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Abstract

Tramadol (TR) is a centrally acting analgesic drug that is used to relieve pain. The therapeutic (0.1-0.8 mg/l), toxic (1-2 mg/l)
and lethal (>2 mg/l) ranges were reported for TR. The present study was designed to evaluate which doses of TR can induce
liver mitochondrial toxicity. Mitochondria were isolated from the five rats’ liver and were incubated with therapeutic to
lethal concentrations (1.7-600 pM) of TR. Biomarkers of oxidative stress including: reactive oxygen species (ROS), lipid
peroxidation (LPO), protein carbonyl content, glutathione (GSH) content, mitochondrial function, mitochondrial membrane
potential (MMP) and mitochondrial swelling were assessed. Our results showed that ROS and LPO at 100 pM and protein
carbonylation at 600 pM concentrations of TR were significantly increased. GSH was decreased specifically at 600 pM
concentration. Mitochondrial function, MMP and mitochondrial swelling decreased in isolated rat liver mitochondria after
exposure to 100 and 300 pM, respectively. This study suggested that TR at therapeutic and toxic levels by single exposure
could not induce mitochondrial toxicity. But, in lethal concentration (>100 pM), TR induced oxidative damage and
mitochondria dysfunction. This study suggested that ROS overproduction by increasing of TR concentration induced
mitochondrial dysfunction and caused mitochondrial damage via Complex II and membrane permeability transition pores
disorders, MMP collapse and mitochondria swelling.
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Introduction

Tramadol (TR) is a synthetic opioid-like analgesic and one of
the commonly used prescription drugs for pain management
[1]. It was presented as the injectable and oral forms in the
pharmaceutical market. TR is extensively metabolized in the
liver by O- and N-desmethylation pathways [2]. It is expected
that the liver is the main target organ for TR toxicity that has
been explained in the human [3-5] and animal studies [6-10].
Moreover, liver injury, such as hyperammonemia, lactic acidosis
and hepatic steatosis, have been reported following TR overdoses
that could attribute to mitochondrial damage [11].

The previous animal studies in mice, rats and doges have
been shown that the reactive oxygen species (ROS) production
and oxidative stress are the primary mechanisms of TR toxicity
[10, 12, 13]. According to previous animal studies, treatment
of rats with 50 mg/kg of TR for 21 days increased malondi-
aldehyde (MDA) and protein carbonyl (PC) levels and decreased
glutathione (GSH) content in the rat brain and testis tissues [14].
Also, TR administration (30 and 60 mg/kg) for 60 days resulted
in a reduction in GSH content in the rat brains [15]. Moreover,
chronic exposure to TR (50 mg/kg) in rats showed elevated MDA
levels in homogenized brain tissues [16]. Hussein et al. reported
that administration of TR at therapeutic (22.5 mg/kg) and high
concentrations (30, 60 and 90 mg/kg) for 9 weeks could increase
lipid peroxidation (LPO) in the rat brains [17]. Ali et al. showed that
TR at therapeutic (25 mg/kg), double therapeutic (50 mg/kg) and
four times therapeutic (100 mg/kg) doses for 30 days increased
LPO in rats brain tissues [10]. The adverse effects of acute TR
administration in rats were also reported by Faria et al. Accord-
ing to this study, the highest dose of TR (50 mg/kg) after 24 h

enhanced the heart and lung protein oxidation [18]. In the other
animal study, exposure of rats with 37.5 mg/kg (three times daily
for 1 month) and 40 mg/kg (for 21 days) of TR increased LPO
level and decreased GSH content in the rat liver tissue [19-21].
Sadek et al. reported that after injection of TR (15 mg/kg) for
15 days, MDA level increased and GSH content decreased in rat
liver samples [22]. A similar result was reported that TR (15 mg/kg
for 7 days) could increase the LPO and reduce GSH content in the
liver of treated rats [23]. Hepatotoxicity with TR administration at
doses of 10, 50 and 100 mg/kg was studied by Owoade et al. The
results of this work showed that three experimental doses of TR
after 28 days could decrease GSH content in the rat liver tissues.
In another study, elevated MDA level after exposure to 50 and
100 mg/kg of TR in the rat liver samples was also reported [24].
The effect of repeated therapeutic doses of TR on liver oxidative
damage was studied by Joana Barbosa et al. on the rat’s liver. In
this study, rats were exposed to 10, 25 and 50 mg/kg of TR (low
analgesic, intermediate and the maximum recommended daily
doses, respectively) for 14 days. MDA increased only at 50 mg/kg
dose of TR in the rat liver tissues and TR could not increase liver
protein carbonylation [25].

