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Megalin receptor-mediated endocytosis participates a crucial role in gentamicin (GM) uptake, accumula-
tion, and toxicity. In this study, we investigated the potential effects of montelukast (MLK) on megalin
expression/endocytic function against GM nephrotoxicity. Male Wistar rats were administered GM
(120 mg/kg; i.p.) daily in divided doses along 4 hr; 30 mg/kg/hr; for 7 days. MLK (30 mg/kg/day) was
orally administered 7 days before and then concurrently with GM. The protein expressions of megalin
and chloride channel-5 (ClC-5); one of the essential regulators of megalin endocytic function; were deter-
mined by Western blotting. Besides, the endocytic function of megalin was evaluated by the uptake of
bovine serum albumin labeled with fluorescein isothiocyanate (FITC-BSA) into proximal tubular epithe-
lial cells. Moreover, kidney function biomarkers (Cr, BUN, GFR, KIM-1, cystatin-C) and apoptosis markers
(p-AKT1, cleaved caspase-3) were estimated. Co-treatment with MLK downregulated ClC-5 expression
leading to reduced recycling of megalin to the plasma membrane, reduced expression, and so impaired
endocytic function that was evidenced by reduced uptake of FITC-BSA in proximal tubular epithelial cells.
The protein expression of the apoptotic executioner cleaved caspase-3 was significantly reduced, while
that of the antiapoptotic p-AKT1 was elevated. These results were confirmed by the improvement of kid-
ney functions and histological findings. Our data suggest that MLK could interfere with megalin expres-
sion/endocytic function that could be attributed to downregulation of ClC-5 protein expression. That
eventually reduces renal cell apoptosis and improves kidney functions after GM administration without
affecting the antibacterial activity of GM. Therefore, reduced expression of ClC-5 and interference with
megalin expression/endocytic function by MLK could be an effective strategy against GM nephrotoxicity.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Aminoglycosides are widely used for the treatment of various
infections caused by Gram-negative bacteria, in spite of new
antibiotic generations (Krause et al., 2016). Gentamicin (GM) is
one of the most commonly used aminoglycoside antibiotics
because of its broad spectrum and rapid bactericidal activity, rela-
tively low resistance rate, and low cost (Nagai and Takano 2014,
Krause et al., 2016). However, its clinical use is reduced due to
toxic effects on different tissues (Ali et al., 2020, Hu and Ma
2021, Mousavinasab et al., 2021). Kidney functions should be clo-
sely monitored in patients receiving GM because of the high risk
of acute renal failure (Bell et al., 2014). Despite the generation of
antibiotics with less side effects, the synergistic effect of aminogly-
cosides with different antibiotics, as well as the development of
multidrug resistance have led to reconsider treatment with amino-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsps.2021.12.013&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jsps.2021.12.013
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:amany.azoz@pharm.bsu.edu.eg
https://doi.org/10.1016/j.jsps.2021.12.013
http://www.sciencedirect.com/science/journal/13190164
http://www.sciencedirect.com


A.A. Azouz, D.A. Hanna, A.A. Abo-Saif et al. Saudi Pharmaceutical Journal 30 (2022) 150–161
glycosides a better choice (Wargo and Edwards 2014, Krause et al.,
2016).

A key factor in GM nephrotoxicity is its accumulation in proxi-
mal tubule epithelial cells. The entry and accumulation of GM
depend on a transport system because of its hydrophilic properties
that hinder penetration across renal cell membrane. Therefore, a
specific transport system for proteins and cations in the proximal
tubules is responsible for GM transportation via endocytosis
(Nagai and Takano 2014, Randjelovic et al., 2017).

The macromolecular complex of endocytosis in the proximal
tubules consists of megalin, cubilin, amnionless, disabled-2
(Dab2), and chloride channel-5 (ClC-5) (Trimarchi et al., 2020).
GM uptake directly correlates to expression/functionality of mega-
lin. Knockout of megalin, greatly reduced GM uptake, indicating
that endocytosis is the major pathway for GM accumulation in
the kidney and consequently its nephrotoxic effect (Schmitz
et al., 2002, Mahadevappa et al., 2014). After endocytosis, GM is
transferred to lysosomes for degradation. At certain concentration,
lysosomal membrane disruption occurs leading to GM release into
the cytosol and eventually renal cell apoptosis (Quiros et al., 2011,
McWilliam et al., 2017, Randjelovic et al., 2017).

The 2Cl-/H+ exchanger ClC-5 is an important regulator of mega-
lin endocytosis, where its deficiency leads to defective endocytosis
and reduced megalin expression by impairing its recycling to the
cell membrane (Christensen et al., 2003, De et al., 2014). Therefore,
interference with ClC-5 expression with subsequently affected
megalin receptor could be an effective strategy to protect against
the nephrotoxic effect of GM.

