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Aminoglycosides are effective antibiotics, but their accumulation in kidney cortex
causes nephrotoxic effects in 20-30% of patients, which significantly limits their use.
For this reason, search for the new therapies aimed at prevention of gentamicin-induced
acute kidney injury (AKI) is highly relevant. Thus, the objective of our research was to
study the functional and histopathological changes in kidneys of rats with gentamicin-
induced AKI, and estimate the renoprotective potential of pineal hormone melatonin,
which possesses antioxidant, anti-inflammatory and immunomodulatory effects. The
study was conducted on 24 non-linear male rats. Gentamicin-induced AKI was modeled
by daily administration of 4% gentamicin sulphate (80 mg/kg) for 6 days. Melatonin
(Sigma Aldrich, USA) was injected daily at a dose of 5 mg/kg. Functional state of
kidneys was assessed by diuresis, creatinine clearance, urine protein excretion,
fractional excretion of sodium, and plasma potassium level. Documentation of the
pathological processes was performed by the computer morphometry of objects in
histological preparations. Statistical analysis of the data was performed using SPSS
17.0 software. Administration of gentamicin resulted in a significant impairment of renal
function of experimental animals. A decrease in creatinine clearance by 3.1 times
along with a reduction of diuresis by 1.9 times, and an increase in plasma creatinine
concentration by 2.6 times was observed. There also was an increase in urine protein
level by 5.2 times, an elevation of fractional sodium excretion and a reduction of
plasma potassium level. Use of melatonin caused a significant improvement of renal
function comparing to model pathology group. Functional disturbances were
accompanied with the significant histopathological changes in kidney tissue: necrosis
of the 27.0±5.2% epithelial cells of proximal tubules with the signs of hydropic
vacuolization (7.0±2.1%) or reversible hydropic swelling (76.0±1.5%) in the rest of
cells; swelling or deformation of some glomeruli. In the medulla tubular lumen were
dilated and partially filled with hyaline casts, tubular cells had signs of dystrophy. Use
of melatonin contributed to the restraint of the histopathological changes, confirmed by
the decrease of the prevalence and severity of tubular necrosis (1.2%), dystrophy
(64.0±2.3%), and injury of glomeruli. Obtained results verify the significant
nephroprotective effect of pineal hormone melatonin, providing a background for the
further in-depth study of its renal effects as well as its prospects as a nephroprotector.
Keywords: gentamicin-induced acute kidney injury, histopathological changes,
melatonin, nephroprotection.
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Introduction
Aminoglycoside antibiotic gentamicin is widely used

for the treatment and prophylaxis of Gram negative bacterial
infections, though development of nephrotoxicity in 20-
30% of patients significantly limits its use [2, 17, 20, 23].

Toxic influence of gentamicin on kidneys results from
its accumulation in kidney cortex, where its concentration
exceeds by more than 100-fold its serum level. Due to its
proximal tubular reabsorption gentamicin is accumulated

in lysosomes of cells, inhibiting phospholipase and
sphingomyelinase and leading to lysosomal
phospholipidosis, accumulation of myeloid particles and
cellular necrosis [2, 4]. It is also stated the interaction
between gentamicin and prostaglandins, leading to
decrease in glomerular filtration rate (GFR) [6]. It is verified
that local oxidative stress in tubular cells plays a central
role in pathogenesis of aminoglycosides toxicity [1, 4, 6,
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7]. Gentamicin increases production of reactive oxygen
species in mitochondria, which in turns inhibit respiratory
chain activity and ATP production, stimulate release of
cytochrome C and other proapoptotic factors, and disturb
cellular functions by direct damage to proteins, lipids and
nucleic acids, induce contraction of mesangial cells, cause
dysfunction of endoplasmic reticulum, take part in
development of inflammation. It results in disturbances of
transmembrane transport of sodium ions, resulting in swelling
and necrosis of cells [4, 17, 21]. Histological examination of
experimental animals kidneys and biopsy of human kidneys
reveals the swelling of proximal tubular cells, loss of brush
border and tubular irregularity, as well as changes in
intracellular organelles after one week of gentamicin use at
therapeutic doses [3, 21].