TR half-life was reported as 9.24 h (in overdose), which was
certainly related with higher concentrations [26]. The therapeutic
doses of TR for human are 50 and 100 mg [27] and the maxi-
mum acceptable daily dose is 400 mg/day [1, 28]. Several studies
showed that TR can induce toxicity at high doses (>1300 mg)
[29-32]. Some studies reported that TR abuse and/or misuse is
increasing among the communities [33-35]. It was stated that
the maximum plasma concentration of TR following a single
oral dose of 100 mg is ~0.3 mg/l [1]. According to previous



1164 | Toxicology Research, 2021, Vol. 10, No. 6

studies, therapeutic blood level in human adults range (from 0.1
to 0.8 mg/l), toxic level (from 1 to 2 mg/1) and lethal concentration
(>2 mg/l) were reported. Hence, it seems that TR easily can shift
from the therapeutic concentrations to toxic and lethal levels
[36]. Toxicological screening in post-mortem cases revealed the
different TR levels in the human blood range between 0.880 to
134 mg/ml [36-38)].

In the human study, administration of TR in the therapeutic
range (200-400 mg/day) for management of chronic pain induced
oxidative damage and enhanced serum MDA levels [6].

The previous human and animal studies have been shown
that the oxidative stress can induce disruption of mitochondrial
function, apoptosis and ultimately cell damage. Mitochondria,
as small intracellular organelles, have a key role in free radical
production [39-41]. In pathological conditions, a growing trend
in hydrogen peroxide (H,0,) production was observed through
the inhibition of mitochondrial electron transfer chain (ETC)
complexes (I, IIl and IV) activity [42]. Since TR presents a positive
charge at physiological pH [18], it may accumulate within nega-
tively charged cell compartments, such as mitochondria, even-
tually causing mitochondrial dysfunction [12]. Mohamed et al.
reported that Complexes I, IIl and IV activities in rat’s mitochon-
dria were decreased after abuse of TR (progressing dose from
42 to 168 mg/kg for 30 days) via ROS formation. Therefore, TR
induces the enhancement of the H,0, formation consequences
of ROS production in the mitochondria [43].

There are growing reports in different countries about the
abuse, toxicity and mortality due to TR consumption. Although
different animals and human studies evaluated the oxidative
damage induced by acute and chronic consumption of TR in
different organs, but to the best of our knowledge, the concen-
trations of TR that can cause toxicity along with mitochondria
has not yet been determined and has not been reviewed in the
isolated liver mitochondria. Hence, we designated the present
study to investigate the effect of a wide range of TR concentra-
tions under controlled conditions on oxidative stress biomarkers
status and mitochondrial functions.

Experimental
Materials

TR hydrochloride (“C16H26CINO,”) was prepared from Razak Phar-
maceutical Co (Tehran, Iran). Other chemicals used in this study
were prepared of analytical grade and purchased from the Merck
(Darmstadt, Germany) and Sigma Aldrich Co (St. Louis, MO, USA).

Preparation of liver mitochondria

All investigation procedures were conducted according to the
ethical principles and protocols that were approved by the
Animal Ethics Research Committee of Mazandaran Univer-
sity of Medical Sciences, Sari, Iran (with the ethic number:
IRMAZUMS.REC.1399.6990). The livers of five male Wistar rats
(250-300 g, mean of liver weight: 11.63 + 1.57 g) were dissected
and after that were well washed with cold isolation media
(0.225 M D-mannitol, 75 mM sucrose and 0.2 mM EDTA) and
then were homogenized using silent crusher M (Heidolph-
Germany). The mixture was centrifuged at 1000x g for 10 min
at 4°C and the supernatant was centrifuged at 10000x g for
10 min to precipitate the mitochondria. Experiments were
performed in triplicate. Depending on the type of test, rats’
liver mitochondria were suspended in their exceptional buffer
solution including: Tris buffer (0.05 M Tris-HC], 0.25 M sucrose,
20 mM KCl, 2.0 mM MgCl, and 1.0 mM Na,HPO,, pH =7.4) for LPO,

PC and GSH assay; respiration buffer (125 mM sucrose, 65 mM
KCl, 10 mM HEPES, 20 mM Ca?" and 5 mM sodium succinate)
for ROS assay; mitochondrial membrane potential (MMP) buffer
(68 mM mannitol, 220 mM sucrose, 10 mM KCl, 5 mM KH,POy,
50 pM EGTA, 2 mM MgCl, and 10 mM HEPES) and swelling buffer
(125 mM sucrose, 65 mM KCl, 10 mM Hepes-KOH and 20 mM Ca?*)
for MMP assay and swelling assay, respectively. All extraction
procedures were performed at 4°C [44].

