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Abstract

The clinical use of gentamicin (GM) is restricted by its nephrotoxic effects. This study aimed for the first time to elucidate
the ameliorative effects of the monoterpene linalool (Lin) against GM-mediated acute kidney injury in rats. A total of
thirty-two rats were subdivided into four equal groups: control (saline), Lin (100 mg/kg/day), GM (100 mg/kg/day), and
GM +Lin (100 and 100 mg/kg/day). Lin and GM were intraperitoneally administered for 12 days. Our results illustrated
that Lin ameliorated GM-mediated renal histopathological abnormalities and reduced serum urea and creatinine levels in
rats exposed to GM. Lin treatment mitigated oxidative stress in nephrotoxic animals as manifested by reducing serum
and renal levels of malondialdehyde and increasing the activities of serum and renal glutathione peroxidase and renal
catalase. Moreover, Lin markedly inhibited GM-triggered inflammation by downregulating NF-kB, iNOS, TNF-a, and
IL-1P and reducing renal myeloperoxidase activity and nitric oxide levels. Interestingly, Lin repressed GM-induced apop-
tosis, as reflected by a marked downregulation of Bax and caspase-3 expression, concurrent with the upregulation of Bcl2
expression. Finally, Lin administration led to a significant downregulation of TGF-f expression in nephrotoxic animals.
In summary, Lin ameliorated GM-mediated nephrotoxicity in rats, at least through its antioxidant, anti-inflammatory, and
anti-apoptotic activities and by modulating TGF-p.
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Introduction

Gentamicin (GM) is an effective aminoglycoside antibiotic
that has been well-recognized for the treatment of infec-
tions caused by gram-negative bacteria for over 50 years
(Tomsa et al. 2023). Despite its nephrotoxicity, GM is still
widely used. Approximately 30% of patients who received
GM for more than seven days had renal failure manifested
by enhanced serum urea and creatinine levels (Medi¢ et al.
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2019; Huang et al. 2020; Tomsa et al. 2023). Additionally,
administration of a single dose of GM and even the lowest
therapeutically effective doses have the potential to induce
acute kidney injury (AKI) (Morales et al. 2010; Medi¢ et
al. 2019).

GM is predominantly excreted through glomerular filtra-
tion in an unmetabolized state, is mainly concentrated in
proximal tubule cells, and leads to acute tubular necrosis
(ATN) (Khan et al. 2009; Srisung et al. 2017); however,
the exact mechanisms underlying GM nephrotoxicity have
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not been fully elucidated, and oxidative stress has been rec-
ognized as a major player in the pathophysiology of GM-
mediated AKI (Albalawi et al. 2023). High intracellular
concentrations of GM dramatically decrease mitochondrial
complex I activity, leading to the production of reactive
oxygen species (ROS) (Yue et al. 2022). Numerous stud-
ies have demonstrated that elevated ROS levels after GM
administration result in lipid peroxidation, inflammation,
and apoptosis in the kidneys (Abd-Elhamid et al. 2018).
Mechanistically, the generated ROS trigger the dissociation
of NF-kB-p65 from IkB, and the unbound NF-kB-p65 relo-
cates to the nucleus and induces inflammation-related genes,
such as TNF-a, IL-1 (Oztopuz et al. 2019), and inducible
nitric oxide synthase (iNOS) (Ali et al. 2020).

Apoptosis is a critical pathway in the development of
GM-mediated nephrotoxicity (Adil et al. 2016; Abd-Elha-
mid et al. 2018). Elevated ROS levels after GM intoxication
induce mitochondrial dysfunction, disrupting the balance
between Bax and Bcl2 and resulting in the release of cyto-
chrome C (Cyt C) into the cytoplasm. The released Cyt C
triggers caspase-9 (Casp-9) and caspase-3 (Casp-3), which
stimulates DNA degradation and apoptotic cell death (Adil
et al. 2016).

Various reports have highlighted the role of GM-induced
ROS overgeneration in activating transforming growth
factor-p (TGF-B) (Bae et al. 2014; Beshay et al. 2020).
Stimulated TGF- promotes renal fibrosis in GM-mediated
nephrotoxicity through different mechanisms (DiRenzo et
al. 2016; Beshay et al. 2020). For example, TGF-§ activa-
tion triggers the TGF-B/Smads signaling cascade, which
induces fibrogenic genes in the nucleus (Beshay et al. 2020).
Additionally, high levels of TGF-p enhance extracellular
matrix (ECM) accumulation by increasing the epithelial-to-
mesenchymal transition (EMT) (Song et al. 2017; Beshay
et al. 2020).