Montelukast sodium (MLK) is an orally active blocker of cys-
teinyl leukotriene receptor 1 (CysLTR1) in the bronchial smooth
muscles, so it is used to alleviate the symptoms of chronic asthma
and allergic rhinitis (Nayak 2004, Yokomizo et al., 2018). Several
studies have reported the nephroprotective effect of MLK against
different nephrotoxicants and gamma radiation through its antiox-
idant, anti-inflammatory, and antiapoptotic properties
(Otunctemur et al., 2013, Gad et al., 2017, Köse et al., 2019,
Hormati et al., 2020). Interestingly, it has been demonstrated that
leukotriene receptor blockade downregulates Cl- conductance in
hepatocytes (Meng et al., 1997). Therefore, we hypothesized that
MLK could downregulate renal ClC-5 expression which has a piv-
otal role in megalin endocytosis. Accordingly, interference with
ClC-5 could reduce the expression and endocytic function of renal
megalin, and thereby afford nephroprotective effect against GM.
2. Materials and methods

2.1. Animals

Wistar male rats (180 - 200 g) were purchased from Nahda Ani-
mal Facility, Nahda University, Beni-Suef, Egypt. Rats were main-
tained two weeks for adaptation and kept under controlled
conditions of room temperature (23 ± 2 �C) and 12/12 hr dark-
light cycles. Rats were allowed free access to standard diet and
water. The procedures performed on animals were in accordance
with the National Institutes of Health guide for care and use of lab-
oratory animals. In addition, the experimental procedures have
been approved by the Institutional Animal Care and Use Commit-
tee, Beni-Suef University (IACUC, 019–81).
2.2. Drugs, chemicals, kits, and antibodies

Montelukast sodium was obtained from Merck & Co. Inc. (USA).
Garamycin� ampoules (Schering-Plough) containing 80 mg/2 ml of
GM sulphate were used in this experiment. Fluorescein isothio-
cyanateconjugated bovine serum albumin (FITC-BSA) was pur-
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chased from Sigma-Aldrich (USA, CAT# A9771) and dissolved in
10 mM Tris, pH 7. ELISA kits including, rat kidney injury
molecule-1(KIM-1) (CAT# 18654) and rat cystatin-C (CAT#
18659) were purchased from Glory Science Co. (China). Creatinine
(Cr) and blood urea nitrogen (BUN) colorimetric kits were pur-
chased from Bio-Med (Egypt), while those of albumin and calcium
were purchased from SPINREACT (Spain). The primary antibodies
of mouse monoclonal megalin antibody (CAT# H-10, sc-515772),
anti-p-AKT1 (CAT# 104A282, sc-52940), and anti-b-actin (CAT#
ACTBD11B7, sc-81178) were purchased from Santa Cruz Biotech-
nology, while polyclonal anti-ClC-5 antibody (CAT# C1116) was
purchased from Sigma-Aldrich (USA). The polyclonal anti-cleaved
caspase-3 (CAT# YPA2210), anti-HO-1 (CAT# YPA1919), and anti-
Nrf2 (CAT# YPA1621) antibodies were purchased from Biospes
(China).
2.3. Experimental design

At the beginning, we carried out a pilot study to investigate the
suitable dose of GM to induce renal glomerular and tubular dys-
function. Thirty rats were divided into five groups, each of six rats.
Rats of the first group (control) were administered saline intraperi-
toneally. For the second group, rats were administered GM
(100 mg/kg; i.p.) once daily for 1 week, while those of the third
group were administered GM (100 mg/kg; i.p.) divided along
4 hr; 25 mg/kg/hr; daily for 1 week. Rats the fourth group were
administered GM (120 mg/kg; i.p.) once daily for 1 week, while
those of the fifth group were administered GM (120 mg/kg; i.p.)
divided along 4 hr; 30 mg/kg/hr; daily for 1 week. The first dose
was administered at the same time every day. After 24 hr of the
last GM dose, blood and kidney tissue samples were collected for
estimation of serum Cr and BUN levels, as well as histopathological
investigation.

Afterwards, we carried out the main investigation to evaluate
the potential effects of MLK against GM nephrotoxicity. Twenty-
four animals were divided into four groups each consisting of six
rats. The first group (control) received distillated water orally.
The second group received MLK (30 mg/kg/day, p.o.) for 14 consec-
utive days (_Içer et al., 2016). The third group was injected with GM
at a dose of 120 mg/kg/day i.p. divided along 4 hr; 30 mg/kg/hr;
daily for 1 week. The fourth group received both MLK and GM,
where MLK was administered for 7 days before GM injection and
then concurrently with GM for another 1 week. Treatment regi-
mens were chosen according to previous studies and confirmed
by the pilot study.

On the 14th day after the last dose of GM, each rat was placed in
a metabolic cage for 24 hr to collect urine. The collected urine sam-
ples were centrifuged at 2805 � g for 10 min, and then kept at
�20 �C for determination of Cr and cystatin-C levels. On the 15th

day, blood samples and kidney tissue samples were collected.
Serumwas separated by centrifugation at 5610� g and then stored
at �20 �C until analysis. One of the isolated kidneys was used to
prepare 20% w/v homogenate using ice-cold 0.1 M phosphate buf-
fer saline (pH = 7.4). The other kidney was either preserved in RIPA
lysis buffer containing protease inhibitor cocktail and then kept at
�20 �C till Western blot analysis or fixed in 10% formol saline for
histopathological assessment.
2.4. Assessment of kidney functions

The levels of Cr and BUN were determined in serum and urine
samples for assessment of acute kidney injury according to the
instructions of each kit manufacturer. Besides, KIM-1 was deter-
mined in kidney samples, while cystatin-C was estimated in both
serum and urine samples by ELISA kits. The glomerular filtration
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rate (GFR) was estimated according to the previously reported for-
mula: (Cr in urine � urine flow)/Cr in serum, where the urine flow
(ml/min) was calculated from urine volume of 24 hr/1440
(Abdelrahman 2018).