Mitochondrial treatment

Extracted mitochondria were placed in presence of different TR
concentrations (1.7-600 puM). These concentrations have been
selected based on previous human and in vitro studies [36, 45]. For
evaluation of oxidative damage biomarkers in the therapeutic,
toxic and lethal concentrations of TR in the mitochondria, freshly
isolated mitochondria from five rats’ liver were incubated with
therapeutic (0-1.7 pM), toxic (1.7-5 pM) and lethal (10, 100, 150,
300 and 600 pM) concentrations of TR [4, 10, 45]. Samples were
incubated at 37°C for 1 h. After incubation time, oxidative stress
biomarkers, such as ROS, LPO, PC, GSH, mitochondrial function,
MMP and mitochondrial swelling, were investigated (each test
was performed in triplicate).

Measurement of total protein

Samples protein concentration determined by Bradford method
[46]. Briefly, mitochondrial suspension and bovine serum
albumin (BSA) in different concentrations were incubated with
Coomassie blue for 10 min and the absorbance was measured at
595 nm by spectrophotometry (UV-1601 PC, Shimadzu, Japan).

Mitochondrial ROS assay

Mitochondrial ROS level was estimated by using 2',7’-dichlorofl-
uorescein diacetate (DCFH-DA) [12]. Isolated liver mitochondria
were treated with TR at 37°C for 60 min. After that, mitochon-
dria immersed in respiration media and 5 pl of DCFH-DA (final
concentration 10 uM) was added. Present suspension incubated
at 37°C for 30 min. Afterward, the fluorescence intensity was
measured by spectrofluorometer (JASCO, FP6200, Japan) at 480
nm excitation and 520 nm emission wavelengths.

Mitochondrial LPO assay

MDA level, as LPO index, was measured by thiobarbituric acid
(TBA) as an indicator of LPO process [47]. Mitochondrial suspen-
sion, 0.2 ml phosphoric acid (85%) and 25 pl TBA were mixed
and placed in a boiling Bain Marie for 30 min. After, the samples
were placed in the ice bath and 0.45 ml n-butanol was added
to each sample. Samples were centrifuged and absorbance was
measured at 532 nm by enzyme-linked immunosorbent assay
(ELISA) (Tecan Rainbow Thermo, Austria) equipment.

Mitochondrial PC assay

For assessment of PC, 200 pl of isolated mitochondria suspension
and 0.5 ml of 20% (w/v) trichloroacetic acid (TCA) were added
into a microtube and were kept at 4°C for 15 min. After cen-
trifugation, the sedimentation was mixed with 0.5 ml of 0.2%
2,4-dinitrophenylhydrazine (DNPH) and was maintained at room
temperature for 1 h. Then, the samples were washed with 1 ml
of ethanol-ethyl acetate and were centrifuged for 10 min (recent
step was repeated for three times). The ultimate precipitates



were dissolved in 200 pl of 6 mol/l guanidine HCl. Measured
absorbance at 365 nm wavelength by ELISA reader (Tecan, Rain-
bow Thermo, Austria) was indicated as carbonylated moieties
[47].

Mitochondrial GSH assay

Mitochondria GSH level was measured with the Ellman method
by using 5,5-dithiobis-(2-nitrobenzoicacid) (DTNB) [44]. Mito-
chondrial suspension, TCA and DTNB were mixed until they
developed yellowish color, and absorbance was measured at
412 nm by ELISA reader (Tecan Rainbow Thermo).

Mitochondrial complex II activity assay

Mitochondrial succinate dehydrogenase activity was evaluated
by reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetr-
azolium bromide dye (MTT) to formazan metabolite [44].
Formation of purple color intensity at 570 nm by ELISA reader
(Tecan Rainbow Thermo) is directly related to the health and
activity of this mitochondrial enzyme.