Linalool (Lin; 3,7-dimethylocta-1,6-dien-3-0l) is a linear
monoterpene of natural origin that is the main ingredient of
essential oils obtained from various aromatic plant species,
such as Coriandrum sativum L. and Lavandula angustifolia
(Mohamed et al. 2021; Azirak and Ozgdgmen 2023; Hos-
seini et al. 2023). In traditional medicine, Lin-rich botanical
species have been used to treat acute and chronic diseases
(Altlnok-Yipel et al. 2020; Hosseini et al. 2023). The safety
of Lin for use in flavoring and as an adjuvant in human con-
sumption has been acknowledged by the Food and Drug
Administration (Bickers et al. 2003; Mohamed et al. 2021).
Nevertheless, Lin has the potential to be highly toxic if
consumed in excessive amounts, exceeding 500 mg/kg/day
in the case of rodents (Politano et al. 2008). Lin has been
reported to exhibit several pharmacological effects, such as
antioxidant, anti-inflammatory, anti-atherogenic, antican-
cer, antinociceptive, and antimicrobial activities (Maczka
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et al. 2022). Lin’s potent pharmacological activities protect
cells from oxidative injuries and inhibit mitochondrial dam-
age by scavenging ROS (Salimi et al. 2022). Furthermore,
Lin inhibits smoking-induced inflammatory responses in the
lungs by suppressing NF-xB (Ma et al. 2015). Lin has also
cardioprotective effects in rats with isoproterenol-induced
infarction through its anti-inflammatory and anti-apoptotic
activities (Mohamed et al. 2021). However, the possible
ameliorative effects of Lin on kidney injury following GM
administration remain to be elucidated. This study aimed to
evaluate, for the first time, the possible role of Lin in alle-
viating histopathological abnormalities, oxidative stress,
inflammation, apoptosis, and TGF-$ dysregulation in rats
with GM-mediated nephrotoxicity.

Materials and methods
Chemicals

Tris-HCI1 and Tris-EDTA were provided by Merck Com-
pany, Germany. Other chemicals, including hydrogen per-
oxide, NaNs, glutathione, K,HPO,, 2,4-Dinitro thiocyanate
benzene (DNTB), o-dianisidine dihydrochloride, gentami-
cin sulfate (GM, CAS number: 1405-41-0, product number:
G3632), and linalool (Lin, CAS number: 78-70-6, product
number: L2602) were acquired from Sigma-Aldrich (St.
Louis, USA).

Animals

Thirty-two Wistar rats, all adult males, weighing 190+ 15 g
were obtained from the Pasteur Institute, Tehran, Iran. The
animals were transported to the animal laboratory at the
Nutritional Health Research Center (Lorestan, Iran). During
the study, the rats were maintained under controlled con-
ditions (23 +2 °C; 12-hour light/12-hour dark cycle; 50%
humidity) with unrestricted access to a pellet-based diet and
tap water. The rats were maintained under the above condi-
tions seven days prior to the initiation of the study to ensure
compliance with these conditions.

Experimental design

Laboratory rats were randomly allocated to four groups
(n=28) as follows:

1. Control group: Animals were intraperitoneally adminis-
tered with 0.9% saline;

2. Lin group: Lin (100 mg/kg/day) was intraperitoneally
administered to the rats;
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3. GM group: Rats received intraperitoneal GM (100 mg/
kg/day) (Tavafi and Ahmadvand 2011; Tavafi et al.
2012; Kang et al. 2013);

4. GM+Lin group: Animals were intraperitoneally
given GM (100 mg/kg/day) and Lin (100 mg/kg/day)
(Mohamed et al. 2020, 2021; Altinoz et al. 2022).

All treatments were conducted for 12 successive days
(Tavafi and Ahmadvand 2011; Kang et al. 2013). Lin was
administrated one hour after the intraperitoneal GM treat-
ment (Lee et al. 2012). The dose chosen for Lin (100 mg/kg/
day) was based on previous studies (Mohamed et al. 2020,
2021; Altinoz et al. 2022) and our preliminary investiga-
tions. GM and Lin were dissolved in 0.9% saline immedi-
ately before injection. All experiments were performed in
accordance with guidelines approved by the National Insti-
tutes of Health (NIH Publications No. 80 —23, 1987). The
study protocols were assessed and approved by the Ethics
Committee of the Lorestan University of Medical Sciences
(IR.LUMS.REC.1397.063) and Faculty of Veterinary Medi-
cine, Lorestan University (lu.acri.2023.64).

Blood and tissue collection

After completion of the treatment protocol, all animals were
exposed to deep anesthesia with intraperitoneal ketamine
(10 mg/kg) and xylazine (100 mg/kg) (Abou-Abbass et al.
2016). The rats were decapitated and heart blood samples
were gathered for serum biochemical analysis. Serum sam-
ples were isolated by centrifugation (3000 rpm, 15 min) and
stored at — 20 °C. Before renal biochemical evaluation, kid-
ney tissue was homogenized using cold PBS (pH 7.4) and
centrifuged (18,000 x g, 4 °C, 15 min) to collect the super-
natant. The left kidney was carefully detached and stored at
—80 °C for biochemical evaluation. The other kidney was
stored in neutral buffered formalin (10%) for histopathology
and immunohistochemistry studies.

