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Abstract: Toxicity studies were conducted to provide safety data of potential drug candidates by
determining lethal and toxic doses. This study was designed for pre-clinical evaluation of novel
cyclohexenone derivative with respect to the acute and sub-acute toxicity along with the diabetogenic
potential. Acute and sub-acute toxicity were assessed after intraperitoneal (i.p) injection of the inves-
tigational compound through selected doses for 21 days. This was followed by assessment of isolated
body organs (liver, kidney, heart and pancreas) via biochemical indicators and histopathological
techniques. No signs of toxicity were revealed in the study of acute toxicity. Similarly, a sub-acute
toxicity study showed no significant difference in biochemical indicators on 11th and 21st days
between treated and control groups. However, in blood urea nitrogen (BUN) and random blood
glucose/sugar (RBS) values, significant differences were recorded. Histopathological evaluation of
liver, kidney, pancreas and heart tissues revealed mild to severe changes in the form of steatosis,
inflammation, fibrosis, necrosis and myofibrillary damages on 11th and 21st days of treatment.
In conclusion, the median lethal dose of the tested compound was expected to be greater than
500 mg/kg. No significant change occurred in selected biomarkers, except BUN and RBS levels, but
a histopathological study showed moderate toxic effect on liver, kidney, pancreas and heart tissues
by the cyclohexenone derivative.

Keywords: cyclohexenone derivative; toxic effects; liver; kidney; pancreas; heart

1. Introduction

In the process of drug discovery, pre-clinical testing of novel chemical entities involves
assessment of both safety and efficacy. It is carried out in selected animal models through
international standardized protocols. Broadly, it includes assessment of safety and efficacy
through pharmacological studies with reference to the dose, frequency and route of admin-
istration. Promising outcomes at these steps can provide justified bases to proceed further
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into drug development [1]. Apart from pharmacological activity, toxicological assessment
remained an integral part of the preclinical investigation. Toxicological evaluation is useful
to provide data proving that the potential drug candidate is safe enough for next the phase
of study i-e clinical testing. Such studies of toxicity testing have multiple utilities, such
as an approximation of safe doses for humans and prediction of toxicity in susceptible
organs. These provide scientific evidence regarding the safety profile, nature, variety
and severity of adverse effects in association with its potential efficacy in usable doses,
strength and concentration [2]. Cyclohexenones are cyclohexane derivatives that represent
a carbonyl functional group and a double bond at positions C-1 and C-2, respectively.
Their significant role is well known, including potential anti-inflammatory activity [3-5].
Furthermore, these compounds also have considerable antifungal, antibacterial, antiviral,
anticancer, antiplasmodial and/or antimalarial activities [6-12]. Among these, one of the
cyclohexenone derivatives is ethyl 6-(4-methoxyphenyl)-2-oxo-4-phenylcyclohexe-3-ene-
carboxylate (Figure 1) [13].

Cyclohexenone——~ O |O

L
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Figure 1. Ethyl 6-(4-methoxyphenyl)-2-oxo-4-phenylcyclohexe-3-ene-carboxylate.

Preliminary studies show that this derivative has a molecular formula of CyyH,Oy4,
melting point = 92-95 °C, relative front = 0.51 n-hexane/ethyl acetate (7:3). Infrared
(KBr) spectrum shows Umax cm~1: 3077 (Ar-H), 1689 (ketone C=0), 1735 (Ester C=0) and
2870 (Aliphatic C-H). 'H-NMR (CDCl3, 400 MHz) shows &: 6.9-7.5 (m, Ar-H), 5.2 (s, 'H
ethylene), 3.4 (s, >®H OCH3), 3.05 (d, ?H, ] = 2.3), 2.9 (t, 'H ] = 5.0, C-3) and 2.6-2.8 (q,
5H, CH,CHj, | = 7.0), and '*C-NMR (100 MHz, CDCL3) shows &: 199.0 (C=0), 125-130
(Ar-CH), 112 (C-6), 40.2 (OCH3), 159.0 (C-19) and 44.39 (C-3). Similarly, EI-MS showed;
m/z (rel. int.%) 351 (M+), CHN Anal. Calculated for: C, 75.41; H, 6.33; O, 18.26. Found: C,
74.81; H, 6.38. Furthermore, molecular docking studies revealed a strong affinity toward
cyclooxygenase I and II (Cox-I and Cox-II) enzymes. It was observed in studies conducted
in our laboratory that this derivative attenuated the pain aroused by vincristine in the
rodent model, due to its possible antinociceptive and antioxidant effect [14]. To integrate its
potential pharmacological activities with safety profile, toxicological studies are required
to be conducted in an animal model.

Various studies have reported that Nonsteroidal anti-inflammatory drugs (NSAIDs)
can induce renal toxicity, including acute renal failure [15-17]. Renal prostaglandin produc-
tion is mediated mainly by activities of Cox-I and Cox-II enzymes. Since prostaglandins
are not only produced during inflammation but also act as modulators of physiological
functions i.e. when the volume of blood is compromised, prostaglandins play a role in the
renal circulation (vasodilatation, renin secretion and Na*/H,O excretion). Hindering of
prostaglandin formation by the consumption of NSAIDs in these situations can possibly
lead to the development of a number of disorders of altered renal function [18,19]. In
addition to the above adverse effects, liver toxicity has also been reported in the litera-
ture [20-22]. NSAIDs have evident toxicological potential regarding cardio-toxicities. This
is mediated by Cox-II inhibition in the kidney, leading to fluid retention by decreased
prostaglandins production. This results in a reduction of the glomerular filtration rate. Ex-
cess sodium and water retention lead to elevated blood pressure and thus develops cardiac
complications. Increase in the production of reactive oxygen species in cardiac cells due to
these drugs is also related to the initiation of damage to the myocardium [23-25]. Addition-
ally, NSAIDs have possible membrane destabilizing effects on the pancreas, which may
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contribute to pancreatic toxicity [26-28]. Thus, this novel compound with affinity for Cox
enzymes may be anticipated to disturb renal, hepatic, pancreatic and cardiac functioning.

For this reason, if the potential drug candidate is supposed to be used for anti-
inflammatory and anti-nociceptive activities, its safety profile needs to be assessed via
toxicological evaluation at selected body organs through histopathological and biochemical
indicators. Therefore, this study is designed to evaluate the acute and subacute toxic effects
of this compound on isolated body organs of the liver, kidney, heart and pancreas in an
animal model through histological and biochemical indicating parameters.

2. Materials and Methods
2.1. Animals Breeding and Ethical Approval

Animals (mice) kept in a light and dark sequence (12 h each) at a suitable temperature
(22 £ 2 °C) in cages, fed with water and laboratory standardized food, were raised in an
animal house in the Department of Pharmacy, University of Peshawar (UoP). Specified
age and weight range animals were selected for experimental studies. Ethical approval
of preclinical studies on cyclohexenone derivative (CHD) was granted by the ethical
committee of the Department of Pharmacy, UoP, via endorsement testament number
01/EC-18/PHARM,; dated 16 October 2018. Experimental studies on mice were executed
in congruence with UK Animals (Scientific Procedures) Act 1986.

2.2. Procedures
2.2.1. Selection of Dose(s) and Route of Administration

The selection of dose(s) of this novel compound for its potential toxicity was based
on previous studies by Jawad et al., conducted in the laboratory of the Department of
Pharmacy, University of Peshawar, where he reported that this derivative had attenuated
the pain aroused by vincristine in rodent model at doses of 3045 mg/kg. The acute studies
were performed on four groups constituting three treatment groups at doses of 250 mg/kg
in group I, 350 mg/kg in group II and 500 mg/kg in group III, and a control group IV
was used to understand the dose-dependency of the effect. Keeping in view the efficacy
of doses, the maximum reported dose (45 mg/kg) of the said compound was taken as
a starting dose for sub-acute toxicity study [14]. Similarly, Jawad et al. also provided
information of LDsg value as beyond 240 mg/kg. To find the exact LDsj value, a higher
dosage level of 250 mg/kg, 350 mg/kg and 500 mg/kg were selected to determine the
possible lethal value of the dose [14].

Furthermore, the intraperitoneal (i.p) route of administration was selected, looking at
the efficacy studies conducted by the same investigator. The researcher observed that this
derivative had reduced the pain aroused by vincristine in an animal model using the same
i.p route [14]. His finding was associated with the i.p route of administration; therefore,
it was decided to correlate the toxicological effects with the pharmacological indication
(analgesia) using the same route of administration. As its pharmacokinetic profile is not
well established yet, and the researcher could not anticipate its physicochemical stability,
site and rate of absorption in the gastrointestinal tract of the included animals; therefore,
i.p route was considered to be more appropriate. It also provided better bioavailability
with least exposure to unwanted physiological environment inside body.