2.5. Estimation of the endocytic function of megalin receptor

On the 14th day, FITC-BSA (20 mg/kg) (Abd El-Lateef et al., 2019)
was injected intraperitoneally one hr after the last dose of GM. Kid-
neys were collected after 20 min and then preserved in 10% neutral
buffered formalin solution, processed, sectioned and stained with
alcian blue dye (Carleton 1980). Images of tissue sections were
taken using fluorescence microscope fitted with DS-Fi15-Meg
Color C digital camera and the blue fluorescence intensity was
evaluated using ImageJ software version 1.46.

In addition, the urinary excretion of the megalin ligands albu-
min and calcium was estimated as another indicator to the effect
of MLK on megalin endocytic function. The levels of albumin and
calcium in urine samples were measured according to kit manufac-
turer’s instructions.

2.6. Determination of megalin, ClC-5, p-AKT, cleaved caspase-3, Nrf2,
and HO-1 protein expressions by Western blotting

Kidney samples (50 mg) were homogenized in RIPA lysis buffer
with protease inhibitor cocktail (Biospes, China) at 4 �C for 30 min,
then the protein concentration of each sample was determined
using Biuret method (Wang et al., 1996).

The transcription factor Nrf2 was estimated in the nuclear frac-
tion that was extracted as follows: kidney tissue (100 mg) was
rinsed twice in PBS then re-suspended in 1 ml of the lysis buffer
containing DTT (0.1 M) and protease inhibitors. The tissue was
homogenized until more than 90% of the cells were broken and
the nuclei were visualized under the microscope. The disrupted
cells were centrifuged for 20 min at 10,000–11,000 � g. The resul-
tant supernatant is the cytoplasmic fraction. The nuclei pellets
were re-suspended in � 140 ml of extraction buffer (20 mM HEPES
pH 7.9, with 1.5 mM MgCl2, 0.42 M NaCl, 0.2 mM EDTA, 25% (v/v)
Glycerol) containing DTT and protease inhibitor. Finally, homoge-
nization for short period can be done to facilitate nuclear extrac-
tion followed by shaking gently for 30 min, centrifugation for
5 min at 10,000 – 12,000 � g, then separation and storage of the
supernatant at –20 �C.

After protein extraction, samples were loaded on 10–12% SDS-
polyacrylamide gel for electrophoresis then transferred to PVDF
membrane (Millipore, MERCK, Germany) using semidry transfer
method (Towbin et al., 1979). The membrane was blocked with
5% non-fat milk in TBST buffer for 1 h, then incubated at 4 �C over-
night with the primary antibody specific for the target protein.
That was followed by incubation with alkaline phosphatase-
conjugated anti-goat secondary antibody. Protein bands were
detected by BCIP/NBT colorimetric detection kit (Biospes, China)
and quantified using densitometric analysis software (ImageJ,
USA), with relative quantification to beta actin.

2.7. Histological investigation

The kidney samples were fixed in 10% formol-saline solution for
24 hr then dehydrated using serial dilutions of alcohol. Afterwards,
specimens were embedded in paraffin wax in hot air oven for 24 h
at 56 �C. Paraffin blocks (5 lm) were transversely sectioned using
sledge microtome. Each section was stained with Hematoxylin and
Eosin (H&E) as illustrated previously (Bancroft and Gamble 2008),
followed by scoring of the lesions as previously demonstrated (Abd
El-Lateef et al., 2019).
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2.8. Antibacterial activity assay

The agar disc diffusion method was utilized to test the effect of
MLK on the antibacterial activity of GM. Briefly, Escherichia coliwas
cultured in Mueller-Hinton broth and adjusted to a concentration
equivalent to 0.5 McFarland Standard onto Mueller-Hinton agar
plates. The 1st well was filled with GM (10 mg), the 2nd with
MLK (10 mg), and the 3rd with mixture of MLK (10 mg) and GM
(10 mg). The plate was incubated overnight at 37 �C followed by
examination of the bacterial growth and zone of inhibition.

2.9. Statistical analysis

All the results were expressed as means ± standard deviation
(SD). All statistical analyses were performed by one-way analysis
of variance (ANOVA) followed by Tukey’s post-hoc test using Graph
Pad Prism 8, (GraphPad Software Inc., USA). Dunnett’s post-hoc
test was used in the preliminary study to compare different doses
of GM to the control group. The results were deemed statistically
significant at p < 0.05.

3. Results

3.1. Effect of MLK on endocytosis pathway

3.1.1. Effect of MLK on ClC-5 and megalin protein expressions
Gentamicin group showed a significant increase in the protein

expressions of ClC-5 and megalin by 77.61% and 363%, respectively
compared to the control group. Concurrent treatment with MLK
significantly decreased these protein expressions by 43.13% and
62.15%, respectively compared to GM group (Fig. 1).

3.1.2. Effect of MLK on the endocytic function of megalin receptor
To prove the effect of MLK on the endocytic function of megalin

receptor in the proximal tubular epithelial cells, we analyzed the
fluorescence of FITC-BSA where its uptake is mediated through
megalin receptor. We detected a statistically significant increase
in the fluorescence intensity in GM group by 79.91% compared to
the control group. Co-treatment with MLK reduced the fluores-
cence intensity of FITC-BSA by 44.72% as compared to GM-
treated group (Fig. 2).