Biochemical analysis

Evaluation of renal function parameters

Creatinine and urea in the serum samples were assessed
using commercially available kits (Pars Azmoon Company,
Tehran, Iran) and a biochemical autoanalyzer (Olympus

AU-600, Tokyo, Japan).

Assessment of oxidative stress and inflammatory
biomarkers

To evaluate lipid peroxidation, the concentration of MDA
was determined using the thiobarbituric acid (TBA) method

by measuring absorbance at 532 nm (Ohkawa et al. 1979).
Spectrophotometric analysis of glutathione (GSH) concen-
trations in both the serum and kidney of rats was conducted
using Ellman’s method at a wavelength of 412 nm (Ellman
1959). To measure nitric oxide (NO) levels, the end-product
nitrite was estimated in the serum using the method estab-
lished by Giustarini et al. (2008). The assessment of catalase
(CAT) activity in the collected serum and supernatant was
conducted using the colorimetric assay proposed by Sinha
(1972). The spectrophotometric method of Rotruck et al.
(1973) was used to evaluate glutathione peroxidase (GPX)
activity in all samples. GPX activity was quantified as U/mg
protein by measuring the absorbance of the sample using
an ELISA reader (420 nm). Renal myeloperoxidase (MPO)
activity was evaluated by spectrophotometry at 450 nm
using hydrogen peroxide-induced oxidation of o-dianisidine
dihydrochloride (Mullane 1989).

Histopathological study

Renal tissue samples were fixed in buffered formalin solu-
tion and embedded in paraffin. After a while, 4 um sections
were stained with hematoxylin and eosin (H&E). To assess
ATN, the full thickness of the cortex was considered and
divided into three different areas, including the subcapsular
region (supracortex), cortex, and corticomedullary junction
(subcortex), which were scored according to the degree of
epithelial damage using a zero through five grading system:
0, no lesion; 1, <10% ATN; 2, 11-25% ATN; 3, 26-50%
ATN; 4, 51-75% ATN; and 5, 76-100% ATN. Moreover,
hyaline cast formation was analyzed as described in our pre-
vious study (Babaeenezhad et al. 2023).

Immunohistochemistry (IHC) analysis

Replicated renal tissues of 3 um thickness were deparaf-
finized and rehydrated. The samples were then immersed
in a target retrieval solution (pH 9.0) and boiled in a water
bath at 98 °C for 20 min to deliver the unmasked antigens.
To block endogenous peroxidase activity, the sections were
treated with 3% H,0, in PBS for 15 min. Subsequently, the
sections were incubated with 5% normal rabbit serum in
PBS for 20 min to block non-specific background staining.
Tissue sections were incubated with polyclonal rabbit anti-
Casp-3 (orb 10,237, Biorbyt, UK) at 1:50 dilution; TGF-
(MBS462142, Mybiosource, USA) at 1:100 dilution; Bcl2
(orb 10,173, Biorbyt, UK); IL-1B (ab226918, Abcam, UK)
at 1:100 dilution; TNF-a (ab6671, Abcam, UK) at 1:100
dilution; Bax (sc 7480, Santa Cruz, USA) at 1:50 dilution;
NF-kB-p65 (orb312399, Biorbyt, UK) at 1:100 dilution;
and monoclonal mouse anti-iNOS (C-11, sc 7271, Santa
Cruz, USA) at 1:20 dilution. Thereafter, the sections were
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incubated with biotinylated goat anti-rabbit IgG (prediluted,
Biocare, USA) for all markers, and subsequently underwent
incubation with streptavidin horseradish peroxidase (sHRP)
(prediluted, Biocare, USA) for 20 min. DAB solution was
used to visualize the antibody-binding sites. Finally, the sec-
tions were subjected to counterstaining with Mayer’s hema-
toxylin (BioOptica, Italy).

Statistical analysis

All results are presented as the mean + standard deviation
(SD). Statistical analysis was conducted using SPSS soft-
ware (version 27; SPSS Inc., Chicago, IL, USA). Data
distribution was evaluated using the one-sample Kol-
mogorov—Smirnov test. Data exhibiting a normal distribu-
tion were analyzed using one-way ANOVA, followed by
Tukey’s post hoc test. The non-parametric Kruskal-Wallis
test was employed when the experimental groups showed
non-normally distributed data. In this respect, data related to
hyaline cast levels were analyzed using the Kruskal-Wallis
test, whereas the data related to the other parameters were
analyzed using one-way ANOVA. The level of statistical
significance was set at p < 0.05.
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Fig. 1 Effects of Lin on GM-mediated changes in renal function mark-
ers (urea and creatinine). Lin; linalool (100 mg/kg), GM; gentamicin
(100 mg/kg), Lin+ GM; linalool (100 mg/kg)+ gentamicin (100 mg/
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Results

Effects of Lin on GM-mediated changes in renal
function markers

We measured the levels of urea and creatinine in the various
experimental groups to evaluate the effects of Lin on GM-
induced renal dysfunction. As shown in Fig. 1, GM injection
in rats led to a remarkable increase (3.95-fold and 3.82-fold,
respectively) in serum urea and creatinine levels compared
with the control group; however, Lin administration after
GM injection significantly decreased the serum urea and
creatinine levels (36.17% and 41.54%, respectively) com-
pared with the GM group (Fig. 1).

