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INTRODUCTION

Acetaminophen (APAP, N-acetyl-p-aminophenol, 
paracetamol) is the most commonly used antipyretic and 
analgesic. Its self-administration increased significantly 
during the COVID-19 pandemic [1,2]. APAP is generally 
considered free of adverse effects when used per the rec-
ommended therapeutic doses. However, acetaminophen 
overdose is among the most frequent causes of intentional 
and unintentional drug poisoning worldwide.

Under normal conditions, the primary routes of APAP 
metabolism within the hepatic milieu encompass gluc-
uronidation and sulfation reactions. The ensuing formation 
of water-soluble metabolites is subsequently subjected to 
renal excretion. In instances of APAP overdose, a discernible 
depletion of glutathione is evident, concomitant with the 
accrual of noxious metabolites. This occurrence precipitates 
metabolic perturbations, instigates the induction of apop-
tosis or necrosis, and results in compromised organ func-
tionality [3]. An acute acetaminophen overdose may cause 
a potentially lethal acute kidney injury [4]. The majority of 
the evidence for APAP-induced kidney injury came from 
clinical trials and case reports. As of today, the mechanism(s) 
of APAP-induced kidney damage remains incompletely 
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elucidated. One under consideration involves the formation 
of N-acetyl-p-benzoquinonimine (NAPQI) or p-aminophe-
nol with the involvement of CYP or COX enzymes. The 
generated conjugates of glutathione or cysteine and NAPQI 
deplete the glutathione pool in the kidneys. Consequently, 
acetaminophen metabolites exhibit an enhanced propensity 
to bind to renal cell proteins, intensifying nephrotoxicity 
[5]. It has been demonstrated that acute kidney injury due 
to APAP overdose may occur even in the absence of liver 
damage symptoms [6].

Not all patients exposed to toxic doses of APAP develop 
kidney injury. That is, the manifestation of drug-induced 
nephrotoxicity may depend on a person’s metabolic status, 
age, nutrient supply and the presence of concomitant 
diseases enhancing the nephrotoxic potential of the drug 
[7]. Numerous interrelated factors contribute to acetamin-
ophen-induced nephrotoxicity, including inflammation  
and generation of reactive oxygen species (ROS) [8]. 
Although the exact way in which APAP leads to kidney 
injury is not entirely researched, it is known the generation 
of ROS and oxidative stress induced by NAPQI lead to 
kidney damage caused by acetaminophen. At the same time, 
the relationship between the organism’s protein supply and 
APAP toxicity remains unstudied.
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Therefore, we investigated the indicators of kidney 
function and the markers of ROS-mediated damage to lipids 
and proteins of mitochondria in animals with APAP-induced 
intoxication under different dietary protein supplies.

MATERIALS AND METHODS 

Experimental animals and protocols 
The study used 11-12 week old white nonlinear rats 

(n=36) weighing 130-140 g. During the experiment, the 
test subjects were housed in cages with unrestricted access 
to water and were housed at a controlled temperature of 
20°C ± 1°C with a 12-hour light-dark cycle under constant 
humidity of 60% to 70%. All experiments were carried out 
according to the National Institute of Health Guidelines for 
the care and use of laboratory animals and the European 
Council Directive on 24 November 1986 for Care and Use 
of Laboratory Animals (86/609/EEC) and approved by the 
bioethics commission of the Educational and Scientific Insti-
tute of the Biology, Chemistry and Biological Resources of 
Yuriy Fedkovych Chernivtsi National University (protocol 
No 2 of 24.12.2021).

The rats were divided into four groups of 9 animals as 
follows: C – control; LP – animals receiving a low-protein 
diet for four weeks; TD – animals with АРАР-induced toxic 
damage; LP/TD – animals with low-protein diet/АРАР-
induced toxic damage.

The animals of groups C and TD received a standard 
ration containing 14% protein (casein), 10% fat and 76% 
carbohydrates, balanced by all the essential nutrients. The 
animals of the groups LP and LP/TD received an isoen-
ergetic ratio containing 4.7% protein, 10% fat and 85.3% 
carbohydrates.