3.1.3. Effect of MLK on urinary excretion of some megalin ligands
We assessed the effect of treatment with GM alone and concur-

rently with MLK on the urinary excretion of some megalin ligands
(albumin and calcium). We found that GM significantly increased
albumin and calcium levels by 3.31- and 1.60-fold, while co-
treatment with MLK showed significantly decreased albumin level
by 56.85% and a slight non-significant decrease in calcium level
when compared to GM-treated group (Fig. 3).

3.2. Effect of MLK on GM-induced apoptosis.

Gentamicin administration induced apoptosis which was evi-
dent by increased expression of cleaved caspase-3 by 8.81-fold
and decreased expression of the antiapoptotic p-AKT1 by 81.31%
when compared to the control group. Our results elucidated the
antiapoptotic effect of MLK through a significantly reduced cleaved
caspase-3 expression by 81.26% and increased p-AKT1 expression
by 2.41-fold as compared to GM-treated group (Fig. 4).

3.3. Effect of MLK on antioxidant defense in GM-treated rats.

Results of the current study revealed that GM administration
reduced renal antioxidant defense, as evidenced by downregula-



Fig. 1. Effect of MLK on GM endocytic proteins. (A) Western blots for ClC-5 and megalin. (B, C) Graphical presentations for the changes in protein expression of ClC-5 and
megalin, respectively. The protein expressions of ClC-5 and megalin were increased in GM-treated rats. Concurrent treatment with MLK significantly reduced their
expressions. Dots represent individual values, while bars represent mean ± SD (n = 3). Comparisons were made using one-way ANOVA followed by Tukey’s post-hoc test. a

Significantly different from control group at p < 0.05, b Significantly different from GM group at p < 0.05.

Fig. 2. Effect of MLK on megalin endocytic function in GM-treated rats. (A) Representative images demonstrating FITC-BSA uptake in renal cells with increased blue
fluorescence intensity in GM-treated group, while the fluorescence intensity was reduced in GM + MLK group. (B) Graphical presentation of the changes in blue fluorescence
intensity in different groups. Dots represent individual values, while bars represent mean ± SD (n = 3). Comparisons were made using one-way ANOVA followed by Tukey’s
post-hoc test. a Significantly different from control group at p < 0.05, b Significantly different from GM group at p < 0.05.
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Fig. 3. Effect of MLK on urinary excretion of some megalin ligands in GM-treated rats. (A) Albumin, and (B) Calcium. The levels of albumin and calcium were significantly
increased in urine samples of GM-treated rats. Concurrent treatment with MLK significantly ameliorated albumin levels, while those of calcium were still elevated. Dots
represent individual values, while bars represent mean ± SD (n = 5). Comparisons were made using one-way ANOVA followed by Tukey’s post-hoc test. a Significantly different
from control group at p < 0.05, b Significantly different from GM group at p < 0.05.

Fig. 4. Effect of MLK on the apoptotic pathway p-AKT1/cleaved caspase-3 in GM-treated rats. (A) Western blots for p-AKT1 and cleaved caspase-3. (B, C) Graphical
presentations for the changes in protein expression of p-AKT1 and cleaved caspase-3, respectively. Administration of MLK with GM significantly attenuated the apoptotic
effect of GM through enhancing p-AKT1 protein expression, while reducing that of cleaved caspase-3. Dots represent individual values, while bars represent mean ± SD
(n = 3–4). Comparisons were made using one-way ANOVA followed by Tukey’s post-hoc test. a Significantly different from control group at p < 0.05, b Significantly different
from GM group at p < 0.05.
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tion of the nuclear fraction of the transcription factor Nrf2 and the
antioxidant enzyme HO-1 expressions by about 53.10% and 53.52%,
respectively when compared to the control group. MLK administra-
tion to GM-treated rats enhanced the antioxidant defense in kid-
ney tissue through increased expressions of nuclear Nrf2 and
HO-1 by 1.29- and 0.83-fold, respectively as compared to GM
group (Fig. 5).
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3.4. Effect on kidney function biomarkers

3.4.1. Effect of single and divided dosing of two different doses of GM
on Cr and BUN

Regarding Cr level, there was no significant difference between
control group, GM (100 mg/kg) single-dose group, GM (120 mg/kg)
single-dose group, and GM (100 mg/kg) divided-dose group. How-



Fig. 5. Effect of MLK on the antioxidant pathway Nrf2/HO-1 in GM-treated rats. (A) Western blots for nuclear Nrf2 and HO-1. (B, C) Graphical presentations for the changes in
protein expression of nuclear Nrf2 and HO-1, respectively. Administration of GM 120 mg/kg/day for 7 days significantly reduced the expression of the transcription factor
Nrf2 and consequently the antioxidant enzyme HO-1, while co-treatment with MLK restored these protein expressions to the normal level. Dots represent individual values,
while bars represent mean ± SD (n = 3). Comparisons were made using one-way ANOVA followed by Tukey’s post-hoc test. a Significantly different from control group at
p < 0.05, b Significantly different from GM group at p < 0.05.

Table 2
Effect of MLK on traditional kidney function biomarkers in GM-treated rats.