2.2.2. Acute Toxicity

A total of 24 mice (BALB/c), irrespective of their sex, having permissible weights
of 20-30 gm, 8-12 weeks old, and kept in a light and dark sequence (12 h each) at an
appropriate temperature (22 & 2 °C), were used in the acute toxicity experiment. Toxicity
studies were performed on both genders of the animals under study, aiming to assess the
toxic effects in both sexes and to minimize the chances of inter-gender variation related
to the said study. Keeping in view these facts, mice were selected irrespective of their
gender [29,30]. Animals were equally divided into 4 groups i—e (1 = 6); the groups treated
with the compound were (groups I, Il and III) and the control-normal saline treated group
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(group IV). Acute toxicity was assessed after intraperitoneal (i.p) injection of compound
at the doses of 250 mg/kg to group I, 350 mg/kg to group II, 500 mg/kg to group III and
saline to group IV. The adverse effects of the novel compound were noted at 30 to 60 min,
then at 24, 48 and 72 h intervals and daily there-after, for a period of 14 days [30,31].

2.2.3. Sub-Acute Toxicity

A total of 24 mice (BALB/c) irrespective of their sex, having acceptable body weights
(20-30 gm), 8-12 weeks old and kept in a light and dark sequence (12 h each) at a suitable
temperature (22 + 2 °C), were tested in the sub-acute toxicity experiment. As stated earlier,
the toxicity studies were performed on both the genders of the used animal, aiming to assess
the toxic effects on both the sexes and to minimize the chances of inter-gender variation
related to the said study [29,30]. Animals were categorized into group I (compound treated,
n = 12) and group II (control/normal-saline treated, n = 12) [31-33]. Animal’s groups
were treated in such a way that group I received an intraperitoneal (i.p) injection of the
compound at a dose of 45 mg/kg/day for 21 days and group II received the vehicle and
served as a control group.

2.2.4. Pre-Clinical Observations and Survival

Signs of pre-clinical toxicity and mortality were noted. Pre-clinical observations
included alteration in body weights, gait, posture and environmental interactions (cage—
mates interactions and building nest). These observations were conducted weekly through-
out the course of the acute as well as sub-acute study [34,35].

2.2.5. Biochemical Assessment

During the course of treatment, blood samples were collected on 11th day (6 animals)
and on 21st day (6 animals) from each group (sub-acute toxicity study groups). After cen-
trifugation at 3000 rpm for 10-15 min, the separated serum was kept at 4 °C until analysis.
The biochemical indicators evaluated were comprised of analysis of serum glutamic pyru-
vic transaminase (SGPT, also known as ALT) and serum glutamic oxaloacetic transaminase
(SGOT, also known as AST) by utilizing analytical kits (ALT, AST; GO F400CH, Chema
Diagnostica, Monsano, Italy); serum creatinine by using CR 0500CH, Chema Diagnostica,
Monsano, Italy; serum blood urea nitrogen (BUN) using blood urea kits (Zone Industrille
61800 SEES, Normandy, France); random blood glucose level test using Abbott Glucometer;
amylase tests through analytical kit by Randox Laboratories, London, UK; and troponin I
and creatinine kinase-myocardial band (CK-MB) by utilizing standardized instrumental an-
alytical technique through Finecare™ Florescence Immunoassay analyzer. Data obtained
from these tests were used to correlate with nature and level of toxicities in the hepatic,
kidney, pancreatic and cardiac tissues [36].

2.2.6. Histological Evaluation

For histological evaluation, on 11th and 21st days, 6 animals (on respective duration)
were euthanized and their selected body organs (kidney, liver, heart and pancreas) were
isolated for assessment of subacute toxicity. The selected organs/tissues being isolated
were placed in 10% Formalin solution (neutrally buffered) for 6 to 48 hours. After fixation,
they were cut into pieces of a proper thickness (5 pm) and placed in paraffin to form
blocks. Different size sections were made through microtome and stained using H and
E staining technique [37]. After staining, slides were examined using camera equipped
light microscope (LABOMED LX400, iVu 3100, Auburn Court Fremont, CA, USA). The
images acquired were assessed for any alterations. Those changes included hyperemia,
necrosis, inflammatory cell aggregation, steatosis, fibrosis, interstitial edema, hemorrhage,
degeneration of myocytes, glomerular injury and ectasia/tubular injury. These were
subjectively assessed for scoring by a pathologist as none, minimum, mild, moderate and
severe [38—40].



Toxics 2021, 9, 119

5o0f22

2.3. Statistical Analysis

Descriptive statistics and suitable t-test were performed using SPSS Version 22.0
(IBM, Armonk, NY, USA) and Graph-Pad Prism Software Version 5.01 (Graph-Pad Soft-
ware Inc., San Diego, CA, USA). Effects during acute toxicity were assessed by apply-
ing one-way ANOVA (followed by Bonferroni multiple comparison). For parametric
tests, the assumption of normality was calculated using the Skewness and Kurtosis analy-
sis, followed by determination of z-values. Similarly, for homogeneity of variance, Lev-
ene’s test was applied (see Tables 1 and 2). p-values less than 0.05 were considered as
statistically significant.

Table 1. Parametric tests, the assumption of normality by using the Skewness and Kurtosis analysis, followed by z-values.

D . n Mean Skewness Kurtosis
Groups ays o Biochemical Tests z-Value z-Value
Treatment Statistic Statistic  Statistic Std. Statistic Std.
Error Error
Blood Urea Nitrogen 6 1333 0248  0.845 0293  —0014 1741  —0.008
(mg/dL)
Serum creatinine (mg/dL) 6 0.517 —0.313  0.845 —0.370 —0.104 1.741 —0.059
11th day Alanine aminotransferase
(ALT) U/L 94.50 —0.574  0.845 —0.679 —1.132 1.741 —0.650
Aspartate aminotransferase
(AST) U/L 6 24.00 0.433 0.845 0.512 —1.175 1.741 —0.674
Control Valid N (listwise) 6
Blood Urea Nitrogen 6 1517 0319 0845 0377 1171 1741  —0672
(mg/dL)
Serum creatinine (mg/dL) 6 0.483 0.313 0.845 0.370 —0.104 1.741 —0.059
21st day Alanine aminotransferase
(ALT) U/L 6 92.17 —0.036  0.845 —0.042 0.428 1.741 0.245
Aspartate aminotransferase
(AST) U/L 6 24.67 —0.224 0.845 —0.265 —1.864 1.741 —1.070
Valid N (listwise) 6
Blood Urea Nitrogen 6 2667 0435  0.845 0514 0.586 1.741 0.336
(mg/dL)
Serum creatinine (mg/dL) 6 0.483 0.313 0.845 0.370 —0.104 1.741 —0.059
11th day Alanine aminotransferase
(ALT) U/L 98.00 —0.515 .845 —0.609 0.729 1.741 0.418
Aspartate aminotransferase
(AST) U/L 25.50 0.461 0.845 0.545 —1.260 1.741 —0.723
Valid N (listwise)
Treatment
Blood Urea Nitrogen 6 1850 0000  0.845 0 —~1200 1741  —0.689
(mg/dL)
Serum creatinine (mg/dL) 6 0.500 0.000 0.845 0 —1.875 1.741 —1.076
21st day Alanine aminotransferase
(ALT) U/L 6 94.50 0.401 0.845 0.474 1.635 1.741 0.939
Aspartate aminotransferase
(AST) U/L 6 24.50 0.255 0.845 0.301 —1.312 1.741 —0.753
Valid N (listwise) 6

Table 2. Parametric test for homogeneity of variance using Levene’s test.

Levene’s Test for Equality of Levene’s Test for Equality of

Variances—11th Day Variances—21st Day
F Sig. F Sig.
Blood urea Nitrogen (mg/dL) 0.741 0.410 1.250 0.290
Serum creatinine (mg/dL) 0.000 1.000 0.160 0.698
Alanine aminotransferase
(ALT) U/L 0.877 0.371 2.094 0.178
Aspartate aminotransferase 0.030 0.865 1.042 0331

(AST) U/L
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3. Results
3.1. Acute Toxicity

Acute toxicity was evaluated using separated mice in groups, namely, group I
(250 mg/kg), group II (350 mg/kg), group III (500 mg/kg) and group IV (control). After
intraperitoneal injection (i.p) of selected doses of the cyclohexenone derivative (250 mg/kg,
350 mg/kg, 500 mg/kg) to respective groups, no signs of pre-clinical toxicity and mortal-
ity /death were observed in any treated group of mice up to a dose of 500 mg/kg. Therefore,
lethal dose is expected to be greater than 500 mg/kg. Applying one-way ANOVA (followed
by Bonferroni multiple comparison) revealed no significant change in the body weights of
the group treated with compound as compared to the control group.

3.2. Sub-Acute Toxicity
3.2.1. Body Weights

The mean values of body weights of mice at baseline, 7th and 11th day of treatment
were 26.67, 27.17 and 26.83 g for control group and 26.5, 26.67 and 26.17 g for treated
group, respectively. Applying independent sample t-test revealed no significant difference
(p > 0.05) in body weights of treated and control groups.

The mean values of body weights at baseline, 1st, 2nd and 3rd week of treatment were
26.33,26.83, 27.33 and 27.5 g for control group and 25.67, 26, 26.17 and 26.17 g for treated
group, respectively. Applying independent sample t-test revealed no significant difference
(p > 0.05) in body weights of treated and control groups.

3.2.2. Biochemical Assessment

On 11th and 21st days, blood samples from treated and control groups were analyzed
for alanine aminotransferase (ALT), aspartate aminotransferase (AST), serum creatinine,
blood urea nitrogen (BUN), random blood glucose, serum amylase, cardiac troponin-I
(cTn-I) and creatinine kinase-myocardial band (CK-MB). Results of these indicators are
mentioned in the following headings and tables.