The control ration (C) was the AIN-93 diet [9]. All ingre-
dients are presented in Table 1.
Table 1. Ingredient composition of the diets (g/kg diet)

Ingredient
Diet

C; TD LP; LP/TD

Cornstarch, g/kg 620.7 714.1

Casein, g/kg 140 46.6

Sugar, g/kg 100 100

Fiber (cellulose 
microfiber), g/kg 50 50

Mineral mix, g/kg1 35 35

Vitamin Mix, g/kg1 10 10

L-Cystine, g/kg 1.8 1.8

Choline bitartrate, g/kg 2.5 2.5

Soy Oil, g/kg 40 40

С – control; LP – animals receiving low-protein ration; TD – toxic damage; 
LP/TD – animals receiving low-protein and toxic damage
1 Mineral and Vitamin Mix – Based on the AIN-93G vitamin and mineral mixes

The APAP-induced injury was modeled by per os admin-
istration of 2% starch suspension of APAP in a daily dose of 
1250 mg/kg of the body weight for 2 days [10].

Histopathologic examination of renal tissues

The harvested kidneys were rinsed twice with cold PBS 
and subsequently placed in 10% formaldehyde for histo-
pathological examination. Paraffin blocks were prepared and  

5 µm thick sections were then counterstained with hema-
toxylin and eosin using standard procedure. All hematoxylin 
and eosin-stained kidney sections from different experimen-
tal groups were evaluated histologically.

Kidney function markers

Rats were fasted for 12 hours, and urine samples were 
collected to determine cystatin C, creatinine, GGT, and 
protein. The levels of cystatin C in the serum were deter-
mined by the cystatin C ELISA kit. Serum, urinary creati-
nine, protein concentrations and urinary GGT were analyzed 
using a clinical automatic analyzer and standardized colori-
metric method. The amount of urine excreted was assessed 
so as to obtain creatinine clearance (CrCl), which was deter-
mined according to the following formula: CrCl = UV/P, 
where U is the creatinine concentration in urine (in mg/dL), 
V is the volume of urine excretion by minute (in mL/min), 
and P is the serum creatinine concentration (in mg/dL) [11].

Preparation of mitochondria 
Kidneys were homogenized in an extraction buffer con-

taining 250 mM sucrose, 10 mM Tris·HCl and 1 mM EDTA 
(pH 7.4) at 4°C. A first centrifugation (Heraeus Biofuge, 
Germany) was performed at 600 g for 10 min at 4°C  
to sediment cellular debris [11]. The supernatant was then 
recovered and centrifuged at 10000 g for 10 min to sediment 
the mitochondria. Afterwards, the pellet was resuspended 
and was centrifuged at 10 000 g for 10 min at 4°C. The pellet 
containing the mitochondrial fraction was subsequently 
resuspended in 1 mL extraction buffer, and proteins were 
determined according to Bradford’s method.

Oxidative Markers

The performed analysis included enzymatic antioxidants 
(superoxide dismutase (SOD), catalase (CAT)), thiobarbi-
turic acid reactive substances (TBARS), protein carbonyls 
(PC) and protein SH-group.

Lipid peroxidation was measured in the mitochondriа 
through TBARS assay. The concentration of TBARS was 
resolved by the reaction with 2-thiobarbituric acid (TBA), 
occurring at high temperature in an acidic environment 
and forming the colored complex, determined spectro-
photometrically (Agilent Technologies, USA) at λ 532 nm  
(ε = 1.56∙105 М-1∙cm-1) [12]. The concentration of TBARS 
was expressed as nmol per mg of protein.

Protein carbonylation was assessed via 2.4-dinitrophenyl-
hydrazone derivatives, produced in reactions of oxidized 
amino acid residues with 2.4-dinitrophenylhydrazine. This 
was expressed as nmol of carbonyl protein derivatives per 
mg of protein [13]. The final protein pellet was dissolved in 
1.25 ml 6M-guanidine hydrochloride and the absorbance of 
both solutions (DNPH and HCl) was measured at 370 nm. 
The carbonyl content was calculated in terms of nmol/mg 
protein [14].