Mitochondrial MMP assay

MMP was evaluated by rhodamine 123 (Rh123) [44]. Isolated
rat liver mitochondria were resuspended in the MMP media
(pH = 7.2) and was incubated with Rh123 (10 pM) at 37°C for
60 min. The fluorescence was measured by spectrofluorometer
(JASCO) at the 490 nm excitation and 535 nm emission wave-
length at several times from 5 to 60 min of treatment (even 10 min
time intervals). The fluorescence intensity is inversely related to
mitochondrial membrane health.

Mitochondrial swelling assay

To evaluate the effect of different concentrations of TR on
mitochondrial membrane permeability transition (MPT), fresh
isolated liver mitochondria were suspended in swelling buffer
(pH = 7.2). The absorbance was measured by ELISA reader (Tecan
Rainbow Thermo) at 540 nm for several times from 5 to 60 min
of treatment (even 10 min time intervals). Reduction in mito-
chondria absorbance represents an elevation in mitochondrial
swelling [44].

Statistical analysis

All statistical analyses were performed using the GraphPad Prism
software, version 6. Results are expressed as means + standard
error of the mean. Data were statistically analyzed by one-way
ANOVA test followed by the post hoc Tukey test. P < 0.05 was
considered as the statistical significance level.

Results

Figure 1 shows the effects of different concentrations of TR on
ROS production. The present results showed that TR increased
the ROS formation with the dose-dependent manner in the
mitochondria. At concentrations range between 1.7 and 10 pM
(therapeutic and toxic concentrations), no significant changes
were observed in the ROS levels. By increasing of the TR concen-
trations from 100 pM, ROS production significantly increased at
100-600 pM of TR concentrations (100 pM: P < 0.05; 150 pM: P =
0.022; 300 pM: P = 0.004 and 600 pM: P = 0.0035) when compared
with the control group. Results showed that TR concentration
at 300 pM significantly increased ROS production (P < 0.01) on
comparison with the 1.7 pM group. Generated of ROS at 600 pM
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Figure 1: The effect of different tramadol (TR) concentrations (1.7-600 M) on ROS
formation in the rat liver isolated mitochondria. Values represented as mean +
SEM (n = 5). *(p < 0.05); **(p < 0.01): Significantly different from control group.
$$(p < 0.01): Significantly different from 1.7 uM group. ##(p < 0.001): significantly
different from 5 uM group. " (p < 0.05): significantly different from 10 xM group.

of TR concentration was significantly enhanced when compared
with 1.7 (P = 0.0037), 5 (P = 0.0049) and 10 pM (P = 0.0151).

LPO for the evaluation of the free radicals’ attack to the
membranes lipids was assessed in this study. Measurement
of MDA level reflects to membrane damage due to LPO. For
evaluation of LPO, different concentrations of TR (1.7-600 pM)
were added to the isolated rat liver mitochondria. After 1 h as
shown in Fig. 2, mitochondrial MDA content were 5.46 + 1.65,
8.19 + 1.80, 12.15 + 2.11, 15.14 + .38, 16.49 £+ .57, 18.51 + 1.96
and 21.76 + 2.48 pg MDA/mg protein for 1.7, 5, 10, 100, 150,
300 and 600 pM concentrations of TR, respectively. Our findings
showed that LPO significantly increased (P < 0.01 and P < 0.001)
from 100 to 600 pM (lethal range) when compared with the
control group (4.90 + .88 MDA/mg protein) in a concentration-
dependent pattern (Fig.2). Multiple comparisons between
different concentrations of TR showed that 100 and 150 pM
of TR could significantly increase (P = 0.007 and P = 0.0021,
respectively) LPO in comparison with 1.7 uM. MDA content in
300 pM had significance difference with 1.7 pM (P = 0.004) and
5 pM (P = 0.044) of TR. At the highest lethal concentration
(600 pM) of TR, MDA content significantly increased when
compared with the 1.7 (P = 0.0003), 5 (P = 0.00045) and 10 pM
(P =0.0083) groups.

Another consequence of oxidative damage following ROS
overproduction is the oxidation of proteins. We measured PC
groups in the isolated rat liver mitochondria. It observed that
TR only in the highest lethal concentration (600 pM) could sig-
nificantly increase (P = 0.003) the production of carbonylated
moieties when compared with the control group (Fig. 3). TR in
600 pM had significant difference with 1.7, 5 (P = 0.004) and 10 pM
(P = 0.006) in oxidation of protein groups. Therapeutic and toxic
concentrations of TR could not effect on mitochondrial PC.