Liver

On 11th day of treatment, the mean value for ALT was 94.5 U/L in control and
98 U/L in treated group. Similarly, mean value for AST was 24 U/L in control and
25.5 U/L in treated group. By application of independent sample t-test, the p-value for
ALT was 0.205 and for AST the p-value was 0.447. Thus, showing no significant difference
of biochemical indicators values (ALT and AST) between treated and control groups on
11th day of treatment.

On 21st day of treatment, the mean value for ALT was 92.17 U/L in control and
94.5 U/L in treated group. Similarly, mean value for AST was 24.67 U/L in control and
24.5 U/L in treated group. Sample t-test revealed the p-value for ALT was 0.738, and for
AST the p-value was 0.933, thus reflecting no significant difference in terms of biochemical
indicators values between the treated and control groups on 21st day of treatment. All
these values are depicted in Table 3.

Kidney

On 11th day of treatment, the mean value for BUN was 13.33 mg/dL in control and
26.67 mg/dL in treated group. Similarly mean value for serum creatinine was 0.517 mg/dL
in control and 0.483 mg/dL in treated group. When independent sample t-test was aplied,
p-values for BUN and serum creatinine were 0.00 and 0.461, respectively, thus revealing no
significant difference in case of serum creatinine values but a significant difference occurs
in BUN values between treated and control groups.
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Table 3. Biochemical indicators: showing number of animals (71); mean + standard deviation; and

maximum, minimum and p-value of ALT and AST on 11th and 21st days of treatment.

Alanine

Alanine Aspartate Aspartate
Gr Statistical Aminotrans- Aminotrans- Aminotrans- Aminotrans-
oup Parameter ferase (ALT, ferase (ALT, ferase (AST, ferase (AST,
11th day) 21st day) 11th day) 21st day)
Control Mean + SD 94.50 + 5.089 92.17 4+ 5.456 24.00 £ 3.464 24.67 + 2.805
(O{ r6‘; Minimum 87 84 20 21
"= Maximum 100 100 29 28
Treatment Mean =+ SD 98 + 3.742 9450 + 15.681  25.50 +3.082  24.50 + 3.834
(n=6) Minimum 92 72 22 20
n= Maximum 103 120 30 30
Treated vs. control p-value 0.205 0.738 0.447 0.933
Treated (11th day) vs.
treated (21st day) p-value 0.606 0.629

On 21st day of treatment, the mean value for BUN was 15.17 mg/dL in control and
18.5 mg/dL in treated group. Similarly, mean value for serum creatinine was 0.483 mg/dL
in control and 0.5 mg/dL in treated group. By the application of independent sample t-test,
significant difference was observed in values of BUN between control and treated group
(p-value 0.03), but no significant difference occurred in values of serum creatinine between
treated and control groups (p-value 0.734).

When biochemical indicators of treated group on 11th day were compared with treated
group on 21st day, no significant difference was recorded between the said results of treated
group (ALT p-value = 0.606, AST p-value = 0.629 and serum creatinine p-value = 0.734).

However, in BUN values, a significant difference was observed between treated groups on
11th and 21st days (see Table 4).

Table 4. Biochemical indicators: showing number of animals (72); mean + standard deviation; and

maximum, minimum and p-value of BUN and creatinine of treated and control groups on 11th and
21st days of treatment.

Blood Urea Blood Urea
- . . Serum Serum
Statistical Nitrogen Nitrogen .. ..
Group Creatinine Creatinine
Parameter (BUN, (BUN, (11th Day) @1st Day)
11th Day) 21st Day) ¥ y
Mean + SD 13.33 +£1.75 18.50 +1.871 0.517 £ 0.075 0.500 + 0.0894
Control Minimum 11 16 0.4 0.4
Maximum 16 21 0.6 0.6
Mean £ SD 26.67 £2.73 15.17 +2.639 0.483 £ 0.075 0.483 £0.0753
Treatment Minimum 23 12 04 0.4
Maximum 31 19 0.6 0.6
Treated p-value 0 0.03 0.461 0.734
vs. control
Treated (11th
vs. 21st day) p-value 0 0.734

Pancreas

On 11th day, half of the animals in control group were assessed for their amylase level,
presenting mean values of 2683.17 U/L (in the treated group it was 2680.00 U/L). The same
group of animals, when assessed for random blood glucose levels, showed means values
of 83.83 mg/dL in control group and 47.83 mg/dL in treated group. Independent sample
t-test showed a p-value of 0.831 for amylase level, showing no significant difference, but
the random blood glucose has shown a p-value less than 0.05, thus showing a significant
difference between the control and treated groups.

On 21st day, blood sample of the animals in the control group showed mean value
of 2680.00 U/L; when evaluated for amylase level and in the treated group, it was
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2672.00 U/L. The mean value of random blood glucose obtained in control group an-
imals was 69.33 mg/dL, and in treated group of animals, the value was 56.67 mg/dL.
The p—value obtained after sample t-test for amylase level was 0.515, thus showing no
significant difference. The p-value obtained for random blood sugar level was 0.018, which
is less than 0.05, thus showing a significant difference between control and treated groups.
All these results are shown in Tables 5 and 6.

Table 5. Biochemical indicators: showing number of animals (1); mean + standard deviation;

maximum, minimum and p-value of serum amylase; and random blood glucose level on 11th and
21st days of treatment.

Serum Amvlase Serum Random Random
Statistical y Amylase Blood Glucose  Blood Glucose
Group P (U/L)
arameter (11th Day) (U/L) (mg/dL) (mg/dL)
y (21st Day) (11th Day) (21st Day)
Control Mean +SD  2683.17 +26.649 2680 +23.421  83.83 +7.35 69.33 + 9.07
(0“_ rg; Minimum 2649 2655 73 60
"= Maximum 2720 2700 90 85
Treatment Mean + SD 2680 + 23.45 2672 +17.07  43.66 + 13.89 56.67 + 6.18
Zj ’ 6‘3) Minimum 2655 2650 23 48
- Maximum 2710 2700 65 65
VSTfs;etfol p-value 0.831 0515 0.000 0.018
Treated
(thdayvs: ) value 0.184 0.508
(21st day)

Table 6. Biochemical indicators: showing number of animals (11); mean + standard deviation; and
maximum, minimum and p-value of random blood glucose level weekly up to 21 days.

Statistical Random Random Random Random
Group Paia;lei:r Blood Glucose Blood Glucose Blood Glucose Blood Glucose
(mg/dL) (mg/dL) (mg/dL) (mg/dL)
Time Period Baseline 7th Day 11th Day -
Mean + SD 83.57 £7.232 82.67 +£4.179 83.83 £ 7.360 -
Control ..
(1 =6) Minimum 74 79 73 -
"= Maximum 92 90 91 -
Mean + SD 82.17 £ 4.535 60.33 & 3.011 47.83 £9.517 -
Treatment ..
(n=6) Minimum 78 572 39 -
"= Maximum 90 66 65 -
Treated p-value 0.710 0.000 0.000 ;
vs. control
Time Period Baseline 7th Day 14th Day 21st Day
Mean + SD 72.50 £ 4.722 75.50 £ 6.979 75.83 £ 6.555 69.33 £9.070
Control g
(n=6) Minimum 70 69 68 60
"= Maximum 69 85 85 85
Mean £ SD 80.83 £ 9.042 60.00 £ 7.563 56.17 £ 4.355 56.67 £ 6.186
Treatment ..
(n=6) Minimum 74 79 73 48
"= Maximum 92 90 91 65
Treated p-value 0.073 0.004 0.000 0.018
vs. control
Heart

On 11th day, half of the animals in control group, when assessed for their car-
diac troponin-I levels, showed mean values of 0.29667 ng/dL and in the treated group
0.3 mg/dL (Table 7). Same animals when assessed for their CK-MB levels; the mean values
of 11 U/L in control group and 13.83 U/L in treated group were recorded. Independent
sample t-test showed p-value of 0.916 for cIn-I, thus, showing no significant difference and
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for CK-MB it was 0.672, also showing no significant difference between the control and
treated groups on 11th day.

Table 7. Biochemical indicators: showing number of animals (1); mean + standard deviation; and
maximum, minimum and p-value of ¢Tn -I and CK-MB on 11th and 21st days of treatment.

Cardi Creatinine Creatinine
Troal;n:iarf-l Cardiac Troponin-I Kinase- Kinase-
Grou Statistical (np /dL) (ng/dL) Myocardial Myocardial
P Parameter - (cTn-, Band (U/L)  Band (U/L)
! 21st Day) (CK-MB, (CK-MB,
11th Day)
11th Day) 21st Day)
Control Mean £ SD 0.29667 + 0.055 0.25833 4 0.02483 11 £+ 2.098 13.83 £1.871
(Orl r6°) Minimum 0.25 0.23 9 8
"= Maximum 0.4 0.27 14 12
Treat ¢ Mean =+ SD 0.3 £ 0.0522 0.26167 £+ 0.0286 13.83 £2.14  13.67 £ 2.160
rf;‘ f“:)n Minimum 0.26 0.22 12 1
B Maximum 0.4 0.3 16 17
Vfrﬁiiifol p-value 0916 0.834 0.672 0.896
Treated (11th
A p-value 0.497 0786
(21st day)

On 21st day, blood sample was assessed for cardiac troponin-I in control group of
animals, for which the mean value of 0.2583 mg/dL and in treated group, mean value
of 0.26167 ng/dL were recorded. The mean value of CK-MB obtained in control group
animals was 13.83 U/L, and in treated group of animals, the value was 13.67 U/L. The
p-value obtained after the sample t-test for cTn-I was 0.834, thus showing no significant
difference. The p-value obtained for CK-MB level was 0.896, which is greater than 0.05,
thus showing no significant difference between control and treatment groups.