Numerous experimental data verify an ability of antioxidants
to limit a degree of kidney injury by aminoglycoside antibiotics
due to minimization of direct toxic influence of gentamicin,
prevention of vasoconstriction and contraction of mesangial
cells, as well as anti-inflammatory effect [1, 2, 4, 7-12, 18,
20]. In this regard we focused our attention on melatonin as
a possible remedy of pathogenetic correction of gentamicin-
induced acute kidney injury (AKI) due to its antioxidant, anti-
inflammatory and immunomodulatory effects [2, 6, 15, 25],
which is confirmed by some studies [14, 15, 24]. Thus, use of
pineal hormone may be considered as a potential therapeutic
method of toxic AKI prevention.

Therefore, the objective of our research was to study the
influence of melatonin on the histology and function of rats
with gentamicin-induced AKI with estimation of its
renoprotective potential.

Materials and methods
The study was conducted on 24 non-linear male rats

weighting 130-180 g, maintained in the vivarium conditions
with constant temperature and humidity, free access to water
and food. Animals were randomly divided into 3 groups
(n=8): I group - intact control, II group - gentamicin-induced
nephropathy, modeled by daily intramuscular administration
of 4% gentamicin sulphate (Galychpharm JSC, Ukraine) at a
dose of 80 mg/kg for 6 days [22]. Melatonin (Sigma Aldrich,
USA) was injected intraperitoneally at a dose of 5 mg/kg 40
min after every gentamicin injection [15]. Animals were
sacrificed 24 h after last injection, while blood, urine samples
and kidneys were collected for biochemical and
histopathological assessments. All interventions were
conducted in accordance with the criteria outlined in the
European Union Directive 2010/63/EU "On the protection
of animals used for scientific purposes" (2010).

Functional state of kidneys was assessed by diuresis,
creatinine clearance, urine protein excretion, fractional
excretion of sodium, and plasma potassium level [22].
Plasma and urine creatinine levels were determined using
the Jaffe reaction; sodium and potassium levels - using
electronic flame photometry method; urine protein content
- using the sulfosalicylic acid precipitation test.

The kidneys of rats were fixed in 10% formalin, embedded
in paraffin, sectioned at 5 mM and then stained with
hematoxylin and eosin. The preparations were evaluated using
light microscopy and photographed (Olympus C740UZ photo
camera, Japan, LUMAM-R8 microscope, LOMO, Russian
Federation). Documentation of the pathological processes was
performed by the computer morphometry of objects in
histological preparations using computer software "VideoTest
- Razmer 5.0" (LLC "VideoTest", Russian Federation).

Statistical analysis of the data was performed using SPSS
17.0 software. All data are represented as a mean ± standard
error of the mean (M±). Estimation of the differences
between the samples was conducted using parametric
Student's t-test and nonparametric Mann-Whitney U test. The
values p<0.05 were considered statistically significant.

Results
Administration of gentamicin consecutively for 6 days

resulted in a significant impairment of renal morphofunctional
state of experimental animals (Tab. 1). A decrease in creatinine
clearance by 3.1 times along with a reduction of diuresis by
1.9 times, and an increase in plasma creatinine concentration
by 2.6 times was observed. There also was an increase in
urine protein level by 5.2 times, an elevation of fractional
sodium excretion and a reduction of plasma potassium level.
Use of melatonin caused a significant improvement of renal
function comparing to model pathology group.