The effect of TR was also evaluated on the content of the
non-enzymatic antioxidant system such as GSH. Mitochondrial
GSH content after exposure to TR in therapeutic and toxic lev-
els showed no significant changes. GSH level were decreased
(47.02 + .32 pg/mg protein) significantly (P = 0.01) after exposure
to 600 pM (maximum lethal concentration) of TR in comparison
with control group (49.28 + .07 pg /mg protein), (Fig. 4). The maxi-
mum lethal concentration of TR could significantly decrease the
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Figure 2: The effect of therapeutic to lethal concentrations of TR (1.7-600 M)
on lipid peroxidation in liver mitochondria. Values represented as mean + SEM
(n=5). **(p < 0.01); ***(p < 0.001) : Significantly different compared with control
mitochondria. $$(p < 0.01); $$$(p < 0.001): Significantly different compared with
1.7 1M group. #(p < 0.05); ###(p < 0.001): Significantly different compared with
5 uM group. A (p < 0.01): Significantly different compared with 10 «M group.

&k

0.4- $$’,
##,
0.3 AN

Protcin carbonyl (mM)

Figure 3: Protein carbonyl formation at different concentrations of TR (1.7-
600 uM) in treated isolated mitochondria. Values represented as mean + SEM
(n = 5). **(p < 0.01): Significantly different compared with control mitochondria.
$$(p < 0.01): Significantly different compared with 1.7 uM group. ##(p < 0.01):
Significantly different compared with 5 uM group. "\(p < 0.01): Significantly
different compared with 10 M group.

GSH content in comparison with 1.7 (P = 0.0138), 5 (P = 0.014), 10,
100 and 150 pM (P < 0.05).

The effect of the different concentrations of TR on mito-
chondrial succinate dehydrogenase enzyme activity was also
evaluated in isolated rat liver mitochondria. Our data showed
a significant decrease in the reduction of MTT to formazan
metabolite with the dose-dependent manner by increasing of
the TR concentration (Fig. 5). TR at 1.7 pM concentrations had no
significant effect on mitochondrial complex II activity. Activity
of succinate dehydrogenase enzyme was significantly inhibited
at 100, 150 (P < 0.05), 300 and 600 pM (P < 0.01) concentra-
tions of TR when compared to the control group with the dose-
dependent manner. TR in 100 and 150 pM significantly (P < 0.05)
inhibited Complex II activity in comparison to 1.7 pM. The 300

GSH (uM)

Figure 4: The influence of different concentrations of TR (1.7-600 M) on GSH
content in rat liver isolated mitochondria. Values represented as mean + SEM
(n=5). *(p < 0.05): Significantly different compared with control mitochondria.
$(p < 0.05): Significantly different compared with 1.7 uM group. #(p < 0.05): Sig-
nificantly different compared with 5 M group. / (p < 0.05): Significantly different
compared with 10 uM group. T(p < 0.05): Significantly different compared with 100
uM group. €(p < 0.05): Significantly different compared with 150 xM group.

150+
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Figure 5: The effect of TR (1.7-600 M) on succinate dehydrogenase enzyme
activity. Mitochondrial complex II activity was measured using MTT dye. Values
represented as mean + SEM (n = 5). *(p < 0.05); **(p < 0.01): Significantly
different compared with control mitochondria. $(p < 0.05): Significantly different
compared with 1.7 uM group. #(p < 0.05): Significantly different compared with
5 uM group. (p < 0.05): Significantly different compared with 10 M group.
f(p < 0.05): Significantly different compared with 100 uM group. €(p < 0.05):
Significantly different compared with 150 xM group.

and 600 pM concentrations of TR showed significant difference
with 1.7 (P = 0.003 and P = 0.002), 5 (P < 0.05 and P = 0.003) and
10 (P < 0.05) pM. The highest concentration of TR (600 uM) had
significant difference with 100 pM (P < 0.05).

As shown in Fig. 6, TR at concentrations of 100, 150, 300 and
600 pM significantly decreased MMP (P < 0.05 and P < 0.01)
after 20, 40, 50 and 60 min, respectively, when compared with
the control group. Our results showed that TR could induce the
collapse of MMP in concentration manner- and time-dependent
pattern.