Protein SH-group content was determined using a method 
based on the reaction of Ellman’s reagent (5,5′-dithiobis-
(2-nitrobenzoic acid) (DTNB)) with SH-groups, the products 
being disulfide and thionitrophenyl anion (TNPA) with 
the amount of TNPA being directly proportional to the 
amount of SH-groups of proteins that reacted with DTNB.  
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The content of free SH-groups was calculated based on 
a molar extinction coefficient of 11.4∙103 M-1·cm-1 and 
expressed as nmol per mg of protein [15].

Superoxide dismutase (SOD) activity was assayed col-
orimetrically by measuring the mitochondrial activity of 
SOD and by inhibiting the oxidation of adrenaline to adre-
nochrome [16]. The autooxidation was monitored in a Spec-
trophotometer at 480 nm every 30 secs for 5 min.

Catalase activity was assessed by incubating the sample 
in 1.0 ml substrate (65 mmol/ml hydrogen peroxide in 60 
mmol/l sodium-potassium phosphate buffer, pH 7.4) at 37°C 
for three minutes. The reaction was stopped with ammonium 
molybdate. The absorbance of the yellow complex of molyb-
date and hydrogen peroxide was measured at 374 nm against 
the blank [17].

Enzyme assays 
NADH: Q oxidase activity was determined spectrophoto-

metrically; reactions were monitored at 340 nm with 200 
mM NADH as the substrate at 20°C, using a molar absorp-
tion coefficient of 6.22∙103 М-1∙сm-1 to calculate enzymatic 
activity [15,18]. 

The succinate dehydrogenase activity was measured 
based on the restoration of potassium ferricyanide 
(K3[Fe(CN)6]) to potassium ferrocyanide (K4[Fe(CN)6]). 
Herein, 0.1 mg of protein of mitochondria were suspended 
in 50 mM (K) phosphate buffer (pH 7.4) with 3 mM potas-
sium ferricyanide (III). A decrease in the absorption (420 
nm) upon adding 50 mM succinate was followed to measure 
the rate of potassium ferrocyanide (II) formation at 30°C for 
2 min. The reaction rate was calculated as nmol ferrocyanide 
formed per minute per mg protein [15,19].

Statistical analysis

The results are presented as mean±standard error of the 
mean (SEM). Statistical comparisons were made relative to 
the appropriate intact group using the Student’s t-test and 
analysis of variance. Values were considered statistically 
significant at P < 0.001 and P < 0.05.

RESULTS

Kidney function
The levels of cystatin C, serum creatinine, serum total 

protein, urine GGT and protein, as well as creatinine clear-
ance are shown in Table 2. We found that animals on a pro-
tein-deficiency diet had decreased creatinine clearance and 
increased activity of GGT in urine, but there was no protein 
in the urine (Table 2). In animals with APAP-induced toxic 
injury, serum creatinine level and creatinine clearance did 
not differ from controls, urinary GGT activity was, however, 
increased, while proteinuria was found. At the same time, 
in animals with an APAP injury against protein deficiency, 
we found a decreased creatinine clearance, increased GGT 
activity and serum cystatin C level, and pronounced pro-
teinuria (Table 2).

Histopathologic examination

Kidney sections of control animals demonstrate 
the standard tissue architecture of the glomerulus and 

surrounding structures. Moreover, histological examination 
of the kidneys of rats from protein deficiency or APAP over-
dose-induced toxic damage groups revealed no significant 
morphological changes. Kidney histology showed normal 
histoarchitecture of renal parenchyma with intact glomerulus 
and proximal/distal tubules with a typical structure. Sig-
nificant pathological changes were found only in animals 
that received toxic doses of APAP and consumed a low-
protein diet (Figure 1). In particular, kidney sections show 
signs of acute interstitial nephritis, manifested by intersti-
tium swelling, accumulation of lymphocytes, macrophages, 
proliferation of fibroblasts, as well as papillary necrosis.