When treated groups of animals were compared for their biochemical indicators on
11th and 21st days, no significant difference was observed. The p-value for amylase was
0.184, for random blood glucose level was 0.508, for cTn-I was 0.497 and for CK-MB was
0.786. However, random blood glucose level was significantly decreased by the end of 11th
and 21st day of treatment, which presents no significant difference in the random blood
glucose lowering effect in both treated groups of animals on 11th and 21st days (all these
outcomes are shown in Table 7).

3.2.3. Histopathological Evaluation
Effect on Liver

On 11th day, histopathological assessment of liver tissues revealed mild steatosis in all
treated group animals. Mild hyperemia was observed in two animals, while mild fibrosis
and inflammatory cell aggregation were observed only in one animal. No such pathological
changes were observed in control group animals. Similarly, histopathological evaluation of
liver tissues on 21st day revealed mild inflammatory cell aggregation in all treated group
animals. Mild fibrosis and necrosis were observed in three and one treated group animal,
respectively. Steatosis was observed in all animals ranging from mild to severe type. No
such changes were observed in control group animals.

Images of liver tissue of mice on 11th day of treatment with normal saline have shown
no signs of inflammation, hyperemia, steatosis and necrosis. However, images of liver
tissue of mice on 11th day of treatment with cyclohexenone derivative (CHD) have shown
some histopathological changes. Steatosis in hepatocytes was observed. Hyperemia and
necrosis were also seen.

Figure 2A,B shows representative images of liver tissue of mice on 21st day of treat-
ment with normal saline. Normal liver tissue architecture can be seen in these figures.
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Normal hepatocytes were observed. Central vein and hepatic portal triad can be seen. No
inflammation, hyperemia, steatosis and necrosis were observed.

Necrosis

Figure 2. Liver of mouse treated with normal saline (H and E, 5um, A: 100x, B: 400X ): representative images of the liver of
mouse treated with normal saline (i.p) for 21 days showing normal central vein, hepatocytes and hepatic portal triad. Liver
of mouse treated with CHD (H and E, 5 um, C: 100x, D: 400x): representative image of the liver of mouse treated with
CHD (45 mg/kg/day, i.p) for 21 days. Steatosis and necrosis can be seen.

In Figure 2C,D, representative images of liver tissue of mice on 21st day of treatment
with cyclohexenone derivative (CHD) are shown. Architecture changes were observed.
Steatosis and necrosis in hepatocytes can also be seen. Those induced changes, present
on 11th day, became more severe on 21st day of treatment. Further interpretation of the
slides/images can be found in Table 8.

Effect on Kidney

On 11th day, histopathological assessment of kidney tissues revealed mild glomerular
and tubular injury in all animals of treated group. In three animals, mild steatosis was
observed. Mild hyperemia and inflammatory cell aggregation were detected only in one
animal. These effects were observed in the animals of control group. Similarly, on 21st day,
histopathological assessment has shown mild to moderate glomerular and tubular injury
in treated group animals. Mild steatosis observed in five animals. In two animals of the
treated group, mild fibrosis and necrosis were observed. Mild to moderate inflammatory
cell aggregation was also seen in 4 animals of the treated group. Hyperemia was observed
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in one animal of the treated group. However, the animals of the control group did not
show such pathological changes when assessed on the same day.

Table 8. Histopathological evaluation scores of kidney and liver tissue slides of mice on 21st day
of treatment.

Animal Group-I Animal Group-II
Histopathological e
SN ontrol) (Treated)
Findings
1 2 3 4 5 6 1 2 3 4 5 6
Kidney
Hyperemia 0 0 0 0 0 0 0 0 0 0 1 0
Necrosis 0 0 0 0 0 0 1 0 0 0 0 1
Inflammatory cell o 0 0 o0 0 0 1 0 0 1 2 1
aggregation
Fibrosis 0 0 0 0 0 0 0 0 1 1 0 0
Glomerular injury 0 0 0 0 0 0 1 1 2 1 2 1
Steatosis 0 0 0 0 0 0 0 1 1 1 1 1
Ectasia/tubular injury 0 0 0 0 0 0 1 1 1 2 2 2
Liver
Hyperemia 0 0 0 0 0 0 0 0 0 0 0 0
Necrosis 0 0 0 0 0 0 0 0 0 0 0 1
Inflammatory cell o 0o 0o o0 0 0 1 1 1 1 1 1
aggregation
Fibrosis 0 0 0 0 0 0 1 0 0 1 0 1
Steatosis 0 0 0 0 0 0 2 1 3 2 2 2

0 none; 1 mild; 2 moderate; and 3 severe.

Kidney tissue of mice on 11th day of treatment with normal saline has shown normal
renal tissue architecture, glomeruli, Bowman’s capsules and convoluted tubules. It was
observed that glomeruli were normal and with intact structure. Similarly, it was found that
normal Bowman’s capsule with endothelium was intact. No signs of inflammation, fibrosis,
hyperemia and tubular injury were seen, but on 11th day of treatment with cyclohexenone
derivative (CHD), the images of kidney tissue show multiple injured glomeruli with
reduced size, inflammatory cells infiltration and increased blood flow (hyperemia) with
tubular injury.

Figure 3A,B shows representative images of kidney tissue of mice on 21st day of
treatment with normal saline. Normal renal tissue architecture can be seen in these images.
Glomeruli, Bowman’s capsule and convoluted tubules are visible. Glomeruli were normal,
and intact structure was observed. Similarly, Bowman’s capsules were normal and with
intact endothelium. No inflammation, fibrosis, hyperemia and tubular injury were detected.

In Figure 3C,D, representative images of kidney tissue of mice on 21st day of treatment
with cyclohexenone derivative (CHD) are shown. Multiple injured glomeruli with reduced
size can be seen. Inflammatory cell infiltration and injured tubules are visible. Necrosis
and steatosis can be seen in figures. The architectural changes presented on 11th day of
treatment have shown an increase in frequency and severity on 21st day of treatment.
Numerical scoring of the histopathological changes can be seen in Table 8.
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Bowman capsule

Figure 3. Kidney of mouse treated with normal saline (H and E, 5 pum, A: 100, B: 400 x): representative images of the
kidney of mouse treated with normal saline (i.p) for 21 days showing glomeruli and Bowman’s capsules. Kidney of mouse
treated with CHD (H and E, 5 um, C: 100x, D: 400x): Representative images of the kidney of mouse treated with CHD
(45 mg/kg/day, i.p) for 21 days showing injured glomeruli, steatosis and necrosis.

Effect on Pancreas

Histopathological assessment on 11th day of treatment in mice has presented mild
edema in their tissues in all animals of treated group. Necrosis was observed mildly in
four animals. Mild inflammation was found in all animals except one, in which moderate
inflammation was observed. Treated animals did not show hemorrhage and fat necrosis.
These changes were not observed in control group animals. The results of assessment of
pancreatic tissue on 21st day showed moderate edema in half of the animals in treated
group and marked to severe edema in the remaining animals of the same group. There
was mild necrosis in half of the group of treated animals and moderate in the remaining
half with mild to moderate inflammation. No hemorrhage and fat necrosis were observed.
In control group of animals, no such variations were observed on 21st day.

Histology of the pancreas has shown normal architecture in control group of animals
after treatment with normal saline on 11th day of the treatment. Acinar cells were intact
with endothelium with normal intra lobular ducts. No signs of edema, inflammation and
necrosis were seen. However, histology of pancreas after treatment with cyclohexenone
derivative (CHD) in treated group of animals, demonstrated alterations in normal histology
on 11th day of treatment. Acinar cells were mildly necrotized in half of the animals. Mild
edema and inflammation were observed in tissues surrounding acinar cells.
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Figure 4A,B represents histology of pancreas after treatment with normal saline in con-
trol group of animals on 21st day of treatment. The architecture of pancreas has presented
normal histology. Acinar cells were intact with endothelium with normal intralobular
ducts. No signs of edema, inflammation or necrosis can be seen in the figure.

Acinar cells

- Yy -
% o
. Intra-lobular duct
L
L

W

Interstitium

Inflammatory cell
infiltrates

Dilated intra-
lobular duct

Inflammatory cell
infiltrations

Neerotized acinar cells

Figure 4. Normal saline treated pancreas of mouse (H and E stained, 5um, A:100x, B: 400x): Representative image of
pancreas of mouse treated with normal saline for 21 days showing normal intact acinar cells, islet of Langerhans with normal
inter and intra lobular ducts. Pancreas of mouse treated with CHD (H and E stain, 5um, C:100x, D: 400 x): representative
images of pancreas of mouse treated with CHD (45mg/kg/day, i.p) for 21 days showing moderately necrotized acinar cells
with interstitial edema and inflammation.