Effect of Lin on GM-induced oxidative stress

We examined the state of oxidative stress by measuring
MDA, GSH, and antioxidant enzyme activities (GPX and
CAT). Nephrotoxicity mediated by GM injection for 12 con-
secutive days led to a considerable elevation in serum and
kidney MDA levels (1.80-fold and 9.04-fold, respectively),
accompanied by a marked decrease in serum and renal GSH
levels compared with those in the control group (1.62-fold
and 1.57-fold, respectively) (Fig. 2). Additionally, the serum
and renal activities of GPX (2.47-fold and 2.26-fold, respec-
tively) and CAT (1.39-fold and 2.32-fold, respectively) in
the untreated nephrotoxic animals were lower than those in
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Fig. 2 Effects of Lin on oxidative stress markers in rats with GM-
induced nephrotoxicity. Lin; linalool (100 mg/kg), GM; gentamicin
(100 mg/kg), Lin+GM; linalool (100 mg/kg) + gentamicin (100 mg/

the control group (Fig. 2). However, GM-intoxicated ani-
mals treated with Lin displayed significantly lower serum
and renal MDA levels (35% and 31.56%, respectively) than
the untreated nephrotoxic animals (Fig. 2). Conversely, Lin
treatment in nephrotoxic animals remarkably promoted
serum and renal GPX activities (93.37% and 83.01%,
respectively), accompanied by a slight but significantly
enhanced renal CAT activity (27.75%) compared to the
untreated nephrotoxic rats (Fig. 2). Lin administration led
to a modest but not significantly increased serum and renal
GSH levels (28.64% and 13.19%, respectively) and serum
CAT activity (0.38%) in the GM-intoxicated rats (p > 0.05,
Fig. 2).

Effect of Lin on GM-induced histopathological
alterations in the kidney

Microscopic evaluation of H&E-stained kidney sections
from the control and Lin groups indicated a normal kidney
architecture (Fig. 3a—d); however, animals that received daily
GM for 12 days exhibited renal histopathological changes
in favor of AKI. Several histopathological alterations were

kg). Results are presented as mean=standard deviation (SD). *
p<0.05 and **** p<0.0001. NS: not significant

noted in the GM group, including ATN, hydropic degenera-
tion, loss of the brush border, exfoliated epithelial cells, and
leukocyte infiltration (Fig. 3e,f). These changes were con-
siderably reduced after Lin treatment (Fig. 3g,h). As GM
mainly affects the renal tubules, we analyzed ATN in the
subcapsular, cortical, and subcortical areas. Receiving GM
enhanced ATN in these regions (11.31-fold, 23.44-fold, and
17.66-fold, respectively) in nephrotoxic animals compared
to the control group (Fig. 3j). Lin significantly mitigated
ATN levels (63.55%, 63.92%, and 66.15%, respectively) in
the nephrotoxic rats (Fig. 3j). Furthermore, the GM group
showed profoundly higher (112.89-fold) hyaline cast levels
than the control group (Fig. 3i). Hyaline cast levels were
reduced by 42.4% but not significantly in the nephrotoxic
rats treated with Lin (p > 0.05, Fig. 31).

Effect of Lin on GM-mediated inflammation
Inflammation triggered by GM is an important factor in
AKI development; therefore, we explored the effects of

Lin on MPO activity, NO levels, and NF-kB-p65, TNF-q,
IL-1B, and iNOS expression in GM-treated rats. Renal MPO
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Fig. 3 Histopathological assessment of renal tissues (a—h). Con-
trol group (a, b); normal tubular and glomerular structures. Linalool
(Lin)-treated rats (¢, d); similar to the control group, all structures are
intact. Gentamicin (GM) group (e, f); extensive and uniform tubular
coagulative necrosis (e, black arrows) and degenerated tubular cells (e,
green arrows). Large numbers of tubular structures either are coagu-
lated (black arrows) or to lesser extent are vacoulative degenerated,
which are considered hydropic changes (green arrows). Additionally, a
tubule with exfoliated epithelial cells stands out (f, green arrowhead).
GM + Lin group (g, h); mild to moderate tubular damage from a few

activity, a biomarker of leukocyte infiltration, was signifi-
cantly elevated (2.54-fold) in rats that received GM (Fig. 4).
Conversely, daily Lin administration significantly decreased
MPO activity compared with that in the GM group (Fig. 4).
Lin treatment restored MPO activity similar to that of the
control animals.