Groups Cr (mg/dl) BUN (mg/dl) GFR (ml/min)

Control 0.50 ± 0.04 34.82 ± 2.01 0.45 ± 0.09
MLK 0.46 ± 0.03 34.66 ± 2.07 0.44 ± 0.10
GM 3.10 ± 0.34a 128.00 ± 1.23a 0.05 ± 0.01a

GM + MLK 0.83 ± 0.12a,b 71.74 ± 16.34a,b 0.30 ± 0.04a,b

Serum Cr and BUN levels were significantly increased, while GFR was decreased in
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ever, a significant increase in Cr level was shown between control
and GM (120 mg/kg) divided-dose group by 4.54-fold.

Meanwhile, BUN levels for GM (100 mg/kg) single-dose group,
GM (120 mg/kg) single-dose group, and GM (100 mg/kg)
divided-dose group were significantly increased by 1.23–, 1.64-,
and 1.20-fold, respectively. GM (120 mg/kg) divided dosing signif-
icantly increased BUN by 2.68-fold when compared to control
group (Table 1).
GM group. Concurrent treatment with MLK significantly reduced Cr and BUN levels,
in addition to improved GFR compared to GM group. Data are expressed as
mean ± SD (n = 6). Comparisons were made using one-way ANOVA followed by
Tukey’s post-hoc test. a Significantly different from control group at p < 0.05, b

Significantly different from GM group at p < 0.05.
3.4.2. Effect of MLK on traditional kidney function biomarkers in GM-
treated rats

In addition to significantly increasing Cr and BUN levels, divided
dosing of GM 120 mg/kg/day for 7 days produced a significant
decrease in GFR by 88.89%, when compared to control group
(Table 2).

Treatment with MLK concurrently with GM resulted in a reduc-
tion in Cr, BUN by 73.23%, 43.95%, along with increased GFR by 5-
fold compared to GM-treated group (Table 2).
3.4.3. Effect of MLK treatment on sensitive kidney function biomarkers
Divided dosing of GM 120 mg/kg/day for 7 days produced a sig-

nificant increase in KIM-1, serum cystatin-C, and urine cystatin-C
by 5.01-, 1.86-, and 8.09-fold, respectively compared to control
rats. Co-treatment with MLK resulted in reduction of KIM-1, serum
Table 1
Changes in Cr and BUN after single and divided dosing per day of GM for 1 week.

Groups Cr BUN

Control 0.56 ± 0.08 34.82 ± 2.01
GM (100 mg/kg) single-dose 0.53 ± 0.02 77.71 ± 17.80a

GM (100 mg/kg) divided-dose 0.71 ± 0.24 76.53 ± 19.08a

GM (120 mg/kg) single-dose 0.65 ± 0.04 92.05 ± 13.90a

GM (120 mg/kg) divided-dose 3.10 ± 0.34a 128.00 ± 1.23a

Divided dosing of GM (120 mg/kg) significantly elevated both serum Cr and BUN
levels compared to control, while other dosing systems significantly elevated BUN
levels only. Data are expressed as mean ± SD (n = 6). Comparisons were made using
one-way ANOVA followed by Dunnett’s post-hoc test. a Significantly different from
control group at p < 0.05.
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cystatin-C, and urine cystatin-C by 37%, 53.22%, and 56.91%,
respectively compared to GM group (Fig. 6).
3.5. Effect of MLK on histopathological changes

Photomicrographs of kidney sections from control and MLK
groups showed normal renal architecture (capsule, glomeruli and
Bowman’s space, proximal tubules with brush borders, renal
medulla and collecting tubules with epithelial lining and intersti-
tium) (Fig. 7A & B). Kidneys from rats administered single-dose
of GM (100 and 120 mg/kg/day) showed normal glomeruli and
Bowman’s spaces, scattered necrotic proximal tubules with intra-
tubular hyaline casts (Fig. 7 C & D). However, in divided-dose
GM (120 mg/kg/day) group, the kidney showed irregular renal cap-
sule, distorted hypercellular glomeruli with obliterated Bowman’s
spaces, marked tubular necrosis, proximal tubules with apoptotic
epithelial lining, and renal medulla showed collecting tubules with
intra-tubular hyaline casts. While sections fromMLK treated group
showed marked improvement in kidney architecture including,
renal capsule, glomeruli with Bowman’s spaces, mild tubular
necrosis, proximal tubules with mild apoptotic epithelial lining,
and renal medulla with epithelial lining of collecting tubules show-
ing few scattered intra-tubular hyaline casts (Fig. 7E & F). The scor-
ing of histopathological changes is presented in Table 3.



Fig. 6. Effect of MLK on sensitive and specific kidney function biomarkers in GM-treated rats. (A) KIM-1, (B) serum cystatin C, and (C) urine cystatin C levels. Tubular damage
was indicated by increased levels of those sensitive and specific kidney function biomarkers in GM-treated rats. Concurrent treatment with MLK significantly ameliorated
these elevations. Dots represent individual values, while bars represent mean ± SD (n = 6). Comparisons were made using one-way ANOVA followed by Tukey’s post-hoc test.
a Significantly different from control group at p < 0.05, b Significantly different from GM group at p < 0.05.
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3.6. Effect of MLK on the antibacterial activity of GM

Finally, we found that MLK did not inhibit the antibacterial
activity of GM using agar diffusion method. The well containing
10 mg MLK showed no growth-inhibition zone against Escherichia
coli (zero). The well containing GM + MLK revealed an adequate
inhibitory zone (34 mm) that was similar to the inhibitory zone
of GM in the absence of MLK (34 mm). These findings demonstrate
that MLK has no synergistic or inhibitory effect on the bacterio-
static action of GM (Fig. 8).