Mitochondrial swelling, as an indicator of mitochondrial
membrane permeability transition pore (MPTP) opening index,
was assessed with absorbance changes at 540 nm. TR sig-
nificantly increased (P < 0.01) mitochondrial swelling at 300
and 600 pM concentrations after 20 and 40 min, respectively
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Figure 6: The effect of different concentrations of TR (1.7-600 xM) on the
mitochondrial membrane potential (MMP) in the isolated rat liver mitochondria.
MMP was measured by Rh123. Values represented as mean = SEM (n = 5). *(p <
0.05); **(p < 0.01): Significantly different compared with control mitochondria.
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Figure 7: Mitochondrial swelling due to influence of different concentrations
of TR (1.7-600 11600 M) in the isolated rat liver mitochondria. Mitochondrial
swelling was measured through the determination of absorbance at 540 nm.
Values represented as mean & SEM (n = 5). *(p < 0.05); **(p < 0.01): Significantly
different compared with control mitochondria.

(Fig. 7). TR concentration and length of time exposure are
important factors for induction of swelling in isolated rat liver
mitochondria.

Discussion

We designed the present study to investigate the effects of ther-
apeutic (1.7 pM), toxic (5 pM) and lethal (10-600 pM) concentra-
tions of TR on the mitochondrial oxidative damage and mito-
chondrial functions in isolated rat liver mitochondria. This study
revealed that TR induces oxidative stress in isolated rat liver
mitochondria at lethal concentrations. In our study, TR at 100 pM
(30 mg/1) concentration, which is approximately equal to human
lethal level, could induce ROS generation, LPO, inhibition of mito-
chondrial complex II activity and MMP collapse. Mitochondrial
swelling was observed at 300 pM (90 mg/l) concentration of TR.
In this study, increase of protein carbonylation and decrease of

Mohammadnejad etal. | 1167

GSH content occurred at 600 pM (180 mg/l) of TR concentra-
tion.

For the accurate extrapolation of the human dose to an equiv-
alent dose for a rat or vice versa, a method based on the body sur-
face area was stated by the US Food and Drug Administration [48].
Based on this calculation, the used doses of 20, 40 and 60 mg/kg
in rats are almost equivalent to 210.6, 421.2 and 631.8 mg for an
adult human whose weight is 65 kg. Also, doses of 20, 40 and
60 mg/kg of TR in rat according to the other equation [49] could
produce therapeutic (0.688 mg/l), toxic (1.375 mg/l) and lethal
(2.06 mg/l) concentrations in rat blood, respectively. Abovemen-
tioned concentrations (0.688, 1.375 and 2.06 mg/l) in rat blood
might be comparable to human therapeutic (0.1-0.8 mg/l), toxic
(1-2 mg/1) and lethal (>2 mg/]) ranges, respectively [36].

ROS is produced during oxygen metabolism, being chemical
species with one unpaired electron derived from molecular oxy-
gen. Elevated formation of the different ROS leads to molecular
damage that represented as oxidative distress. ROS can modulate
a wide range of mechanisms within the biological system. They
are very well known for playing both favorable and damaging
roles in the human body given this “double-edged sword” char-
acteristic of ROS [50, 51].

This study revealed that TR at therapeutic and toxic (1.7-
5 pM) concentrations couldn’t alter the ROS generation. Our
data showed that ROS level could be enhanced from 100 pM
of TR concentration (Fig. 1). Present findings are similar to the
results of Mehdizadeh et al. who reported that consumption of
TR (20 mg/kg) for 4 weeks could not effect on ROS production
in rats brain mitochondria, but by increasing of doses of the TR
(40 and 80 mg/kg for 4 weeks) the ROS generation in rats brain
mitochondria was enhanced [52]. In another animal studies,
infusion of TR (25 mg/ml) for evaluation of the seizure threshold
increased ROS levels in the rat brain mitochondria [12, 47].

In our investigation, exposure of rat liver mitochondrial sus-
pension to TR in lethal (100-600 pM) concentrations substantially
increased mitochondrial LPO (Fig. 2). Previous studies carried out
by Bameri et al. and Samadi et al. demonstrated that infusion of
TR (25 mg/ml) could decrease seizure threshold and increase LPO
in rat brain mitochondria [12, 47]. Hence, it seems that increasing
the concentration of the TR increases the oxidative damage of the
mitochondria by increase of LPO and elevation of MDA content.
However, the important point is: When mitochondrial damage
can be induced and how much TR concentrations can induce
damage to the mitochondria? According to our data, mitochon-
drial damage can be started at a concentration of 100 uM, which
can be considered equivalent to 15 times of the therapeutic
concentration of TR.