1 – control; 2 – low-protein ration (LP); 3 – АРАР-induced toxic damage (TD); 
4 – АРАР-induced toxic damage/low-protein ration (LP/TD) (×200)

Figure 1. Kidney of a rat under conditions of toxic damage and 
protein deficiency 

Oxidative stress markers

Analysis of the oxidative stress markers has shown the 
accumulation of TBARS and carbonyl derivatives in the 
kidney mitochondria and a decrease of CAT activity in rats 
kept on a protein deficiency (Table 3). In animals with APAP 
overdose-induced toxic kidney damage, an increased level 
of TBARS and carbonyls of mitochondrial proteins and 

Table 2. General characteristics and kidney function

Parameter
Group

C LP TD LP/TD

Final body weight, g 190±6a 153±5b 188±4a 152±5b

Serum total protein, g/L 63±5a 35±4b 61±6a 33±5b

Creatinine clearance 
(CrCl), mL/min

0.78
±0.016a

0.48
±0.008b

0.81
±0.021a

0.26
±0.006c

Serum creatinine, 
mg/dL

0.46
±0.014a

0.42
±0.012ab

0.40
±0.010b

0.63
±0.020c

Serum Cystatin C, 
µg/ml 

0.51
±0.017a

0.62
±0.007b

0.58
±0.033c

0.93
±0.019d

Urine gamma-glutamyl-
transferase (GGT), U/mL

0.043
±0.011a

0.262
±0.032b

1.015
±0.118c

1.684
±0.155d

Proteinuria, mg/mL 0.022
±0.003a

0.024
±0.005a

0.099
±0.007c

0.165
±0.018d

С – control; LP – animals receiving low-protein ration; TD – toxic damage;  
LP/TD – animals receiving low-protein and toxic damage
Values are means ± SD; n=9 different preparations from 9 different animals 
for each group. The values for all variables were obtained at the end of the 
experiment. Different letters indicate statistically significant differences  
(P ≤0.05)

Table 3. Oxidative stress markers of the mitochondrial fraction 
of kidney

Parameter
Group

C LP TD LP/TD

TBARS 
nmol/mg protein

7.58
±0.84a

11.85
±1.27b

15.05
±3.64c

15.25
±2.86c

Protein carbonyls 
nmol/mg protein

131.58
±22.12a

157.31
±18.87b

206.48
±33.48c

2260.86
±35.29d

Protein SH-groups 
nmol/mg protein

5.24
±0.77a

4.21
±0.61a

2.34
±0.26c

1.88
±0.17d

CAT  
nmol/min per mg protein

8.21
±1.26a

5.94
±1.14b

6.58
±0.88bc

4.37
±0.51d

SOD 
U/mg protein

38.47
±4.16a

35.22
±5.33a

29.51
±4.71b

18.62
±3.15c

С – control; LP – animals receiving low-protein ration; TD – toxic damage; 
LP/TD – animals receiving low-protein and toxic damage
Values are means ± SD; n=9 different preparations from 9 different animals 
for each group; TBARS, thiobarbituric acid-reactive substances; CAT, 
catalase; SOD, superoxide dismutase.  
Different letters indicate statistically significant differences (P ≤0.05)
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decreased protein SH-groups level and SOD activity were 
found. Under the conditions of APAP intoxication against 
protein deficiency, the indicators of oxidative stress in 
kidney mitochondria reached the maximal levels: the most 
significant increase in protein carbonyls and reduction  
of protein SH-groups activity of CAT and SOD.

Enzyme assays

Figure 2 shows a decrease in succinate dehydrogenase 
and NADH-ubiquinone oxidase activity in the mitochondria 
of the kidney in both protein deficiency and APAP overdose-
induced toxic damage. The most significant reduction in 
NADH-ubiquinone oxidase activity was found in animals 
from the low-protein/toxic damage group.

Note (here and forwards): С – control; LP – animals receiving low-protein 
ration; TD – АРАР-induced toxic damage; LP/TD – АРАР-induced toxic 
damage/low-protein ration.
Different letters indicate statistically significant differences (P≤0.05)

Figure 2. NADH-ubiquinone oxidase and succinate dehydro-
genase activity in kidney cell mitochondria of rats with toxic 
kidney damage and protein deficiency

DISCUSSION

About 20% of all cases of acute kidney failure in the 
general population can be attributed to medication overdose; 
however, among the elderly, the incidence of such conse-
quences can reach 66% [20]. In cases of acetaminophen 
overdose, instances of acute renal impairment are docu-
mented in 1-2% of all patients. The toxicity of APAP is the 
result of metabolism in the hepatocytes and extrahepatic 
tissues. Approximately 1% of the acetaminophen is excreted 
unchanged in the urine.