Figure 4C,D signifies histology of pancreas after treatment with cyclohexenone deriva-
tive (CHD) in treated group of animals on 21st day of treatment. The architecture of
pancreas has shown alteration in normal histology. Acinar cells were moderately necro-
tized in half of the animals of the treated group. Edema and inflammation was observed in
tissues surrounding acinar cells. The alterations brought were increased in intensity on
21st day of treatment with CHD, as evident from the data shown in Table 9.
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Table 9. Histopathological scoring of pancreatic tissues of control and treated groups of mice during
11th and 21st days of treatment.

Scoring of Pancreas Tissue Slides

on 11th Day Control Animals Treated Animals
Parameters 1 2 3 4 5 6 1 2 3 4 5 6
Edema 0 0 0 0 0 0 1 1 1 1 1 1
Necrosis 0 0 0 0 0 0 1 1 1 0 1 0
Inflammation 0 0 0 0 0 0 1 1 2 1 1 1
Hemorrhage 0 0 0 0 0 0 0 0 0 0 0 0
Fat necrosis 0 0 0 0 0 0 0 0 0 0 0 0

on 21st Day Control Animals Treated Animals
Parameters 1 2 3 4 5 6 1 2 3 5 6
Edema 0 0 0 0 0 0 2 2 3 3 2 4
Necrosis 0 0 0 0 0 0 2 1 2 1 1 2
Inflammation 0 0 0 0 0 0 1 1 2 2 1 3
Hemorrhage 0 0 0 0 0 0 0 0 0 0 0 0
Fat necrosis 0 0 0 0 0 0 0 0 0 0 0 0

0 none; 1 mild; 2 moderate; 3 marked; and 4 severe.

Effect on Heart

Histopathological assessment of heart in mice on 11th day of treatment with CHD
revealed mild to moderate focal and multi focal damages. Minimum to mild inflamma-
tion was observed in half of the animals, but no myofibrillary damage and necrosis was
observed. Any such changes were not observed in control group of animals. Assessment
of heart tissue in treated group of animals showed moderate focal damages on 21st day.
Multifocal damages were also observed in all animals. Moderate inflammation was found
in the heart tissue of all animals. Mild myofibrillary damage was observed in half of
the animals, except in one animal where moderate damage was found in myofibrils. No
necrosis was found in treated group animals. No such detrimental changes were found in
heart tissues of the control group animals on 21st day of treatment.

Histology of heart after treatment with normal saline in control group of animals on
11th day showed normal cardiac myocytes. Heart cells represented normal histology with
mono or bi-nucleate muscle fiber. No signs of focal or multi focal damage were observed.
No sign of inflammation and necrosis can be seen in the figure.

Heart cells in animals after treatment with cyclohexenone derivative (CHD) showed
alterations in normal histology on 11th day of treatment. Cardiac myocytes also showed
minimum focal damages. Multi-focal degenerations were observed with mild inflammation.
However, no necrosis or myofibrillary damage was observed.

Figure 5A,B represents histology of the heart after treatment with normal saline in con-
trol group of animals on 21st day of treatment. The architecture of the heart presents normal
cardiac myocytes. Heart cells represent normal histology with mono or bi-nucleate muscle
fiber. No signs of focal or multi focal damage were observed. No sign of inflammation and
necrosis can be seen in the figure.



Toxics 2021, 9, 119 15 of 22

" o P g
Cardiac Myocyte
| branching =

Cardiac myocytes
with viable nuclei

Figure 5. Normal saline treated heart tissue of mouse (H and E stained, 5 um, A:100x, B: 400 x): representative image
ofheart tissue of mouse treated with normal saline for 21 days showing normal cardiac myocytes with mono or bi-nucleate
muscle fiber. Heart of mouse treated with CHD (H and E stain, 5 um, C:100x, D: 400 x): representative images of heart
tissue of mouse treated with CHD (45 mg/kg/day, i.p) for 21 days showing moderate focal myocytes damages with
inflammatory cell infiltrations and myofibrillary damage with inflammatory process.

Figure 5C,D represents histology of heart in animals, after treatment with cyclo-
hexenone derivative (CHD) on 21st day of the treatment. Architecture of heart shows
alterations in normal histology. Moderate focal damages can be seen in cardiac myocytes.
Moderate multi-focal degenerations were observed. No necrosis and myofibrillary damage
were observed. The alterations were increased in intensity on 21st day of treatment with
CHD. Further details of the above-mentioned findings/outcomes are given in Table 10.
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Table 10. Histopathological scoring of heart tissues of control and treated group of mice during 11th
and 21st days of treatment.

Scoring of Heart Tissue Slides

on 11th Day Control Animals Treated Animals
Parameters 1 2 3 4 5 6 1 2 3 4 5 6
Focal myocytes damage 0 0 0 0 0 0 2 2 3 2 2 2
Multifocal degeneration 0 0 0 0 0 0 2 2 2 2 2 2
Mul.tlfocal degeneration with 0 0 0 0 0 0 0 2 2 0 1 1
inflammatory process
Myofibrillar
degeneration/diffuse 0 0 0 0 0 0 0 0 0 0 0 0

inflammatory process
Necrosis with diffuse
inflammatory process

on 21st Day Control Animals Treated Animals
Scoring Parameters 1 2 3 4 5 6 1 2 3 4 5 6
Focal myocytes damage 0 0 0 0 0 0 3 3 3 3 3 3
Multifocal degeneration 0 0 0 0 0 0 3 3 3 3 3 3
Mul.tlfocal degeneration with 0 0 0 0 0 0 1 2 3 3 3 2
inflammatory process
Myofibrillar
degeneration/diffuse 0 0 0 0 0 0 0 0 2 3 2 2

inflammatory process
Necrosis with diffuse

. 0 0 0 0 0 0 0 0 0 0 0 0
inflammatory process

0 none; 1 minimum; 2 mild; 3 moderate; and 4 severe.

4. Discussion

The toxicological assessment of cyclohexenone derivative (CHD) for liver through
biochemical indicators (ALT, AST) revealed no significant difference between treated and
control groups. However, on 11th day of treatment, the mean values of corresponding
indicators (ALT and AST) were higher in treated as compared to control group. On 21st
day of treatment, the mean value of ALT was higher in treated group than the control
group. However, no signs of any considerable difference in mean values of AST in control
and treated group were found (approx. 25 for both treated and control groups).

In the light of the above, when liver injury occurs, the ALT leaks out into general
circulation where its half-life is approx. 42 h. Thus, the value of this biochemical indicator
was raised in blood but was not detectable beyond its half-life [41]. In the current study,
the difference of mean values of ALT of control and treated group became minimal when
the mean values of 11th and 21st day of treatment were compared. This could have been
related to its short half-life, where it was released into general circulation due to damaged
hepatocytes. Thus, the difference of mean values of ALT in control and treated group
decreased on 21st day as compared to 11th day of treatment. Similarly, AST has shorter
half-life than ALT. Thus, comparing the difference in mean values of control and treated
group of AST indicated a decrease in difference on 11th and 21st days of treatment. The
ALT and AST values of treated group were not significantly different from control group.
Although histopathological changes in liver were observed, this may have been due to
the hepatocytes. Cell membrane remained mostly intact, and significant damage was
not observed. Consequently, the cytosolic enzymes (ALT, AST) were not leaking out to
general circulation, and thus no significant difference were observed in biochemical tests
used for liver function assessment. In the light of this, previous toxicity studies have
also shown that the presence of histopathological changes does not correlate better with
biochemical indicators [42,43], although in other studies histopathological and biochemical
indicator changes occur concurrently. In such studies, the biochemical indicators increased
significantly due the reason that notable hemorrhage and necrosis were observed in treated
group. This led to the release of enzymes from hepatocytes cytoplasm, which caused a
significant increase in these biochemical indicators in blood [44—-46].
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Although mean values of biochemical indicators (ALT and AST) were higher in treated
group than the control group, the difference was statistically insignificant. With reference
to the previous studies, the known hepatotoxic-drug (CCly)-treated rodents showed mean
values of ALT and AST to be more than 200 U/L and 30 U/L, respectively. This alteration
by carbon-tetrachloride was majorly associated with liver injury through its metabolites
that were generated during metabolism by cytochrome P45 [47-50]. In our current study,
both on 11th and 21st days of treatment, the mean values of ALT were less than 100 U/L
and the mean values of AST were less than 30 U/L. This shows that the said cyclohexenone
derivative in a given dose and duration does not need to be very toxic to alter the ALT
and AST values as compared to a known hepatotoxic drug. Drugs causing liver injury can
be assessed through biochemical indicators, but their clinical significance is not clear. An
increase of aminotransferase level > 3 upper limits of normal and jaundice (>3mg/dL) can
be regarded as a risk of developing liver injury [51]. As in the current study, there was a
slight increase in aminotransferase level, which may not indicate clinical significance.

Toxicological assessments of slides obtained from liver tissues revealed that mild
steatosis occurred in treated animals on 11th day of treatment. Fibrosis and inflammatory
cell aggregation occur in one treated animal, while hyperemia occurred in two treated
animals. Such changes have shown increase in severity and frequency on 21st day of
treatment, showing possible toxic effects of the administered compound. Biochemical
indicators of liver have shown that the mean values of ALT in treated group were higher
than control group. This increase may possibly be due to the fact that histopathological
changes were observed in treated group animals, although ALT values of treated group
were not significantly different from control group.