NF-kB-p65 immunohistochemically stained kidney
sections from the normal and Lin groups indicated mild
immunoreaction of a few tubular cells (Figs. 4 and 5). In
the GM-treated rats, the expression level of NF-kB-p65
was significantly increased (18.28-fold) compared to that in
the healthy rats, as a high population of both epithelial and
inflammatory cells was positive (Figs. 4 and 5). In contrast,
the NF-xB-p65 immunoexpression level was significantly
reduced (73.95%) in the GM + Lin group (Fig. 4) and only a
small number of renal tubules were partially stained (Fig. 5).

IL-1B and TNF-a immunolabeling of kidney sec-
tions from the control and Lin-treated rats showed that a
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tubular destructions (g, black arrows), and vacuolated epithelial cells
(g, green arrows) to hyaline cast formation (g, arrowheads). Although
a few hyaline casts are visible at the center of tubules (h, arrows), the
total structure is nearly well-preserved. H&E; Images a, c, e, g are at
100 um and b, d, £, h (as higher magnification) are at 40 pm magnifica-
tion. Hyaline cast and acute tubular necrosis (ATN) (i, j); a significant
reduction in hyaline cast formation and ATN were observed after Lin
administration in GM-intoxicated rats. Bars show mean + standard
deviation (SD). Bars with similar letters indicate no statistically sig-
nificant difference

limited number of tubular cells were stained, albeit scattered
(Figs. 4, 5 and 6); however, the immunoreactivity of IL-1f
and TNF-a in the GM-treated rats was significantly more
than in the control rats (3.04-fold and 66.20-fold, respec-
tively), as reflected by the strong immunoreactivity of tubu-
lar cells for TNF-a and elevated immunostaining for IL-1§
in the center of the densely populated region of infiltrating
inflammatory cells (Figs. 4, 5 and 6). Interestingly, the treat-
ment of nephrotoxic rats with Lin significantly reduced the
immunoexpression levels of IL-1B and TNF-a compared
with those in the GM group (44.93% and 66.11%, respec-
tively), as manifested by the lower number of tubules with
immunoreactivity for IL-13 and TNF-a (Figs. 4, 5 and 6).
iNOS immunoreactivity was only observed in a mini-
mal number of tubular cells in the control and Lin groups
(Figs. 4 and 5). Daily administration of GM significantly
promoted iINOS immunoexpression (9.73-fold) compared
with the control group (Figs. 4 and 5). A greater proportion



Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:5701-5714 5707
MPO NF-kB-p65 IL-1B
10 d 61 b __ 57 c
m S S
S ~ 81 - = 4
8= a 2 4 2
© % 6 A ? 3 ad
O = a 8 E’
% Q. a o Qo
o x x
. 4 a
€ ° 1 8 2- = g° ab
= 5 2 2 44 T
¥ » :
. E 2 E b
0 T T 0- 0 T T
N X 5 " 5 5 .
S & & & & & & & & &
& x S x Q& x
® c,@ ® (9® P 0@
TNF-a iNOS NO
b
281 b 4+ b - 337
= =3 3
= - O 2.8+
5 211 S 39 E
» » =
d g g 21
a 14 S 2 @
3 .
g " ) 5 g 1.4 a 5
c c
3 71 S 14 e 0.7 —— T
£ £ a =i i
E a a £ S
0- 0- 0.0 T T
\go\ \'>(\ 0&“ \)‘Q \50\ \'/‘(\ 0“\ \-><~ &-‘o\ \.’\o
S x x o
o [9)

Fig. 4 Effects of Lin on inflammatory biomarkers in rats with GM-
induced nephrotoxicity. Lin; linalool (100 mg/kg), GM; gentamicin
(100 mg/kg), Lin+GM; linalool (100 mg/kg) + gentamicin (100 mg/

of cells were iNOS-positive among the inflammatory cells
in the rats exposed to GM (Fig. 5). Lin prominently res-
cued iNOS immunoexpression (71.38%) in the nephrotoxic
rats compared to that in the untreated nephrotoxic animals
(Figs. 4 and 5).

Serum NO levels were spectrophotometrically deter-
mined in various groups and were dramatically enhanced
(3.65-fold) in the GM-treated rats (Fig. 4). Daily treatment
with Lin in the nephrotoxic animals considerably decreased
(69.20%) serum NO levels compared to the untreated neph-
rotoxic rats (Fig. 4).