Hua H et al. have shown that “with therapeutic dosing in 
adults, approximately 63% of acetaminophen is metabolized 
via glucuronidation and 34% by sulfation. These phase II 
reactions occur primarily in the liver and result in water-
soluble metabolites excreted via the kidney” [21]. In the 
liver, the mechanism of APAP toxicity is well known, but 
in the kidney, this is less understood.

The analysis of the results showed a reduction in the 
filtration capacity of the kidneys of rats consuming a low-
protein ratio. The absence of changes in the plasma creati-
nine level against the background of a decrease in creati-
nine clearance is probably associated with a reduction in 
muscle mass associated with a lack of dietary protein and, 
as a result, reduced activity of glomerular apparatus and 
decreased number of functioning nephrons in the kidneys 
of rats of the experimental group. Fotheringham AK et al., 
for example, showed that “low protein intake led to greater 
kidney tubular structural injury and inflammation; Lower 

protein intake decreased kidney mass and glomerular filtra-
tion capacity” [22].

In turn, the administration of the toxic acetaminophen 
doses does not cause any impairment of the kidney filtration 
function, which is evidenced by the absence of changes in 
both the serum creatinine and creatinine clearance. However, 
the detected proteinuria and increased urinary GGT activity 
indicate an increase in the permeability of the glomerular 
membrane and primary damage to the renal tubular cells. It 
has been shown that the acetaminophen metabolite N-ace-
tyl-p-benzoquinoneimine (NAPQI) is capable of forming 
covalent bonds with macromolecules of cellular proteins, 
including those of the kidneys, thereby initiating tissue 
necrosis and organ dysfunction [23,24]. At the same time, 
the absence of changes in creatinine clearance in animals 
with APAP-induced toxic injury that were kept on a full-
value diet, indicates that the supply of protein in the ration 
is the limiting factor for preserving the functional activity 
of the glomerular apparatus of the kidneys.

The research results show that the lack of protein in the 
ration of rats with toxic kidney injury leads to the aggrava-
tion of kidney dysfunction due to the impairment of the 
filtration and reabsorption capacity of the kidneys. Elevated 
serum creatinine levels are indicators of APAP-induced acute 
tubular necrosis [25]. The detected proteinuria is probably 
caused by both a disruption of the integrity of the renal 
tubular epithelium and an increase in the permeability of 
the renal filter under the studied conditions. An increase in 
proteinuria is a sign of deterioration of both reabsorption 
capacity and the filtration capabilities of the kidneys, as well 
as renal dysfunction in general.

Cystatin-C levels in animals LP/TD showed signifi-
cant enhancement compared to all groups. Cystatin C 
is considered a reliable marker of kidney dysfunction.  
An increase in the activity of urine GGT indicates the mass 
death of renal tubular cells in protein-deficient animals with 
acetaminophen-induced intoxication. It is known that this 
enzyme is of renal origin: it is released into the urine from 
the destroyed cells of the proximal tubules, which contain 
it in a high concentration [26]. In the kidneys, the enzyme 
plays a significant role in the reabsorption of amino acids 
from primary urine [27]. An increase in the GGT activity 
is a marker of the early stages of kidney injury. Therefore, 
an increase in its activity in the urine of protein-deficient 
animals with toxin-induced kidney injury indicates damage 
to the proximal tubules due to the death of tubular cells.

It should be noted that the absence of histological changes 
in the kidneys of animals from the low-protein and APAP 
toxic damage groups and the presence of the signs of 
acute interstitial nephritis and papillary necrosis on kidney 
sections of animals with APAP-induced kidney damage and 
dietary protein deficiency indicate that the latter is a critical 
factor for kidney damage due to acetaminophen overdose. 
This fact can explain the various degrees of nephrotoxicity 
in different patients.