In connection to the above histological results of the liver, steatosis observed in liver
tissue of mice in treated group could be related to 3 oxidation. Aspirin is a known
cyclooxygenase inhibitor, and its induced steatosis in the liver is related to 3-oxidation [52].
The molecular docking study of administered cyclohexenone derivative (CHD) is known
to have affinity for cyclooxygenase enzyme that might be causing steatosis in liver tissue
due to 3-oxidation. Biochemical indicators of liver function (ALT and AST) on 11th day
showed increase in mean values in treated group as compared to control group. This could
be related to architectural damage that occurred on 11th day of treatment but without
significant difference for the mentioned duration.

Toxicological assessment of cyclohexenone derivative for kidney through biochemical
indicators (BUN and serum creatinine) revealed no significant difference in serum creatinine
values of the treated and control groups. However, the BUN value has shown a significant
difference between treated and control groups both on 11th and 21st days of treatment. In
this connection, previous studies reported that in rodents treated with a known nephrotoxic
agent, serum creatinine was more than 1mg/dL and BUN value more than 60 mg/dL. In
those studies, in addition to increase in biochemical indicators values in treated group
as compared to control group, histopathological evaluation revealed marked damage to
kidney tissue. Architectural damage in those studies included necrosis, tubular injury,
inflammation and vacuolization [47,53-55]. The results of current study showed that the
mean values of serum creatinine, both on 11th and 21st days of treatment, were equal
or less than 0.5 mg/dL. Similarly, the BUN mean values of treated group on 11th and
21st days were less than 60 mg/dL. This shows that the said cyclohexenone derivative
(CHD) did not alter the biochemical indicators of kidney function as compared to known
nephrotoxic agent.

Toxicological evaluation of cyclohexenone derivative through histopathological evalu-
ation of slides from kidney tissues revealed that on 11th day of treatment, the glomerular
and tubular injuries were mild in treated animals. These changes become moderate on 21st
day of treatment, showing possible toxic effects of the administered compound, especially
if used for extended period of time. Similarly, inflammation and fibrosis also appeared after
21st day of treatment. These effects support the increase in values of BUN in treated group
as compared to control group. Some previous studies also demonstrated a significant
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increase in BUN values with histopathological changes in kidneys [46,56]. Similarly, with
reference to the above, the decrease in size of glomeruli can be related to treatment with
cyclohexenone derivative (CHD). Molecular docking studies indicated that this compound
has affinity for cyclooxygenase enzymes. By blocking prostaglandins (PGs) synthesis,
they block the vasodilation effect of PGs leading to vasoconstriction in the glomerulus.
This ultimately resulted in reduced size of glomeruli and consequent damage [57]. Such
histoarchitectural changes were also observed in our current study.

Toxicological assessment of cyclohexenone derivative for pancreas through biochem-
ical indicators (amylase and random blood glucose) showed no significant changes in
amylase level during treatment with CHD up to 21 days as compared to the control group.
The amylase level when compared on 11th day and 21st day, between the control and the
treated group of mice, indicated p-values that were not significant: 0.831 and 0.515, respec-
tively. Treatment with CHD induced significant changes in random blood glucose levels
in mice as compared to the control group animals on 11th and 21st days with p-values of
less than 0.05 and 0.018 on respective days. The random glucose level was lowered during
treatment up to 21 days in an animal model. The difference in the mean values of control
group mice was minimal, but in the treatment group, the difference in the mean values at
baseline, 11th and 21st day was greater, showing lower blood glucose level on 11th day
and 21st day as compared to baseline. In treatment group, the glucose level was higher
at the initial day of experiment and decreased up to the end of treatment. The random
blood glucose values, when compared on 11th day of treatment and baseline, showed
a p < 0.05, which is statistically significant. The p-value for random blood glucose level,
when compared between the groups on the 21st day, gave a p-value that was statistically
significant, i.e., 0.018. At baseline, the value was not significant with a p-value of 0.073.

With reference to the above, physiologically, glucose uptake by beta cells causes
increase in ATP production, thus closing the ATP sensitive potassium levels. At the
membrane potential of 50 mv, influx of calcium inside beta cells takes place and thus
mediating the release of insulin. Studies found that NSAIDs like meclofenamic acid, which
is also a Cox inhibitor, has been found to alter the blood glucose levels by altering the
ATP sensitive potassium-channel. Its glucose lowering effect is brought by insulin release
by inhibiting the ATP sensitive-potassium channels, which produces an increase in the
potassium level inside beta cells of Langerhans and hence causes insulin release, triggering
the hypoglycemic effect [26,58,59]. Acetylsalicylic acid and flufenamic acid also produce
hypoglycemia due to increased insulin secretion and decreased gluconeogenesis by liver
and reduced insulin clearance. In the present study, the glucose levels were not affected at
baseline but showed marked hypoglycemia reaching at the end of sub-acute studies [26,60].
Opioids, such as tramadol and methadone, have also been found to produce hypoglycemia.
It has been found that opioids are directly linked with mu-receptor agonism, resulting
in direct uptake of glucose by hepatocyte and skeletal muscle cells. Some studies have
found that the blood glucose lowering effect of tramadol and methadone was inhibited by
naloxone. This revealed involvement of mu-receptors in the blood glucose lowering effect
by opioids, with blood glucose levels monitored as low as 20 mg/dL [61-63]. In present
case, toxicological investigation for cyclohexenone derivative showed that it has no effect
on amylase activity but significantly lowered blood glucose levels up to hypoglycemic
range in treated group of animals.

Histopathological assessment of pancreatic tissue slides revealed mild alterations on
11th day of treatment with cyclohexenone derivative. On 21st day, the histopathological
parameters were intensified regarding induced changes. On 11th day, there was mild
edema, necrosis and inflammation found in treated group of animals. No such changes
were observed in control group of animals. These changes became moderate in intensity
on 21st day, showing possible toxic effects due to treatment with CHD.

Furthermore, cyclohexenone derivative, being the inhibitor of cyclooxygenase enzyme,
has been shown to increase hydrogen peroxide inside cellular compartments. This usually
leads to cellular damage, releases cytokines and thus attracts inflammatory infiltrates due
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to degeneration of lipid, protein and nucleic acids. This may lead to cell apoptosis and
necrosis and various pathological conditions [23]. The random blood glucose level in
cyclohexenone-treated group showed a gradual decrease up to 21 days as compared to the
baseline values, whereas the diabetogenic agents are required to raise the blood glucose
levels beyond 300 mg/dL or 16.7 mmol/L. The blood tests for this agent in treated animals
did not show random blood glucose levels above 300 mg/dL [64]. These results revealed
that the test compound did not contain significant potential to induce diabetes for the
said treatment.

The biochemical indicator of the heart (cITn-I and CK-MB) did not show any significant
changes in the control and treated group by CHD for 21 days. When cTn-I level was
compared between control and treated groups, no significant difference was observed with
p-values of 0.916 and 0.834 on 11th and 21st days of treatment, respectively. Similarly, the
value of CK-MB in control and treated group animals was found to be non-significant, with
p-values of 0.672 and 0.896 on 11th and 21st days of dosing, respectively.

Nevertheless, cyclohexenone derivative, having affinity for cyclooxygenase, may in-
duce cardio-toxicity by elevating the normal blood pressure. This effect is due to inhibition
of Cox-II in kidney, which causes increased sodium and fluid retention and thus generates
unwanted workload on heart due to elevated blood pressure, thus leading to elevated
CK-MB and cardiac troponin-I levels due to any injury to the heart tissues [23]. Another
mechanism causing increased levels of cIn-I and CK-MB is high level of reactive oxygen
species in cardiac tissues. In normal physiological condition, reactive oxygen species are
produced in mitochondria, which lead to synthesis of hydrogen peroxide via superoxide
dismutase. This can be further converted to water molecules by glutathione peroxidase.
NSAIDs have been shown to increase hydrogen peroxide species, which leads to cellular
damage in myocytes due to degeneration of lipid, protein and nucleic acids. All these
events lead to cell apoptosis and necrosis of the cardiac cells [23].

Histopathological assessment of heart tissues revealed that the level of cardiac troponin-
I was less than 0.4 ng/mL, and for CK-MB blood test, the level was between 5-25 IU/L. The
results showed that cyclohexenone derivative (CHD) did not induce any significant toxic
effect on the biochemical indicators of the heart of mice as compared to toxicity producing
agents, but it did alter the normal histology of the cardiac myocytes. As compared to
control group, the treated group animals produced an alteration after CHD treatment. On
11th day, the heart tissue showed mild cardiac myocyte damage with inflammatory cell
infiltrates, while on day 21, the heart tissue revealed mild damage with moderate adverse
effects. Mild myofibrillary damage without necrosis was also observed. The damage to
cardiac myocytes could be related to the affinity of the compound (CHD) to cyclooxygenase
enzyme in kidneys, which, by inhibiting Cox-II enzyme, discontinues the vasodilation by
prostaglandins (PGs). These processes result in sodium and water retention and elevate
blood pressure, causing damage to heart tissues. Other possible mechanisms include
increased production of hydrogen peroxide species, which can induce cellular damage
to cardiac myocytes [23]. The histopathological alterations induced in tissues of heart
suggested the possible toxic effects of this novel compound used for the treatment [65-67].

