamicin-induced renal damage and reported that gentami-
cin increased the NO level. In this study, it was determined
that gentamicin increased NO levels, whereas B administra-
tion inhibited these increases. This suggested that B inhibits

NO formation against oxidative damage. It was also found
that only B administration (particularly at higher doses) in-
creased kidney NO levels compared with control. This sug-
gested that high dose of B could enhance synthesis of NO in
endothelial cells of the kidney.

In this study, 100 mg/kg (i.p.) gentamicin administration
caused to increased parameters of inflammation in the serum
and kidney. Samarghandian et al. [42] reported that adminis-
tration of 100 mg/kg gentamicin for 8 days increased serum
levels of IL-6, IL-18, IL-1β, and TNF-α. However, adminis-
tration of 10–30 mg/kg thymoquinone for 28 days decreased
these values. Salem et al. [34] reported that subcutaneously
injected gentamicin (50 mg/kg twice daily during 15 consec-
utive days) administration increased serum TNF-α and oxida-
tive stress parameters (MDA, GSH, SOD, and CAT) in rats,
but gentamicin plus green tea extract (oral, 300 mg/kg) signif-
icantly decreased these levels. Likewise, Mahmoud et al. [43]
reported that serum TNF-α and oxidative stress parameters
(MDA, GSH, SOD, and GPx) were increased in gentamicin-
treated rats, while thymoquinone and curcumin (oral, 20
mg/kg) treatment decreased these levels. Fouad et al. [44]

Table 5 Effects of gentamicin (100 mg/kg) and gentamicin (100 mg/kg) plus boron at doses of 5 (B5), 10 (B10), and 20 (B20) mg/kg on TNF-α, NFκB,
IL-1β, IFN-γ, and 8-OHdG levels in serum of male rats

Groups TNF-α (pg/mL) NFĸB (ng/mL) IL-1β (pg/mL) IFN-γ (pg/mL) 8-OHdG (pg/mL)

Control 0.17 ± 0.06d 2.95 ± 0.91b 7.09 ± 0.56d 0.60 ± 0.20b 42.60 ± 1.19d

B5 0.22 ± 0.12d 3.00 ± 1.11b 7.18 ± 1.08d 0.61 ± 0.14b 44.93 ± 2.52bcd

B10 0.22 ± 0.06d 3.41 ± 0.82b 8.95 ± 1.52cd 0.73 ± 0.21b 45.87 ± 1.17bcd

B20 0.30 ± 0.05cd 3.45 ± 0.67b 10.6 ± 2.70bcd 0.77 ± 0.32ab 43.21 ± 6.35cd

Gentamicin 0.52 ± 0.13a 6.04 ± 0.90a 16.00 ± 1.80a 1.07 ± 0.35a 55.67 ± 1.91a

B5 + gentamicin 0.49 ± 0.08ab 5.00 ± 0.63ab 12.40 ± 2.05ab 0.89 ± 0.19ab 47.15 ± 3.31b

B10 + gentamicin 0.47 ± 0.16ab 4.88 ± 1.14b 12.07 ± 3.26ab 0.84 ± 0.33ab 46.54 ± 3.61bc

B20 + gentamicin 0.38 ± 0.15bc 4.44 ± 0.80b 11.87 ± 1.27b 0.81 ± 0.30ab 46.49 ± 2.03bc

Mean ± standard deviation; n = 7
a, b, c, d Values with different letters in the same column are statistically significant (p < 0.05)

Table 6 Effects of gentamicin (100 mg/kg) and gentamicin (100 mg/kg) plus boron at doses of 5 (B5), 10 (B10), and 20 (B20) mg/kg on TNF-α, NFκB,
IL-1β, IFN-γ, and 8-OHdG levels in the kidney of male rats

Groups TNF-α (pg/mL) NFKB (ng/mL) IL-1β (pg/mL) IFN-γ (pg/mL) 8-OHdG (pg/mL)

Control 10.4 ± 0.97g 17.80 ± 1.92e 49.20 ± 4.02f 6.09 ± 0.82e 38.21 ± 2.24g

B5 12.49 ± 0.66f 24.48 ± 2.59d 76.67 ± 2.56e 8.44 ± 0.44d 39.48 ± 1.58fg

B10 16.75 ± 0.80e 24.00 ± 3.01d 99.37 ± 2.06d 8.57 ± 0.46d 40.65 ± 1.94f

B20 23.79 ± 1.18d 28.25 ± 2.83c 161.61 ± 5.01c 9.43 ± 0.71c 44.33 ± 2.49e

Gentamicin 36.02 ± 0.59a 41.19 ± 2.93a 203.81 ± 6.39a 13.29 ± 0.53a 66.87 ± 1.31a