Histopathological examination of rats with gentamicin
nephropathy in comparison with intact control group (Fig. 1)
revealed a significant impairment of kidney tissue structure,
caused by toxic influence of gentamicin (Fig. 2). In the
absence of cells without pathological changes, there is a
necrosis 27.0±5.2% of cortical tubular epithelial cells with
deformation, swelling and atrophy of some glomeruli (Fig.
2А). In the renal cortex 7.0±2.1% of epithelial cells exhibit
signs of hydropic vacuolization, the remaining epitheliocytes
(76.0±1.5%) are in a state of reversible hydropic swelling.
In the renal medulla (Fig. 2B) and papilla (Fig. 2C) tubular

Fig. 1. Photomicrograph of kidney cortex section of intact rat
(control). Staining with Haematoxylin and Eosin. (H&E). x100.
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cells degeneration, lumen dilation and deposition of hyaline
casts are observed.

Melatonin co-administration ameliorated histopathological
changes in kidneys. In the renal cortex areas of tubular
epithelial necrosis are localized to 1.2%, reversible hydropic

swelling is extended to 64.0±2.3% of proximal tubular
epitheliocytes, with 4.0±1.6% of cells in a state of hydropic
vacuolization, about 30.0% of the cells - without any signs of
damage. Glomeruli of a normal structure and size, some
with dilation of Bowman's space (Fig. 3A). Hyaline casts are

Fig. 2. Photomicrograph of kidney section (A - cortex, B -
medulla, C - papilla) of rat with gentamicin nephropathy, 7th
day. Epithelial necrosis (1), epithelial degeneration (2), hyaline
casts (3), dilation of Bowman's space (4). H&E. x100.
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Fig. 3. Photomicrograph of kidney section (A - cortex, B - medulla,
C - papilla) of rat with gentamicin nephropathy and use of
melatonin, 5 mg/kg. Epithelial necrosis (1), epithelial degeneration
(2), hyaline casts (3), hemorrage (4). H&E. x100.
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present in small amounts in the renal cortex, medulla and
papilla, there are also isolated hemorrhages (Fig. 3B, 3C).

Discussion
Gentamicin-induced nephrotoxicity at the beginning of

the development of the pathological process is characterized
by the development of oliguric form of renal failure,
accompanied by retention azotemia, proteinuria, increased
loss of sodium and potassium ions with urine, resulting in
hypokalemia (Table 1), which reflects the significant damage
and death of proximal tubular cells along with injury of
glomeruli, and corresponds to the results of similar
experimental studies of other authors [1, 4, 8-12, 17, 18].
According to the obtained results of the morphological
examination, histopathological changes, namely the necrosis
and degeneration of the proximal tubular epithelial cells in
the form of vacuolization and hydropic dystrophy, and
glomerular damage (Figure 2) were revealed for gentamicin
nephropathy [3, 8-12, 14]. It is known that the most important
mechanism of gentamicin nephrotoxicity is the
hyperproduction of reactive oxygen species, causing damage
to proteins, DNA and peroxidation of lipids, with an alteration
of the integrity of cellular membranes and development of
morphofunctional disorders [1, 17]. This fact conditions
numerous research on the effectiveness of prevention of
the gentamicin nephropathy, using known and new
antioxidants [1, 2, 4, 8-12, 20].

Literature data point to the nephroprotective activity of
melatonin in AKI due to kidney ischemia-reperfusion [13],
burn disease [5], some toxic models [14, 15, 19]. Probably,
the protective effect of melatonin is due to its potent
antioxidant and anti-inflammatory properties, as well as the
ability to suppress apoptosis [6, 16].

According to the results of our study, the use of melatonin
at a dose of 5 mg/kg in the prophylactic treatment regimen
(administration 40 min after each injection of gentamicin) does
not completely prevent kidney damage by gentamicin, but
leads to an improvement in renal function, which is confirmed
by a significant increase in diuresis, creatinine clearance,
concentration of potassium ions in plasma, along with a
decrease in proteinuria and fractional excretion of sodium
ions compared to non-treated animals (Table 1). At that, the
maintenance of glomerular filtration may be explained by the
direct antioxidant activity of the drug, since reactive oxygen
species and nitrogen oxides directly lead to a decrease in
GFR [16]. The established renal effects of melatonin in toxic
kidney damage correspond to the criteria of nephroprotective
action under the conditions of AKI development [2, 8-12].