5. Conclusions

The acute toxicity studies of the novel compound have shown that the median lethal
dose of the said compound is expected to be greater than 500 mg/kg, as no signs of
toxicity and mortality were observed at this dose. Similarly, sub-acute toxicity revealed
no significant changes in selected biomarkers except BUN and RBS levels. However,
histopathological evaluation has shown mild to moderate toxic effects on liver, kidney,
pancreas and heart tissues. These findings show that the novel compound may be toxic to
selected body organs if used for sub-chronic or chronic duration.
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6. Study Limitations and Future Plan

Findings of this study would have been more evident if the observed toxic effects
had been correlated with the pharmacokinetic profile of the cyclohexenone derivative.
Furthermore, it will be more beneficial to conduct toxicological studies of this novel
compound on some additional vital body organs (like CNS and GIT) and for a longer
duration (sub-chronic and/or chronic treatment) in an animal model. Therefore, we are
planning to perform the assessment of pharmacokinetic parameters and to further extend
the toxicological evaluation of the tested compound in an animal model.

Author Contributions: Conceptualization, S.U. and G.A.; methodology and writing the draft, M.K.
and A.F,; formal analysis, N.I.; visualization, M.Q.; resources, R.K., M.I,, C.G.D., HT.A. and M.E.C.;
review and editing, S.U. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical approval of preclinical studies on Cyclohexenone
derivative (CHD) was granted by ethical committee of Department of Pharmacy, UoP via endorse-
ment testament number 01/EC-18/PHARM on 16 October 2018. Experimental studies on mice were
executed in congruence with UK Animals (Scientific Procedures) Act 1986.

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We appreciate the technical assistance provided by Najeebullah and Rahimullah,
research scholars, Department of Pharmacy, University of Peshawar to conduct the animal studies.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Colerangle, J.B. Preclinical Development of Nononcogenic Drugs (Small and Large Molecules). In A Comprehensive Guide to
Toxicology in Nonclinical Drug Development; Elsevier: Amsterdam, The Netherlands, 2017; pp. 659-683.

2. De Bruin, Y.B.; Eskes, C.; Langezaal, I.; Coecke, S.; Kinsner-Ovaskainen, A.; Hakkinen, PJ. Testing Methods and Toxicity
Assessment (Including Alternatives). In Information Resources in Toxicology; Elsevier: Amsterdam, The Netherlands, 2009;
pp. 497-513.

3. Mousavi, M.R.; Maghsoodlou, M.T.; Habibi-Khorassani, S.M. One-pot diastreo-selective synthesis of highly functionalized
cyclohexenones: 2-oxo-N 4,6-triarylcyclohex-3-enecarboxamides. Mol. Divers. 2014, 18, 821-828. [CrossRef] [PubMed]

4.  Fujioka, H.; Kotoku, N.; Sawama, Y.; Nagatomi, Y.; Kita, Y. Concise asymmetric synthesis of a model compound, (4S,5S,65)-6-(2,2-
dimethoxy)ethyl-4,5-epoxy-6-hydroxy-2-cyclohexenone, for the cyclohexenone core of scyphostatin. Tetrahedron Lett. 2002, 43,
4825-4828. [CrossRef]

5. Hoye, T.R.; Tennakoon, M.A. Synthesis (and Alternative Proof of Configuration) of the Scyphostatin C(1°)—C(20°) Trienoyl
Fragment. Org. Lett. 2000, 2, 1481-1483. [CrossRef] [PubMed]

6. Zia-Ul-Haq, M. Historical and Introductory Aspects of Carotenoids. In Carotenoids: Structure and Function in the Human Body;
Zia-Ul-Haq, M., Dewanjee, S., Riaz, M., Eds.; Springer: Cham, Switzerland, 2021; pp. 1-42.

7. Vyas, D.H,; Tala, S.D.; Akbari, J.D.; Dhaduk, M.F,; Joshi, H.S. Synthesis, Antimicrobial and Antitubercular Activity of Some
Cyclohexenone and Indazole Derivatives. Indian |. Chem. 2010, 41, 19-25. [CrossRef]

8.  Okoth, D.A.; Akala, H.M.; Johnson, ].D.; Koorbanally, N.A. Alkyl phenols, alkenyl cyclohexenones and other phytochem-
ical constituents from Lannea rivae (chiov) Sacleux (Anacardiaceae) and their bioactivity. Med. Chem. Res. 2016, 25,
690-703. [CrossRef]

9.  Okoth, D.A.; Koorbanally, N.A. Cardanols, Long Chain Cyclohexenones and Cyclohexenols from Lannea schimperi (Anacar-
diaceae). Nat. Prod. Commun. 2015, 10, 103-106. [CrossRef]

10. LeDoux, A,; St-Gelais, A.; Cieckiewicz, E.; Jansen, O.; Bordignon, A.; Illien, B.; Di Giovanni, N.; Marvilliers, A.; Hoareau, F.;
Pendeville, H.; et al. Antimalarial Activities of Alkyl Cyclohexenone Derivatives Isolated from the Leaves of Poupartia borbonica.
J. Nat. Prod. 2017, 80, 1750-1757. [CrossRef]

11.  Gohar, U.F; Igbal, I; Shah, Z.; Mukhtar, H.; Zia-Ul-Haq, M. COVID-19: Recent Developments in Therapeutic Approaches. In
Alternative Medicine Interventions for COVID-19; Zia-Ul-Haq, M., Bin-Jumah, M.N., Alothamn, S.I., Henidi, H.A., Eds.; Springer:
Cham, Switzerland, 2021; pp. 249-274.

12.  Kanagarajan, V.; Ezhilarasi, M.R.; Bhakiaraj, D.; Gopalakrishnan, M. In vitro anticandidal evaluation of novel highly functional-
ized bis cyclohexenone ethyl carboxylates. Eur. Rev. Med. Pharmacol. Sci. 2013, 17, 292-298.

13.  Fun, HK; Farhadikoutenaei, A.; Sarojini, B.K.; Mohan, B.].; Narayana, B. Ethyl 6-(4-meth-oxy-phen-yl)-2-oxo-4-phenyl-cyclo-hex-

3-ene-carboxyl-ate. Acta Crystallogr. Sect. E 2012, 68, 02788-02789. [CrossRef]


http://doi.org/10.1007/s11030-014-9541-7
http://www.ncbi.nlm.nih.gov/pubmed/25096399
http://doi.org/10.1016/S0040-4039(02)00916-4
http://doi.org/10.1021/ol0058386
http://www.ncbi.nlm.nih.gov/pubmed/10814478
http://doi.org/10.1002/chin.201007103
http://doi.org/10.1007/s00044-016-1521-2
http://doi.org/10.1177/1934578X1501000126
http://doi.org/10.1021/acs.jnatprod.6b01019
http://doi.org/10.1107/S1600536812036446

Toxics 2021, 9,119 21 of 22

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Khan, J.; Ali, G.; Khan, R.; Ullah, R.; Ullah, S. Attenuation of vincristine-induced neuropathy by synthetic cyclohexenone-
functionalized derivative in mice model. Neurol. Sci. 2019, 40, 1799-1811. [CrossRef]

Clive, D.M.; Stoff, ].S. Renal Syndromes Associated with Nonsteroidal Antiinflammatory Drugs. N. Engl. |. Med. 1984, 310,
563-572. [CrossRef] [PubMed]

Schlondorff, D. Renal complications of nonsteroidal anti-inflammatory drugs. Kidney Int. 1993, 44, 643-653. [CrossRef]
Gutthann, S.P.; Rodriguez, L.A.G.; Raiford, D.S.; Oliart, A.D.; Romeu, J.R. Nonsteroidal Anti-inflammatory Drugs and the Risk of
Hospitalization for Acute Renal Failure. Arch. Intern. Med. 1996, 156, 2433-2439. [CrossRef]

Whelton, A. Nephrotoxicity of nonsteroidal anti-inflammatory drugs: Physiologic foundations and clinical implications. Am. J.
Med. 1999, 106, 135-24S. [CrossRef]

Giovanni, G.; Giovanni, P. Do non-steroidal anti-inflammatory drugs and COX-2 selective inhibitors have different renal effects?
J. Nephrol. 2002, 15, 480-488. [PubMed]

Stadlmann, S.; Zoller, H.; Vogel, W.; Offner, FA. COX-2 inhibitor (nimesulide) induced acute liver failure. Virchows Archiv 2002,
440, 553-555. [CrossRef]

Boelsterli, U.A. Diclofenac-induced liver injury: A paradigm of idiosyncratic drug toxicity. Toxicol. Appl. Pharmacol. 2003, 192,
307-322. [CrossRef]

Bjorkman, D. Nonsteroidal anti-inflammatory drug-associated toxicity of the liver, lower gastrointestinal tract, and esophagus.
Am. J. Med. 1998, 105, 175-21S. [CrossRef]