Effect of Lin on GM-mediated apoptosis
To investigate the effect of Lin on GM-mediated apopto-

sis in nephrotoxic rats, we immunohistochemically studied
Bax, Bcl2, and Casp-3 expression in the kidney sections

kg). Bars indicate mean + standard deviation (SD). Bars with similar
letters indicate no statistically significant difference

of the experimental groups. Kidney sections with Bax
and Casp-3 immunolabeling in the control and Lin groups
showed partial staining of a few glomeruli (Fig. 6). Con-
versely, GM-treated rats exhibited diffuse and strong immu-
noreactivity in tubular cells. The immunoexpression of
Bax and Casp-3 was significantly higher (13.25-fold and
33.49-fold, respectively) in the nephrotoxic rats than in the
healthy rats (Figs. 6 and 7). In contrast, renal sections from
the GM + Lin group showed a few tubular cells with weak
immunostaining for Bax and Casp-3 (Fig. 6). Receiving Lin
in the nephrotoxic rats caused a significant reduction in Bax
and Casp-3 expression (65.02% and 77.16%, respectively)
compared to the GM group (Figs. 6 and 7).

Next, we examined the expression of Bcl2, an anti-apop-
totic protein, in the kidney samples from the studied groups.
Tubular epithelial cells in the control and GM groups
showed high Bcl2 expression (Fig. 6). Significantly lower
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Fig. 5 TGF-f immunostaining
group (a, e, i, m); Control (a):

a small number of tubules are
reacted. Linalool (Lin) (e): many
tubular cells in a single tubule
are positive (arrow). Gentamicin
(GM) (i): diffuse and relative
membranous to cytoplasmic
staining is demonstrated.

GM +Lin (m): the staining is
limited to few tubules. IL-13
immunolabeling in rats (b, f, j,
n); Control (b): small number
of cells are stained. Lin (f): one
or two cells are stained around
the glomerulus. GM (j): reaction
is increased at the center of the
population of infiltrating inflam-
matory cells. GM + Lin (n): neg-
ligible number of cells indicate
cytoplasmic immunostaining.
NF-kB immunoreaction group (¢,
g, k, 0); Control (¢): mild reac-
tion in a few tubular cells. Lin
(g): similar to the control group,
a few stained cells are observed.
GM (k): high population of
both epithelial and inflamma-
tory cells are positive staining.
GM + Lin (0): partial staining

of a single tubule is obvious.
iNOS-immunopositive rats (d,
h, 1, p); Control (d): inconsider-
able amount of epithelial cells are
staining (arrow). Lin (h): small
amount of cells have cytoplas-
mic reaction (arrow). GM (1):
higher population of cells is
positive among the inflammatory
cells. GM +Lin (p): the positive
reaction is prominently reduced
(arrows) (a—p 40 um)

Control

Lin

GM

GM+Lin

Bcl2 expression (5.89-fold) was detected in kidney sec-
tions from GM-treated rats—in which a few tubular struc-
tures were weakly stained—than that in the control group
(Figs. 6 and 7). Nephrotoxic rats treated with Lin for 12
days showed remarkably higher Bcl2 expression (3.17-fold)
than the rats in the GM group (Figs. 6 and 7). Kidney sec-
tions from the Lin+GM group indicated a focal but strong
positive reaction in the tubules (Fig. 6).
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Effect of Lin on GM-induced TGF-f dysregulation

TGF-B expression levels varied among the experimental
groups. The control and Lin groups exhibited low TGF-$
expression and partial immunoreactivity in a few tubules
(Figs. 5 and 7). TGF- immunoexpression in GM-treated
animals was notably higher (3.76-fold) than in the control
group (Figs. 5 and 7). Tubular epithelial cells showed diffuse
and relative membranous to cytoplasmic immunostaining
in the GM group (Fig. 5). Administration of Lin mark-
edly reduced TGF-B expression (54.85%) in nephrotoxic
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Fig. 6 Bax immunostaining
group (a, e, i, m); Control (a):
staining is limited in some
glomeruli. Linalool (Lin) (e):
similar to the control group, only
glomeruli are partially stained.
Gentamicin (GM) (i): diffuse and
strong staining of tubular cells.
GM +Lin (m): only a few of
tubular cells are weakly stained
.Bcl2 immunolabeling rats (b, f,
j, m); Control (b): intensive and
diffuse staining of epithelial cells.
Lin (f): extensive immunoposi-
tive in renal structures. GM

(j): a few tubular structures are
stained faintly. GM + Linalool
(m): focal but strong positive
reaction of tubules. Caspase-3
(Casp-3) immunoreaction group
(c, g, k, 0); Control (c): only the
glomeruli are staining. Lin (g):
resembles the control group, the
labeling is restricted to glom-
eruli. GM (k): intensive positive
tubular cells. GM + Lin (0):

the positivity of tubular cells is
reduced prominently and pale in
contrast to the GM rats. TNF-a
immunopositive rats (d, h, 1, p);
Control (d): very few and scat-
tered tubular cells are positive
thoroughly (arrow). Lin (h): scant
number of cells are immunostain-
ing (not shown). GM (I): massive
and strong reaction of tubular
cells. GM + Lin (p): immuno-
labeling is confined to many of
tubules (a—p 100 pm)
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i
NG

T
NG X
G A
7 I."o'(‘v' 25

s
r., R

GM Lin Control

GM+Lin

animals, as immunostaining was limited to a few tubules
(Figs. 5 and 7).