B5 + gentamicin 35.15 ± 1.02a 40.86 ± 5.11a 181.64 ± 10.14b 12.81 ± 0.56a 59.68 ± 1.01b

B10 + gentamicin 30.44 ± 1.64b 36.21 ± 3.63b 169.57 ± 14.05c 11.26 ± 0.68b 56.63 ± 0.92c

B20 + gentamicin 29.14 ± 0.74c 35.01 ± 2.79b 164.02 ± 4.06c 10.92 ± 0.64b 54.63 ± 2.11d

Mean ± standard deviation; n = 7
a, b, c, d, e, f, g Values with different letters in the same column are statistically significant (p < 0.05)
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evaluated the protective effect of oral 50 mg/kg naringenin
against gentamicin (80 mg/kg, i.p.) treatment. They found that
renal oxidative stress parameters (MDA, NO, and GPx) and
IL-8 levels are increased and naringenin reduced these param-
eters. In this study, it was observed that serum and renal in-
flammatory parameters (TNF-α, NFκB, IL-1β, and IFN-γ)

levels were increased with gentamicin in rats but B application
decreased the level of these parameters. This demonstrated
that B has protective effects on cells against gentamicin-
induced damage [24].

Chemical substances and drugs cause DNA damage due to
alteration of DNA-binding protein and guanosine C-8 position
[45, 46]. Arsenic, cadmium, and mercury have been reported
to increase 8-OHDG levels in the kidney [47–49]. In this
study, it was observed that gentamicin treatment caused in-
creased levels of 8-OHdG in rat kidney and serum. This sug-
gests that the main target of ROS formed by gentamicin is
DNA. On the contrary, B dose dependently inhibited the for-
mation of ROS levels. Furthermore, the administration of B in
a dose-dependent manner increased the levels of cytokines
and 8-OHDG in the kidney compared with the control group,
which is due to its effect on kidney functions.

Gentamicin administration causes inflammation due to the
formation of tubular necrosis in the kidney, which results in
increased monocyte and macrophage migration in the tissues
due to the kidney damage [46, 47]. Activation and transloca-
tion of NFκB which regulates gene expression of adhesion
molecules, cytokines, and chemokines against oxidative stress
take place during the inflammatory process [6]. Inhibiting the
inflammatory mediators (TNF-α and IL) involved in its acti-
vation is considered to be important in renal nephrotoxicity
[50, 51]. Subramanian et al. [52] treated rats with gentamicin
(100 mg/kg, i.p.) and observed immunomodulation due to
nephrotoxicity, abnormal cell growth, with increased gene

Fig. 2 Effects of gentamicin (100 mg/kg) and gentamicin (100 mg/kg)
plus boron (B) at doses of 5 (B5), 10 (B10), and 20 (B20) mg/kg on TNF-α
(A), NFĸB (B), IL1-β (C), and IFN-γ (D) gene expressions byRT-PCR in

kidney of male rats. Values are mean ± standard deviations (n: 7). (a, b, c,
d, e, f) In the same column, values with different letters show statistically
significant differences

Table 7 Effects of gentamicin (100 mg/kg) and gentamicin (100
mg/kg) plus boron at doses of 5 (B5), 10 (B10), and 20 (B20) mg/kg on
histopathological alterations in the kidney of male rats

Groups Hemorrhage
in interstitial
areas

Hyaline
cylinders in
tubulus
lumen

Necrosis in tubular
epithelial cells and
eruption of epithelial
cells in tubulus lumen

Control −(7/7) −(7/7) −(7/7)
B5 −(7/7) −(7/7) −(7/7)
B10 −(7/7) −(7/7) −(7/7)
B20 −(7/7) −(7/7) −(7/7)
Gentamicin −(1/7)

++(4/7)
++(2/7)

+(2/7)
++(5/7)

+(4/7)
++(2/7)

+++(1/7)

B5 + gentamicin −(5/7)
++(2/7)

−(5/7)
+(2/7)

−(4/7)
+(3/7)

B10 + gentamicin −(6/7)
+(1/7)

−(6/7)
+(1/7)

−(7/7)

B20 + gentamicin −(7/7) −(5/7)
+(2/7)

−(6/7)
+(1/7)