Previous research has demonstrated that acetaminophen 
can induce oxidative stress (particularly lipid peroxidation), 
disturbance of the antioxidant status and inactivation of a 
series of enzymes [3]. Simultaneously, there some sugges-
tion that oxidative stress, akin to inflammation, contributes 
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to acetaminophen-induced renal damage. However, the 
precise mechanisms remain incompletely understood. Mito-
chondrial dysfunction is, however, considered a significant 
mechanism in the onset of acute kidney damage associ-
ated with acetaminophen-induced renal impairment [28]. 
It is known that a substantial number of mitochondria are 
present in renal tubules, playing an essential role in adenos-
ine triphosphate (ATP) production in the process of oxidative 
phosphorylation (OXPHOS) [6]. Additionally, mitochondria 
play an essential role in signal transduction, cell death and 
cellular growth within the kidney. Therefore, damage to 
mitochondria can lead to an imbalance in energy processes 
and excessive reactive oxygen species (ROS) generation, 
ultimately resulting in renal cell damage [29].

Determination of the oxidative stress markers in kidney 
mitochondria has shown that under protein deficiency in 
the diet, in rats with APAP-induced toxic damage, there is 
a pronounced accumulation of products of ROS-induced 
damage to lipids and proteins accompanied by a reduction of 
CAT and SOD activity. CAT and SOD reduction in the LP/
TD group can be interpreted as a manifestation of oxidative 
stress in the kidney cells because the LP group and TD group 
also revealed decreased catalase and SOD levels. It also may 
be associated with protein deficiency in the diet. Elevated 
concentrations of TBARS in renal mitochondria indicate 
kidney impairment [29]. Other studies have demonstrated 
that lipid peroxidation (LPO) product accumulation and the 
depletion of antioxidant defenses induce oxidative stress 
in the kidneys [25]. Also, under APAP-induced injury and 
protein deficiency: “the most pronounced intensification of 
free radical-induced processes in liver mitochondria [has 
been observed], associated with increased production of 
superoxide anion radical, hydroxyl radical and hydrogen 
peroxide that provide a more comprehensive understand-
ing of the mitochondrial dysfunction observed in the LP/
TD group” [30]. At the same time, an increase in the diet 
of cornstarch can worsen oxidative stress, induce metabolic 
strain and contribute to mitochondrial dysfunction, result-
ing in a more severe decline in kidney function through 
acetaminophen (APAP)-induced toxicity. By increasing 
ROS production, impairing protein metabolism and pro-
moting hyperglycemia, excessive cornstarch consumption 
may exacerbate the toxic effects of acetaminophen on the 
kidneys. Beyond the aforementioned, a decrease in suc-
cinate dehydrogenase and NADH-ubiquinone oxidase 
activity in animals with acute toxic injury and protein defi-
ciency indicates an impairment of the functional activity of 
mitochondria.

In the pathogenesis of renal diseases, mitochondrial 
damage has a well-established role [28] in that suppression 
of the activity of mitochondria reduces ROS production, 
thereby contributing to the preservation of renal functional 
activity. Accordingly, inhibiting the activity of respira-
tory chain enzymes, particularly complex I, is a protec-
tive reaction against renal damage [31]. As complex I is 
considered the primary site of ROS generation within the 
mitochondria, inhibiting complex I activity in abnormal 
mitochondria in obstructive kidney disease diminishes mani-
festations of organ damage [32]. Considering that normally 
about 90% of the ATP required for the reabsorption of ions, 

glucose and metabolites in the kidney is produced by oxida-
tive phosphorylation [33], the disturbances in the filtration 
capacity and reabsorption of the kidneys primarily accom-
pany the imbalance of energy production processes.

CONCLUSIONS 

In the present study, we found that one of the mechanisms 
of impaired functional activity of the kidneys in animals with 
APAP-induced injury and protein deficiency is the activa-
tion of oxidative damage to mitochondrial biomolecules, 
with the subsequent disruption of the complexes I and II 
of the respiratory chain activity and development of his-
topathological changes in the kidneys. At the same time, 
dietary protein deficiency is a critical factor in determin-
ing the degree of structural and functional changes in the 
kidneys of animals with APAP-induced toxic injury. The 
study results substantiate the rationale for assessing the 
organism’s supply of protein when developing a plan for 
nephrotoxicity management in patients with an acute acet-
aminophen overdose. Dietary adjustments, antioxidants or 
mitochondrial protectants should prevent or reduce oxidative 
stress and be administered to counteract the combined effects 
of low protein intake and APAP-induced renal damage. This 
issue, however, requires further study. 
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