4. Discussion

In this study, we focused on the main pathophysiological mech-
anism responsible for GM nephrotoxicity. The uptake of GM
through endocytosis leads to its accumulation in lysosomes of
the proximal tubules resulting in lysosomal membrane rupture
and consequently tubular cell death (Quiros et al., 2011,
Randjelovic et al., 2017).

In the proximal tubular epithelial cells, megalin receptor is con-
sidered the gait for GM uptake and accumulation, where megalin
expression elevates in GM-treated rats (Dagil et al., 2013, Jado
et al., 2020). In accordance, our study elucidated an increase in
megalin and ClC-5 expressions in GM-treated group.

After participation in ligand endocytosis, megalin recycles to
the plasma membrane. Accumulated evidence has attributed
reduced megalin expression and impaired recycling to the defi-
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ciency or dysfunction of ClC-5 (Christensen et al., 2003, Novarino
et al., 2010, Hryciw et al., 2012). ClC-5 is a Cl-/H+ transporter pri-
marily expressed in the kidney to participate mainly in endosome
acidification which is essential for uptake and trafficking in the
proximal tubules. The acidification of endosomes facilitates disso-
ciation between megalin and its ligand followed by megalin recy-
cling to the brush border membrane (Hara-Chikuma et al., 2005,
Wellhauser et al., 2010).

Our results clearly demonstrated reduced megalin expression
upon 14 days administration of MLK to GM-treated rats. This effect
could be attributed to downregulation of ClC-5 expression. The
effect of MLK on renal ClC-5 is in accordance with the previously
reported effect of leukotriene receptor blockade on Cl- conductance
in hepatocytes, where different subtypes of ClC are expressed in
the liver (Meng et al., 1997, Li and Weinman 2002).

Interestingly, albumin uptake into renal proximal tubular cells
is mediated through megalin/cubilin complex (Ren et al., 2020),
and so its administration one hr after the last dose of GM may
reflect GM uptake into renal cells. FITC-BSA injected in GM-
treated group produced an increase in the fluorescence intensity
due to increased megalin expression as previously illustrated
(Bryniarski et al., 2018). These results give an indication to
increased GM concentration in the renal cortex compared to the
control group. Contrarily, the decrease in fluorescence intensity
of FITC-BSA in GM + MLK group could be attributed to downregu-
lation of megalin receptor. In parallel, de Barros Peruchetti et al.,
(2018) have reported that the decrease in megalin expression



Fig. 7. Effect of MLK on histopathological alterations in kidney sections stained with H&E (x400) from GM-treated rats. A & B) Control and MLK groups, respectively showing
normal glomeruli (G) with normal Bowman’s spaces (BS), normal proximal tubules (P) with preserved brush borders (black arrow), normal distal tubules (D), and normal
interstitium (yellow arrow), C) GM single-dose (100 mg/kg) group showing normal glomerulus (G) and Bowman’s space (BS), scattered proximal tubules (P) with edematous
(blue arrows) apoptotic epithelial lining (red arrows). D) GM single-dose (120 mg/kg) group showing normal glomerulus (G) and Bowman’s space (BS), scattered completely
necrotic proximal tubules (black arrow) and others with complete loss of brush borders (blue arrow), and intra-tubular hyaline casts (red arrows). E) GM divided-dose
(120 mg/kg) group showing atrophied glomerulus (G) with wide Bowman’s space (BS), marked tubular necrosis (black arrow), and scattered viable proximal tubules (p) with
apoptotic epithelial lining (blue arrow) and intra-tubular hyaline casts (yellow arrow). F) GM + MLK group showing normal glomeruli (G) with normal Bowman’s spaces (BS),
mild tubular necrosis (black arrow), and proximal tubules (P) with mild apoptotic epithelial lining (blue arrow).

Table 3
Histopathological scoring.

Groups Glomeruli Boman’s spaces Tubules Interstitium Medulla

lining Brush border lumen

Control 0 0 0 0 0 0 0
MLK 0 0 0 0 0 0 0
GM ++ + ++ ++ ++ ++ ++
GM + MLK 0 0 + + 0 0 0

Glomeruli: 0: Normal +: Edematous/congested ++: Small-sized/atrophied
Bowman’s spaces (BS): 0: Normal +: Widened/dilated ++: Narrow/obliterated
Tubules:
j Lining: 0: Normal +: Mild apoptosis ++: Moderate/marked necrosis
j Brush border: 0: Preserved +: Partial loss ++: Complete loss
j Lumen: 0: Free +: Intra-tubular debris ++: Intra-tubular casts
Interstitium: 0: Normal +: Mild inflammatory infiltrate ++: Moderate/marked inflammatory infiltrate
Medulla: 0: Normal +: Few hyaline casts ++: Intra-tubular hyaline casts
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induced by high glucose leads to decreased albumin endocytosis.
Therefore, decreased albumin endocytosis in GM + MLK group
could reflect reduced megalin expression and consequently GM
endocytosis into renal cells.