Several studies identified the association between recurrent
opioid administration and increased production of ROS [12, 43,
53-55]. The pathological lesions produced by chronic TR adminis-
tration could be explained by the accumulation of toxic metabo-
lites, decrease of their clearance and ability of TR for ROS genera-
tion that commonly leads to disruption and disintegration of the
cell membrane and ultimately LPO [56, 57]. Previous studies have
shown that chronic administration of TR even at therapeutic
levels could cause mitochondrial oxidative damage [10, 12,47].In
our study, single exposure of rat liver mitochondria to TR could
only induce oxidative stress at lethal concentrations.

It is demonstrated that the protein/lipid ratio in the mito-
chondrial inner membrane is 3:1 [58]. So, ROS could attack to
mitochondrial membrane and can induce both lipoxidative and
protein oxidation damage in overproduction of ROS following
TR consumption. In our study, TR at the highest concentration
(600 pM), which can be equivalent to 180 mg/l of human plasma



1168 | Toxicology Research, 2021, Vol. 10, No. 6

concentration, significantly increased PC groups level (Fig. 3).
In confirmation of our findings, previous studies have shown
that infusion of high dose of TR (25 mg/ml) could increase PC
groups in rat brain mitochondria [12, 47]. Also, it was stated that
administration of TR at therapeutic doses enhanced protein and
lipid oxidation in liver and kidney tissues and diminished total
liver antioxidant capacity [25].

GSH has a protective effect on the thiol groups of mitochon-
drial proteins [21]. In our study, the significant decrease in GSH
levels was observed following the treatment of mitochondria
with a lethal concentration (600 pM) (Fig. 4). It was similar to
previous investigations that reported TR (25 mg/ml) infusion
decreased GSH content in the rat brain mitochondria [12, 47].

Moreover, we investigated the activity of succinate dehydro-
genase enzyme (Complex II) in rat liver mitochondria under
the influence of different concentrations of TR. Toxicity assess-
ment by measuring of the total amount of produced formazan
upon MTT reduction demonstrated a considerable decrease in
mitochondrial complex II activity in 100-600 pM concentrations
(Fig. 5). The results of this study are compatible with previous
work, which showed the TR at 50 mg/kg for 21 consecutive
days diminished mitochondrial complex II activity in the testis
and brain mitochondria [14]. Our results are incongruence with
the Faria et al. (2016) study that showed the TR at a high con-
centration (600 pM) could not inhibit succinate dehydrogenase
enzyme in the human SH-SY5Y neuroblastoma cells line [45].
Also, Mohamed et al. reported that TR at therapeutic (42 mg/kg)
and overdose (168 mg/kg) levels could not effect on the Complex
I activity in the rat brain mitochondria after 30 days of treatment
[43].

Oxidative stress by inhibiting or change the mitochondrial
ETC activity and opening the MPT pores could induce MMP
collapse [59]. Oxidation of the mitochondrial thiol groups and
structural changes in the mitochondrial permeability transi-
tion poor leads to mitochondrial dysfunction, energy failure,
enhanced free radical production and ultimately mitochondrial
swelling [52, 60]. Therefore, the effects of TR on MMP collapse and
mitochondria swelling were investigated. Our findings showed
that TR could induce MMP collapse (Fig. 6) in a concentration-
and time-dependent manner. TR at the 100, 150, 300 and
600 pM after 20, 40, 50 and 60 min could induce collapse
of the MMBP, respectively. These findings suggest that TR at
higher concentrations can effect on MMP more rapidly. The
findings of the present study are similar to the Mehdyzadeh
et al. results that showed TR (at 40 and 80 mg/kg) after 30 days
could induce MMP collapse in the rat brain mitochondria [52].
Our study is inconsistent with an in vitro study that showed TR
has not effect on MMP of the SH-SYS5Y neuroblastoma cells line
[45].