Discussion

This experimental study is most likely the first to examine
the renoprotective potential and beneficial effects of Lin
on GM-mediated nephrotoxicity in rats. The findings of
this study revealed that GM-induced AKI was noticeably
alleviated after 12 d of Lin administration. Lin treatment

3

oD
Y

o

N

<

considerably improved the majority of the altered param-
eters in nephrotoxic rats.

The findings illustrated that exposure to GM for 12 days
successfully induced AKI in rats, as manifested by a marked
increase in serum urea and creatinine levels and kidney
histopathological abnormalities. Numerous studies have
shown that GM increases tubular blockade and reduces the
glomerular filtration rate (GFR), leading to an increase in
serum urea and creatinine levels (Lopez-Novoa et al. 2011;
Abd-Elhamid et al. 2018; Tomsa et al. 2023). Lin treat-
ment considerably mitigated GM-induced histopathologi-
cal alterations and renal dysfunction. These findings clearly
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Fig. 7 Effects of Lin on apoptotic biomarkers and TGF-f in rats with
GM-induced nephrotoxicity. Lin; linalool (100 mg/kg), GM; gen-
tamicin (100 mg/kg), Lin+GM; linalool (100 mg/kg)+ gentamicin

show the renoprotective effects of Lin and are in line with
the study of Altinoz et al., illustrating the beneficial effects
of Lin on renal failure (Altinoz et al. 2022). The reduction
in serum urea and creatinine levels via Lin treatment was
likely achieved by regenerating kidney histopathological

@ Springer

(100 mg/kg). Results are presented as mean +standard deviation (SD).
Bars with similar letters indicate no statistically significant difference

changes and GFR in GM-exposed rats, as reported for other
natural antioxidants with nephroprotective effects (Khan et
al. 2009; Adil et al. 2016; Tomsa et al. 2023).

GM triggering oxidative stress has been identified as a
key node in AKI pathogenesis, as demonstrated in this study
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and other in vivo reports (Morales et al. 2010; Yue et al.
2022; Tomsa et al. 2023). The results showed that daily
treatment with Lin remarkably ameliorated lipid peroxida-
tion and promoted the activity of the antioxidant enzymes
GPX and CAT in GM-exposed rats. These findings are
consistent with those of previous studies, highlighting the
potent antioxidant activity of the monoterpene Lin (Sab-
ogal-guaqueta et al. 2019; Altinoz et al. 2022; Azirak and
Ozgdgmen 2023). The effectiveness of Lin in ameliorating
oxidative stress may be attributed to its potential to directly
eliminate ROS (Gunaseelan et al. 2017). Furthermore,
Mohamed et al. (2021) showed that Lin increases nuclear
Nrf2, a redox-sensitive transcription factor that translocates
from the cytoplasm to the nucleus to induce the expres-
sion of antioxidant enzyme genes during oxidative stress
(Mohamed et al. 2021). The reduction in oxidative stress by
Lin in GM-exposed rats may be associated with its ability
to remove ROS and/or upregulate nuclear Nrf2. This needs
to be further explored in an animal model of GM-induced
nephrotoxicity.

The NF-kB pathway is critically involved in the develop-
ment of GM-mediated AKI and amplifies the inflammatory
responses (Albalawi et al. 2023). In this study, animals in
the GM group showed a higher expression of NF-kB-p65,
IL1B, and TNF-o than those in the other groups. Daily
Lin administration one hour after GM led to a noticeable
decrease in NF-kB-p65 expression and pro-inflammatory
cytokines IL-1B and TNF-a. These findings are in accor-
dance with those of previous studies identifying the anti-
inflammatory effects of Lin through suppression of the
NF-«kB pathway in smoke-induced lung inflammation (Ma
et al. 2015) and ultraviolet-B radiation-induced skin injuries
(Gunaseelan et al. 2017). The activation of NF-kB has been
found to be intricately related to the regulatory role played
by the mitogen-activated protein kinase (MAPK) pathway
as its upstream (Ozbek et al. 2009; Lee et al. 2013). Sev-
eral reports have intriguingly demonstrated that Lin effec-
tively represses MAPK signaling cascades (Huo et al. 2013;
Gunaseelan et al. 2017). Nevertheless, the anti-inflamma-
tory effects of Lin may be due to the inactivation of the
MAPK/NF-kB pathway. The potential suppressive effects
of Lin on MAPK signaling pathways require further inves-
tigation in rats with GM nephrotoxicity.