Normal histology (−), mild (+), moderate (++), and severe (+++)
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expression of KIM-1, COX-2, osteopontin, Nrf2, NFκB,
TNF-α, IL-6, and iNOS. Park et al. [7] and Quirós et al.
[53] reported that gentamicin-induced renal damage is upreg-
ulated by inflammation cytokines (TNF-α, IL-1β, and
IFN-γ). Additionally, it was reported that various antioxidant
substances such as hesperidin [51], paricalcitol [7], and
cardiotrophin-1 [53] inhibited gentamicin-induced inflamma-
tory cytokines formation. In this study, expression of inflam-
matory cytokines (TNF-α, NFκB, IL-1β, and IFN-γ) in-
creased in the kidney tissue which was similar to other studies.
On the other hand, B treatment decreased the expression of
inflammatory parameters in a dose-dependent manner due to
inhibitory effect of B on ROS products [24]. Armstrong and
Spears [54] reported that B supplementation to pig diet result-
ed in increased TNF-α and IFN-γ levels. In the study, it was
observed that 20mg/kg B administration caused an increase in
the inflammatory cytokines (TNF-α, NFκB, IL-1β, and

IFN-γ) expression levels. This indicates that kidney functions
are affected by a high dose of boron.

Gentamicin administration has caused leukocyte infil-
tration, lumen spillage, tubular necrosis, and formation of
hyaline cylinders in the kidney tubules of rat kidney [53].
Salem et al. [34] reported that gentamicin application re-
sulted in degeneration, dense cellular infiltration, tubular
dilation, and varying degrees of necrosis in the kidney of
rats. Hegazy et al. [55] reported that gentamicin treatment
caused vacuolar degeneration, tubular dilatation, intersti-
tial hemorrhage, and cellular infiltration in the rat kidney.
Stojiljkovic et al. [56] performed a study with rats and
they assessed the effects of vitamin C (200 mg/kg) against
gentamicin (100 mg/kg, 8 days). They reported that gen-
tamicin treatment caused coagulation-type necrosis with
black inclusions in kidney proximal tubular epithelial
cells. Veljković et al. [52] evaluated the effect of green
tea (300 mg/kg/day) against gentamicin (100 mg/kg, 8
days) and necrosis in proximal tubules of the kidney,
dense mononuclear cell infiltration in interstitial area,
and cytoplasmic gaps were observed. Sun et al. [57] eval-
uated the effects of sodium butyrate (50, 100, and 200
mg/kg) against gentamicin toxicity (100 mg/kg, 8 days).
They observed that tubulointerstitial lesions, hyperplasia,
and fibrosis. Yaman and Balikci [41] analyzed the protec-
tive effect of Nigella sativa (0.2 and 0.4 mL/kg) against
100 mg/kg gentamicin toxicity in rats and they reported
that gentamicin caused necrosis in proximal tubules of the
kidney, vacuolization, desquamation, and necrosis in epi-
thelial cells, and mononuclear cell infiltrations also dam-
aged integrity of glomerulus and membrane. These studies
stated that all substances given against gentamicin toxicity
reduced the kidney damage. In the present study, genta-
micin treatment caused similar symptoms as hemorrhage
in interstitial areas, necrosis in tubular epithelial cells,
eruption of epithelial cells, and hyaline cylinders in tu-
bules lumen of kidneys. However, B in a dose-
dependent manner decreased these alterations due to its
protective effects [21] against gentamicin treatment.

Consequently, it was detected that gentamicin caused loss
of kidney functions and antioxidant enzyme activities whereas
increases LPO level and expression of inflammation cytokines
in this study. On the other hand, B reduced the gentamicin-
induced formation of free radicals and inflammatory cytokines
and strengthened the antioxidant system. Therefore, this study
introduces a novel approach to B supplementation and sug-
gests that B may carry potent use against gentamicin-induced
nephrotoxicity. To achieve the abovementioned suggestions,
other necessary studies and clinical trials are required.

Acknowledgment Also, this study orally presented at 3rd International
Turkic World Conference on Chemical Sciences and Technologies
(ITWCCST 2017).

Fig. 3 Histopathological appearance of male rat kidney (stained with
H&E; dimensions 20 × 100 μm; n: 7). Red arrow, interstitial
hemorrhage; arrow, spilled epithelial cells in tubulus lumen; arrowhead,
hyaline cylinders in tubulus lumen. A1, control; A2, boron (B) at 5 mg/kg
(B5); A3, B at 10 mg/kg (B10); A4, B at 20 mg/kg (B20); A5, gentamicin
(100 mg/kg); A6, B5 + gentamicin (100 mg/kg); A7, B10+gentamicin
(100 mg/kg); A8, B20+gentamicin (100 mg/kg) groups
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