The protective effect of melatonin has been realized in

the limitation the severity and prevalence of histopathological
changes in the kidneys, indicating the cytoprotective activity
of this hormone in relation to nephrons, the ability of the
drug to ameliorate the toxic effects of gentamicin and prevent
the development of renal failure.

The obtained results substantiate the further in-depth study
of the renal effects of melatonin on various experimental
models of acute kidney injury, including those considering
the chronobiological peculiarities of the hormone action,
and the prospects of its use as a nephroprotector in acute
kidney injury of different genesis.

Conclusions
1. A 6-day consecutive administration of gentamicin at a

dose of 5 mg/kg leads to an alteration of the
morphofunctional state of rats kidneys, which is manifested
by the development of oliguric form of renal failure.

2. Structural organization of the renal tissue in gentamicin-
induced acute kidney injury is characterized by the
occurrence of histopathological changes in both the
glomerular and tubular apparatus of the nephron: necrosis
of 27% of the epithelial proximal tubular cells and
degenerative changes of various degrees of the remaining
cells are observed.

3. According to research results, the protective effect of
melatonin at a dose of 5 mg/kg is verified, which is
manifested by restriction of nephrons damage and
normalization of the structural organization of kidney tissue,
as well as the preservation of renal function under the
conditions of gentamicin-induced injury development.

Index Intact control AKI AKI+Melatonin

Diuresis, ml/2
hx100 g

4.649±0.193 2.464±0.187## 3.635±0.101**

Plasma
creatinine, mol/l

59.67±3.92 155.1±5.00## 106.4±5.60**

Creatinine
clearence,

ml/min
54.79±7.85 17.54±1.94## 30.29±2.44**

Urine protein, g/l 0.018±0.002 0.093±0.007## 0.058±0.005**

Fractional sodium
excretion, %

0.673±0.069 3.426±0.716## 1.781±0.198**

Plasma
potassium ,

mol/l
5.393±0.266 4.357±0.261## 5.036±0.127*

Table 1. Influence of melatonin on the state of kidney excretory
function in conditions of gentamicin-induced acute kidney injury
(М±, n=7).

Note: ## - statistical significance comparing to: intact control;
(р<0.01); AKI group * - (р<0.05), ** - (р<0.01).
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та імуномодулюючими ефектами. Дослідження проводили на 24 нелінійних самцях щурів. Гентаміцин-індуковане ГПН
моделювали щоденним введенням 4% гентаміцину сульфату (80 мг/кг) протягом 6 днів. Мелатонін (Sigma Aldrich, США)
вводили щодня у дозі 5 мг/кг. Функціональний стан нирок оцінювали за показниками діурезу, кліренсу креатиніну, екскреції
білка з сечею, фракційної екскреції іонів натрію та концентрації іонів калію в плазмі крові. Документацію патологічних процесів
здійснювали за допомогою комп'ютерної морфометрії об'єктів у гістологічних препаратах. Введення гентаміцину призвело
до значного погіршення функції нирок у дослідних тварин. Виявлено зниження кліренсу креатиніну в 3,1 рази, зменшення
діурезу в 1,9 рази, збільшення концентрації креатиніну в плазмі в 2,6 рази. Також спостерігалося збільшення вмісту білка у
сечі в 5,2 рази, підвищення фракційної екскреції іонів натрію та зниження концентрації іонів калію в плазмі. Показано, що
використання мелатоніну викликало значне покращення ниркової функції порівняно з групою модельної патології. Виявлено,
що функціональні розлади супроводжувалися значними гістопатологічними змінами в тканинах нирок: некроз епітеліальних
клітин проксимального каналу сягав 27.0±5,2%, у решти клітин виявлено ознаки гідропічної вакуолізації (7.0±2,1%) або
оборотного гідропічного набряку (76.0±1,5%), відзначався набряк або деформація деяких клубочків. У мозковій речовині
просвіти канальців розширені і частково заповнені гіаліновими циліндрами, канальцеві клітини з ознаками дистрофії. Показано,
що використання мелатоніну сприяло обмеженню гістопатологічних змін, що підтверджується зменшенням поширеності та
виразності канальцевого некрозу (1,2%), дистрофії (64.0±2,3%) та пошкодження клубочків. Отримані результати достовірно
підтверджують нефропротекторний ефект пінеального гормону мелатоніну, що є підґрунтям для подальшого поглибленого
вивчення його реальних ефектів, а також перспектив його застосування як нефропротектора.
Ключові слова: гентаміцинова нефропатія, мелатонін, гістопатологічні зміни, нефропротекція.