Furthermore, urine analysis revealed an increase in urinary
excretion of calcium, which is a megalin ligand (Christensen and
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Nielsen 2006), in GM group in spite of the overexpression of mega-
lin receptor. That could be attributed to the interference of GM
with cations for the uptake by megalin/cubilin complex in renal
tubular cells, and thus urinary calcium excretion increases
(Randjelovic et al., 2017). Regarding urinary calcium level in
GM + MLK group, our results demonstrated slight non-significant



Fig. 8. Effect of MLK on the antimicrobial activity of GM by Agar diffusion method.
Drugs were placed on Mueller-Hinton agar plates that had been incubated with
Escherichia coli. The contents of the numbered wells were as follows: 1: GM (10 mg),
2: MLK (10 mg), and 3: GM (10 mg) + MLK (10 mg). Well 3 showed the same
inhibitory zone as well 1, and well 2 showed no inhibitory zone, demonstrating that
MLK has no synergistic or inhibitory effect on the bacteriostatic action of GM.
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decrease in calcium level that may be due to impaired endocytosis
by MLK. The increased albuminuria that was observed in GM-
treated group could be attributed to glomerular injury induced
by GM that permits leakage of albumin in the glomerular filtrate
which passes to the urine when the proximal tubular reabsorptive
capacity is defective or saturated (Udupa and Prakash 2019, Aziz
et al., 2020). On the other hand, the protective effect of MLK against
GM-induced glomerular dysfunction may explain the significant
decrease in albuminuria in GM + MLK-treated group, in spite of
defective endocytosis.

After endocytosis, cytosolic GM released from lysosomes trig-
gers mitochondrial apoptotic pathway that leads to release of cyto-
chrome c in the cytosol, in addition to reduced ATP stores and
formation of reactive oxygen species (ROS) (Randjelovic et al.,
2017). Released cytochrome c facilitates the conversion of
caspase-3 into its active form (cleaved caspase-3) which cleaves
functional proteins to induce apoptosis of cells, so it is called apop-
tosis executioner (Quiros et al., 2011, Hsu et al., 2014). Besides, the
formed ROS activate caspase-3 by reducing mitochondrial mem-
brane potential leading to translocation of cytochrome c to the
cytosol (Cao et al., 2021). Apoptotic mitochondrial pathway is
under control of the antiapoptotic protein Bcl-2 (Opferman and
Kothari 2018). AKT signaling activates the antiapoptotic Bcl-2
and Bcl-xL, while retards the proapoptotic Bax and the executioner
cleaved caspase-3 (Bao et al., 2017, He et al., 2020). In parallel to
previous studies, our results revealed that the protein expression
of cleaved caspase-3 was significantly increased, while that of p-
AKT1 was decreased indicating the induction of apoptosis by GM
(Kandemir et al., 2015, Kaplan et al., 2017, Kucharava et al., 2019).

On the other hand, administration of MLK with GM displayed
antiapoptotic effect via enhanced p-AKT1 and reduced cleaved
caspase-3 expressions, which is in accordance with previous stud-
ies on MLK (Hashim et al., 2018, Zovko et al., 2018). Similarly, zafir-
lukast which is another leukotriene receptor blocker has been
reported to enhance the expression of p-AKT (Song et al., 2020).

The activation of AKT1 results in phosphorylation of both
Thr308 and Ser473, while the antibody used in our study is more
specific for estimation of p-AKT1 (Ser473). Several studies have
158
reported the antiapoptotic effect AKT and that its deficiency leads
to apoptosis (Chen et al., 2020, Qiu et al., 2020, Xu et al., 2021).
Upon AKT phosphorylation by PI3K, the activated AKT phosphory-
lates the Bcl-2 associated agonist of cell death (Bad) and inhibits its
proapoptotic effect. However, dephosphorylated Bad interacts with
Bcl-2 or Bcl-xL on mitochondrial membrane to antagonize their
antiapoptotic effects, resulting in cytochrome c release and eventu-
ally apoptosis by activation of caspases (Liu et al., 2020, Xu et al.,
2021). Therefore, the activation of AKT signaling guards against
apoptosis by preventing the deleterious effects of Bad.

The transcriptional factor Nrf2 plays a vital role in protection
against oxidative stress by nuclear translocation and enhancing
the transcription of antioxidant enzymes such as HO-1, thus reduc-
ing kidney injury (Shelton et al., 2013, Lu et al., 2019). Nrf2/HO-1
signaling is an important cellular protective mechanism against
increased ROS and subsequently apoptosis (Chen and Shaikh
2009, Wan et al., 2019, Zhu et al., 2019).

After GM treatment, nuclear Nrf2 and HO-1 protein expressions
were significantly decreased, that has also been elucidated previ-
ously (Subramanian et al., 2015). Meanwhile, treatment with
GM + MLK enhanced Nrf2 and HO-1 protein expressions which is
in accordance with previous studies (Jiang et al., 2017, Jung et al.,
2020). Furthermore, the effect of MLK on activation of Nrf2/HO-1
signaling could also be correlated to reduced megalin expression
according to the study of Reisman et al., (2012).

Concerning kidney functions, we observed from our preliminary
investigation that i.p. administration of 100 mg/kg and 120 mg/kg
GM once/day for 1 week have no effect on glomerular system. That
was elucidated through the histopathological investigation that
showed normal glomeruli, in addition to serum Cr level that didn’t
significantly change after GM administration. These results match
the findings of Sun et al. who have reported that GM nephrotoxic-
ity results in tubular necrosis (Sun et al., 2018), but glomerular tox-
icity occurs as a result of exposure to a large dose of GM
(Stojiljkovic et al., 2008, Randjelovic et al., 2017).