NO plays conflicting roles in the modulation of kidney
function. At normal levels, NO acts as a vasodilator and
modulates tubular functions (Radermacher et al. 1992).
In contrast, the elevated levels of NO caused by iNOS are
related to oxidative damage in the kidneys (Araujo and
Welch 2006; Christo et al. 2011). Similar to previous stud-
ies (Ozbek et al. 2009; El-Kashef et al. 2015), high levels of
NO were detected in rats exposed to GM, accompanied by
marked kidney injury. A dramatic increase in NO levels in

GM-intoxicated rats has been linked to iNOS overexpression
(Ozbek et al. 2009; Lee et al. 2012), as detected by immu-
nohistochemistry in this study. Additionally, NF-kB-p65
activation induces iNOS expression in inflammatory states,
including GM nephrotoxicity (Abd-Elhamid et al. 2018).
Lin effectively mitigated GM-induced iNOS overexpres-
sion and elevated NO levels in the nephrotoxic rats. These
results are supported by previous studies demonstrating that
Lin reduces iNOS expression and NO levels under inflam-
matory pathological conditions (Kim et al. 2019).

Kidney MPO activity and leukocyte infiltration were
markedly increased in the nephrotoxic animals. Lin signifi-
cantly inhibited the increase in renal MPO activity and leu-
kocyte infiltration in the GM +Lin group. As found in this
study and previous reports, Lin has the potential to down-
regulate NF-kB-p65 and pro-inflammatory cytokines (Huo
et al. 2013; Ma et al. 2015; Gunaseelan et al. 2017), most
probably leading to decreased MPO activity and leukocyte
infiltration in nephrotoxic rats. Overall, these results showed
that the anti-inflammatory effects of Lin may be mediated
by suppression of the NF-kB/iNOS/TNF-o/IL-1B pathway
in GM nephrotoxicity.

Activation of apoptosis is a fundamental mechanism
underlying the development of GM-mediated AKI (Adil et
al. 2016; Abd-Elhamid et al. 2018). In line with previous
studies (Yue et al. 2022; Albalawi et al. 2023), GM activated
the intrinsic mitochondrial apoptotic pathway in nephro-
toxic animals; however, Lin antagonized the pro-apoptotic
effects of GM, as manifested by the downregulation of the
pro-apoptotic markers Bax and Casp-3, and the upregulation
of the anti-apoptotic protein Bcl2. These findings clearly
elaborate on the anti-apoptotic effects of Lin, which are in
agreement with the results of previous studies (Mohamed et
al. 2020, 2021). The intrinsic apoptotic pathway is activated
by oxidative stress and NF-kB activation during GM toxic-
ity (Abd-Elhamid et al. 2018; Albalawi et al. 2023). Surpris-
ingly, Lin noticeably inhibited oxidative stress and reduced
NF-kB-p65 expression in GM-exposed animals. Therefore,
Lin prevented GM-induced apoptosis, possibly by suppress-
ing oxidative stress and/or NF-kB activation.

TGF-pB has been implicated in renal fibrosis during GM
nephrotoxicity (Deepa and Anuradha 2013; Bae et al. 2014;
Beshay et al. 2020). In a previous study, Beshay et al. (2020)
illustrated that increasing TGF- expression in the kidneys
of rats with GM nephrotoxicity promoted renal fibrosis and
EMT by activating the TGF-f/Smad pathway. Similarly,
TGF-f expression was higher in the nephrotoxic rats than
that in the healthy rats. However, Lin administration mark-
edly reduced TGF-3 expression in the nephrotoxic animals.
It has been identified that ROS-activated NF-kB is a main
inducer of TGF-f (Deepa and Anuradha 2013; Dursun et al.
2018; Beshay et al. 2020). Similar to these results, Deepa
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Fig. 8 Scheme summarizing the mechanisms through which Lin protects rats against GM-mediated AKI.

and Anuradha (2013) demonstrated that Lin reduced renal
fibrosis by ameliorating oxidative stress and suppressing
NF-kB-p65 and TGF-B. Altogether, Lin may exert anti-
fibrotic effects in nephrotoxic rats by inhibiting TGF-§
through its antioxidant and anti-inflammatory activities.

Conclusions

The findings of this study revealed that Lin ameliorated
oxidative stress and improved kidney function parameters,
accompanied by regeneration of renal histopathological
alterations. Additionally, Lin decreased the GM-induced
inflammatory response by inhibiting the NF-xB/iNOS/
TNF-o/IL-1p pathway, MPO activity, and NO levels. Lin
also mitigated GM-induced intrinsic apoptosis and TGF-§
dysregulation. Overall, the beneficial effects of Lin on
GM-mediated AKI appear to be mediated by its antioxi-
dant, anti-inflammatory, and anti-apoptotic effects, and the
modulation of TGF-f (Fig. 8). Further studies are crucial for
comprehensively elucidating and refining the effectiveness
of Lin as a promising therapeutic target for clinical use. This
study may give a new perspective on the potential of Lin to
ameliorate GM-mediated nephrotoxicity in rats.
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