МОРФОФУНКЦИОНАЛЬНЫЕ ИЗМЕНЕНИЯ ПОЧЕК КРЫС ПРИ ПРИМЕНЕНИИ МЕЛАТ ОНИНА НА ФОНЕ
РАЗВИТ ИЯ ГЕНТАМИЦИН-ИНДУЦИРОВАННОГО ОСТРОГО ПОВРЕЖДЕНИЯ ПОЧЕК
Дудка Е.А., Заморский И.И., Петрюк А.Е., Щудрова Т .С.
Аминогликозиды являются эффективными антибиотиками, но их накопление в корковом веществе почек вызывает
нефротоксические эффекты у 20-30% пациентов, что значительно ограничивает их использование. По этой причине
актуальным является поиск новых профилактических средств, способных предотвращать гентамицин-индуцированное
острое повреждение почек (ОПП). Таким образом, целью нашего исследования было изучение функциональных и
гистопатологических изменений в почках крыс при гентамицин-индуцированном ОПП с оценкой нефропротекторного
потенциала пинеального гормона мелатонина, обладающего антиоксидантными, противовоспалительными и
иммуномодулирующими свойствами. Исследование проводили на 24 нелинейных крысах-самцах. Гентамицин-
индуцированное ОПП моделировали ежедневным введением 4% гентамицина сульфата (80 мг/кг) в течение 6 дней.
Мелатонин (Sigma Aldrich, США) вводили ежедневно в дозе 5 мг/кг. Функциональное состояние почек оценивали по
показателям диуреза, клиренса креатинина, экскреции белка с мочой, фракционной экскреции ионов натрия и концентрации
ионов калия в плазме крови. Документацию патологических процессов проводили путем компьютерной морфометрии
объектов в гистологических препаратах. Введение гентамицина привело к значительному ухудшению функции почек у
подопытных животных. Выявлено снижение клиренса креатинина в 3,1 раза, уменьшение диуреза в 1,9 раза, увеличение
концентрации креатинина в плазме в 2,6 раза. Также наблюдалось увеличение содержания белка в моче в 5,2 раза,
повышение фракционной экскреции натрия и снижение концентрации ионов калия в плазме. Показано, что использование
мелатонина вызвало значительное улучшение почечной функции по сравнению с группой модельной патологии. Выявлено,
что функциональные нарушения сопровождались значительными гистопатологическими изменениями в ткани почек: некроз
эпителиальных клеток проксимальных канальцев достигал 27.0±5,2%, в других клетках выявлены признаки гидропической
вакуолизации (7.0±2,1%) либо обратимого гидропического набухания (76.0±1,5%), отмечался отек либо деформация
некоторых клубочков. В мозговом веществе просветы канальцев расширены и частично заполнены гиалиновыми
цилиндрами, канальцевые клетки с признаками дистрофии. Показано, что использование мелатонина способствовало
ограничению гистопатологических изменений, что подтверждается снижением распространенности и выраженности
канальцевого некроза (1,2%), дистрофии (64.0±2,3%) и повреждения клубочков. Полученные результаты достоверно
подтверждают нефропротекторное действие пинеального гормона мелатонина, обосновывая его дальнейшее углубленное
изучение реальных эффектов, а также перспективы использования как нефропротектора.
Ключевые слова: гентамицин-индуцированная нефропатия, мелатонин, гистопатологические изменения, нефропротекция.
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