Although 100 mg/kg and 120 mg/kg GM are considered large
doses, no effect on glomerular system was observed. That may be
attributed to GM kinetics, where it has been previously demon-
strated that uptake of GM from the inner ear tissues and renal cor-
tex occurs rapidly resulting in early saturation. That was confirmed
by failure to detect stable concentration after single i.m. injection
of 10 or 100 mg/kg GM compared to 3 hr constant infusion of
15 lg/min (Huy et al., 1986). Similarly, Giuliano et al., (1986) have
attributed the nonlinear correlation between GM concentration in
renal cortex and the stable serum concentration after 6 hr contin-
uous infusion to uptake saturation. Consequently, it has been elu-
cidated that injection of GM at a single high dose reduces its
nephrotoxic effect compared to continuous infusion (Kim et al.,
2016). In parallel, we found that divided dosing of GM (120 mg/
kg) along 4 hr significantly induced deterioration in kidney
functions.

From results of our principle experiment, GM (120 mg/kg)
divided dosing led to full prone nephrotoxicity that was evident
by elevation of glomerular and tubular damage biomarkers, as well
as the histopathological alterations.

Creatinine and BUN, which are subjected to glomerular filtra-
tion, are considered traditional kidney function biomarkers.
Besides, Cr is used as an index for determination of GFR (Udupa
and Prakash 2019). Tubular damage is indicated by increased
KIM-1 which is a transmembrane glycoprotein of the proximal
renal tubules. Marked upregulation of KIM-1 occurs upon acute
and also chronic kidney injury, so its estimation can sensitively
detect proximal tubular damage (Luft 2021). Cystatin-C, which is
a cysteine protease inhibitor present in all cells, is subjected to
glomerular filtration and proximal tubular reabsorption/-
catabolism (Luft 2021). Therefore, serum and urinary cystatin-C



Fig. 9. Overview of the molecular protective mechanisms of MLK against GM
nephrotoxicity. Endocytosis of GM in proximal tubular epithelial cells is mediated
through megalin (M)/cubilin (C) complex. The endocytic function of megalin
receptor is regulated by ClC-5 through acidification of endosomes to facilitate
dissociation between megalin and its ligand, then megalin recycles to the brush
border membrane. MLK downregulates ClC-5 expression resulting in impaired
endocytic function, megalin recycling, and so its expression on the cell membrane.
Therefore, MLK could reduce GM uptake into renal cells and so reduce apoptosis
and improve kidney functions.
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levels can be used to evaluate glomerular filtration and renal tubu-
lar damage. Interestingly, it has been reported that KIM-1 and
cystatin-C are more sensitive and accurate compared to traditional
biomarkers for early detection of GM nephrotoxicity (Udupa and
Prakash 2019).

Our results demonstrated that co-treatment with MLK reduced
KIM-1, serum and urinary cystatin-C levels in GM-treated rats. Par-
allel to our results, a previous study has demonstrated that expo-
sure to low levels of fluoride could attenuate the nephrotoxicity
of GM by reducing megalin expression and also urinary KIM-1
and cystatin-C excretion (Cárdenas-González et al., 2016).

Unexpectedly, administration of MLK to normal animals did not
show significant elevation of urinary cystatin-C. It is worthy to
mention that urine level of cystatin-C is very low in normal condi-
tions (Helmersson-Karlqvist et al., 2016). Therefore, inhibition of
megalin-mediated uptake of cystatin-C by MLK may not produce
significant elevation of urinary cystatin-C level, particularly if
serum cystatin-C level is low. In GM + MLK group, the significant
reduction of serum and urinary cystatin-C levels could be attribu-
ted to improved renal glomerular and tubular functions. On the
other hand, Jensen et al., (2017) have demonstrated that
cystatin-C binds with high affinity to megalin/cubilin complex
and that defective cystatin-C uptake in megalin deficient mice
leads to elevated urinary cystatin-C excretion (Cárdenas-González
et al., 2016).

Previous reports have demonstrated the ability of MLK to nor-
malize levels of Cr, BUN, as well as GFR after exposure to nephro-
toxic agents (Gad et al., 2017, Köse et al., 2019). In agreement, our
results showed significant improvement of glomerular filtration
and reduction of tubular injury biomarkers in GM + MLK group,
that was also confirmed by the histopathological findings. That
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could be attributed to reduced GM uptake due to impaired megalin
endocytic function by MLK, and hence improved kidney functions.

5. Conclusion

Gentamicin nephrotoxicity could be attenuated byMLK through
interference with the expression/endocytic function of megalin
receptor, which is responsible for the uptake and accumulation
of GM in the proximal tubular cells. Reduced expression/endocytic
function of megalin by MLK could be attributed to downregulation
of ClC-5, which is one of the key regulators of megalin endocytic
function. That eventually reduces renal cell apoptosis and
improves kidney functions after GM administration without affect-
ing the antibacterial activity of GM (Fig. 9).

6. Future perspectives

The current study sheds light on a novel and promising nephro-
protective strategy against GM nephrotoxicity through downregu-
lation of ClC-5 and subsequent interference with megalin
expression/endocytic function by MLK. Such strategy may be
applied in the future against other nephrotoxic agents that depend
on megalin-mediated endocytosis in their uptake into renal cells.
Clinical trials are also required to prove such effects in human.
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