Mitochondrial swelling (Fig.7) was observed at 300 and
600 pM of TR after 20 and 40 min of exposure, respec-
tively. Mitochondrial swelling was also affected by TR in a
concentration- and time-dependent pattern. These results are
similar to previous studies that showed the MMP collapse and
mitochondrial swelling created by the TR at 50 mg/kg in the rat
brain and testis mitochondria after 3 weeks [14]. It was stated
that 40 and 80 mg/kg of TR induced collapse and mitochondrial
swelling in the rat brain mitochondria after 4 weeks [52].
Moreover, it demonstrated that 1 mM of TR concentration
induces mitochondrial swelling in the rat neuron-like cells line
[61]. The morphometric study after TR administration (50 mg/kg
for 4 weeks) has shown mitochondrial swelling in the brain tissue
[62].

Mohamed HM et al. stated that administration of TR could
increase nitric oxide (NO) and monoamine neurotransmitter lev-
els. NO in the redox condition can react with superoxide radicals
to produce the potent oxidant peroxynitrite that attacks lipid
and protein and induces lipid and protein damage and elevates
MDA and PC content. Moreover, TR can decrease the activity and
expression of antioxidant enzyme, apoptotic and anti-apoptotic
and inflammation genes [15, 22, 63].

Mitochondria play a vital role in the cellular redox state
regulation. ROS generation is also induces when mitochondrial
ETC produces the electrochemical proton gradient, which leads
to synthesis of ATP. It was stated that the main sources of mito-
chondrial ROS generation are the ubiquinone sites in Complexes
I and III. The most oxygen is consumed by the mitochondrial
ETC. Hence, it is a main source of ROS generation [64]. This study
revealed that TR could induce changes on ETC in mitochondria
and by this manner has an effect on opening the MPT pores and
could induce MMP collapse and mitochondria swelling.

Moreover, intracellular calcium homeostasis is regulated by
mitochondria. The MMP created by the ETC proton gradient
is crucial to mitochondrial calcium uptake and efflux. MMP is
changed by the mitochondrial dysfunction and subsequently
diminishes its ability to implement calcium suppression and dis-
rupts the homeostasis of calcium, which results in cell damage
[64, 65]. Thus, mitochondria prepare the cellular energy, regulate
cellular redox state and cellular calcium homeostasis and are
necessary for cell survival. Our results obviously showed that
liver mitochondrial function was disrupted by TR. It seems that
TR may be able to alter the calcium homeostasis in mitochondria
and affect the redox state and cause mitochondrial destruc-
tion. Hence, ROS overproduction by TR in this study induced
mitochondrial dysfunction and caused mitochondrial damage
possibly via stimulating and alterations of calcium homeostasis.

Previous studies have proposed two main mechanisms that
are involved in TR-induced oxidative damage. The first is the
effect of TR on dopaminergic system which leads to the enhance-
ment of free radicals and the second is a decrease in the activity
of the mitochondrial electron transport chain (ETC) of I, IIl and IV
complexes with protein structure [12, 15]. In this study, the sec-
ond mechanism can be considered. Because this study showed
that increasing of TR concentrations induced ETC disorder and
reduced the activity of Complex II

The interaction between TR and the oxygen molecule leads
to the generation of free radicals, such as superoxide, hydrogen
peroxide, hydroxyl and peroxynitrite radicals. Therefore, these
generated free radicals cause LPO, PC formation and reduction
in the antioxidant capacity, such as GSH, induction of mitochon-
drial membrane damage and consequently cell death in various
tissues [17, 43, 66]. Hence, it is supposed that TR could induce
oxidative stress and that mitochondria are the main target of this
process.

Application of isolated mitochondria in toxicological study
has several advantages, such as control of the environmental
conditions, monitoring of biological state and the elimination of
the interfering factors [67].

Finally, according to our results, TR has oxidant effect on
rat’s liver isolated mitochondria. Our findings revealed that TR,
by increasing the free radicals in mitochondria, enhanced the
oxidative damage via a dose-dependent manner. It can be con-
cluded that oxidative effects of TR may be due to its change on
mitochondrial ETC, activities of I, IIl and IV complexes, MPT pores
disorders, inducing MMP collapse, mitochondria swelling and/or
alterations of calcium homeostasis. However, further study is



needed to understand which mechanism is most involved in TR-
induced oxidative stress.

Conclusion

In conclusion, our study indicated that TR administration (from
100 to 600 pM) at the highest concentrations induced rat liver
mitochondria oxidative damage and mitochondrial disruption
via increasing of ROS, lipid and protein oxidation. TR showed
pronounced effects on mitochondrial complex II activity, induc-
ing of MPT pores disorders and increasing of MMP collapse and
mitochondrial swelling.
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