Ghosh, R.; Alajbegovic, A.; Gomes, A.V. NSAIDs and Cardiovascular Diseases: Role of Reactive Oxygen Species. Oxidative Med.
Cell. Longev. 2015, 2015, 1-25. [CrossRef] [PubMed]

Varga, Z.; Sabzwari, S.R.A.; Vargova, V. Cardiovascular Risk of Nonsteroidal Anti-Inflammatory Drugs: An Under-Recognized
Public Health Issue. Cureus 2017, 9, e1144. [CrossRef]

Kelleni, M.T.; Abdelbasset, M. Drug Induced Cardiotoxicity: Mechanism, Prevention and Management. Cardiotoxicity Oncol. Treat.
2018, 127. [CrossRef]

Li, J.; Zhang, N.; Ye, B.; Ju, W,; Orser, B.; Fox, ].E.M.; Wheeler, M.B.; Wang, Q.; Lu, W.-Y. Non-steroidal anti-inflammatory
drugs increase insulin release from beta cells by inhibiting ATP-sensitive potassium channels. Br. ]. Pharmacol. 2007, 151,
483-493. [CrossRef]

Reyes, ].V.; Patel, B.M.; Malik, E; Gonzalez, M.O. Non-steroidal Anti-inflammatory Drug-induced Acute Pancreatitis: A Case
Report. Cureus 2019, 11. [CrossRef] [PubMed]

Pezzilli, R.; Morselli-Labate, A.M.; Corinaldesi, R. NSAIDs and Acute Pancreatitis: A Systematic Review. Pharmaceuticals 2010, 3,
558-571. [CrossRef] [PubMed]

Ballou, L.R; Botting, R.M.; Goorha, S.; Zhang, ]J.; Vane, ].R. Nociception in cyclooxygenase isozyme-deficient mice. Proc. Natl.
Acad. Sci. USA 2000, 97, 10272-10276. [CrossRef]

The assessment and control of the severity of scientific procedures on laboratory animals. Lab. Anim. 1990, 24, 97-130. [CrossRef]
Jonsson, M.; Jestoi, M.; Nathanail, A.V.; Kokkonen, U.-M.; Anttila, M.; Koivisto, P.; Karhunen, P.; Peltonen, K. Application of
OECD Guideline 423 in assessing the acute oral toxicity of moniliformin. Food Chem. Toxicol. 2013, 53, 27-32. [CrossRef]
Chebib, M.; Hinton, T.; Schmid, K.L.; Brinkworth, D.R.; Qian, H.; Matos, S.; Kim, H.-L.; Abdel-Halim, H.; Kumar, R.J.; Johnston,
G.AR; etal. Novel, Potent, and Selective GABAC Antagonists Inhibit Myopia Development and Facilitate Learning and Memory.
J. Pharmacol. Exp. Ther. 2008, 328, 448-457. [CrossRef]

Shahid, M.; Subhan, F; Ullah, I; Ali, G.; Alam, J.; Shah, R. Beneficial effects of Bacopa monnieri extract on opioid induced toxicity.
Heliyon 2016, 2, e00068. [CrossRef]

Shah, R.; Subhan, F; Ali, G.; Ullah, I.; Ullah, S.; Shahid, M.; Ahmad, N.; Fawad, K. Olanzapine induced biochemical and
histopathological changes after its chronic administration in rats. Saudi Pharm. ]. 2016, 24, 698-704. [CrossRef]

Ramaswamy, R.S.; Prathyusha, N.; Saranya, R.; Sumathy, H.; Mohanavalli, K.T.; Priya, R.J.; Venkhatesh, J.R.; Babu, C.S,;
Manickavasakam, K.; Thanikachalam, S. Acute toxicity and the 28-day repeated dose study of a Siddha medicine Nuna Kadugu
in rats. BMC Complement. Altern. Med. 2012, 12, 190. [CrossRef] [PubMed]

Hsu, Y.-W,; Tsai, C.-F; Chen, W.-K; Huang, C.-F; Yen, C.-C. A subacute toxicity evaluation of green tea (Camellia sinensis) extract
in mice. Food Chem. Toxicol. 2011, 49, 2624-2630. [CrossRef] [PubMed]

Feldman, A.T.; Wolfe, D. Tissue processing and hematoxylin and eosin staining. Methods Mol. Biol. 2014, 1180, 31-43. [PubMed]
Naz, M.; Rehman, N.; Ansari, M.N.; Kamal, M.; Ganaie, M.A.; Awaad, A.S.; Alqasoumi, S.I. Comparative study of subchronic
toxicities of mosquito repellents (coils, mats and liquids) on vital organs in Swiss albino mice. Saudi Pharm. J. 2019, 27, 348-353.
[CrossRef] [PubMed]

Hosseinzadeh, H.; Shakib, S.S.; Sameni, A.K.; Taghiabadi, E. Acute and Subacute Toxicity of Safranal, a Constituent of Saffron, in
Mice and Rats. Iran. J. Pharm. Res. IJPR 2013, 12, 93-99. [CrossRef] [PubMed]

Chen, S.M.; Mukoyama, T.; Sato, N.; Yamagata, S.I.; Arai, Y.; Satoh, N.; Ueda, S. Induction of nephrotoxic serum nephri-
tis in inbred mice and suppressive effect of colchicine on the development of this nephritis. Pharmacol. Res. 2002, 45,
319-324. [CrossRef]

Deng, Y.; Cao, M.; Shi, D.; Yin, Z; Jia, R.; Xu, J.; Wang, C.; Lv, C; Liang, X.; He, C.; et al. Toxicological evaluation of neem
(Azadirachta indica) oil: Acute and subacute toxicity. Environ. Toxicol. Pharmacol. 2013, 35, 240-246. [CrossRef] [PubMed]


http://doi.org/10.1007/s10072-019-03884-6
http://doi.org/10.1056/NEJM198403013100905
http://www.ncbi.nlm.nih.gov/pubmed/6363936
http://doi.org/10.1038/ki.1993.293
http://doi.org/10.1001/archinte.1996.00440200041005
http://doi.org/10.1016/S0002-9343(99)00113-8
http://www.ncbi.nlm.nih.gov/pubmed/12455713
http://doi.org/10.1007/s00428-002-0612-2
http://doi.org/10.1016/S0041-008X(03)00368-5
http://doi.org/10.1016/S0002-9343(98)00276-9
http://doi.org/10.1155/2015/536962
http://www.ncbi.nlm.nih.gov/pubmed/26457127
http://doi.org/10.7759/cureus.1144
http://doi.org/10.5772/intechopen.79611
http://doi.org/10.1038/sj.bjp.0707259
http://doi.org/10.7759/cureus.5926
http://www.ncbi.nlm.nih.gov/pubmed/31788383
http://doi.org/10.3390/ph3030558
http://www.ncbi.nlm.nih.gov/pubmed/27713268
http://doi.org/10.1073/pnas.180319297
http://doi.org/10.1258/002367790780890185
http://doi.org/10.1016/j.fct.2012.11.023
http://doi.org/10.1124/jpet.108.146464
http://doi.org/10.1016/j.heliyon.2016.e00068
http://doi.org/10.1016/j.jsps.2015.06.006
http://doi.org/10.1186/1472-6882-12-190
http://www.ncbi.nlm.nih.gov/pubmed/23088610
http://doi.org/10.1016/j.fct.2011.07.007
http://www.ncbi.nlm.nih.gov/pubmed/21771628
http://www.ncbi.nlm.nih.gov/pubmed/25015141
http://doi.org/10.1016/j.jsps.2018.12.002
http://www.ncbi.nlm.nih.gov/pubmed/30976177
http://doi.org/10.1016/j.clinbiochem.2011.08.1100
http://www.ncbi.nlm.nih.gov/pubmed/24250576
http://doi.org/10.1006/phrs.2002.0948
http://doi.org/10.1016/j.etap.2012.12.015
http://www.ncbi.nlm.nih.gov/pubmed/23353547

Toxics 2021, 9,119 22 of 22

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.
67.

Gibson-Corley, K.N.; Olivier, A K.; Meyerholz, D.K. Principles for Valid Histopathologic Scoring in Research. Vet. Pathol. 2013, 50,
1007-1015. [CrossRef]

Kleiner, D.E.; Chalasani, N.P.; Lee, WM.; Fontana, R.J.; Bonkovsky, H.L.; Watkins, P.B.; Hayashi, PH.; Davern, T].;
Navarro, V.; Reddy, R.; et al. Hepatic histological findings in suspected drug-induced liver injury: Systematic evaluation and
clinical associations. Hepatology 2014, 59, 661-670. [CrossRef]

Ozer, ].; Ratner, M.; Shaw, M.; Bailey, W.; Schomaker, S. The current state of serum biomarkers of hepatotoxicity. Toxicology 2008,
245,194-205. [CrossRef]

Ahmadian, S.; Sheshpari, S.; Mahdipour, M.; Pazhang, M.; Tsai, P-S.].; Nouri, M.; Rahbarghazi, R.; Shahnazi, M. Toxic effects of
VCD on kidneys and liver tissues: A histopathological and biochemical study. BMC Res. Notes 2019, 12. [CrossRef] [PubMed]
Tian, Q.; Zhao, X.; Wang, Y.; Wee, A.; Soon, G.S.T.; Gouw, A.S.H,; Li, M,; Yang, R.; Wang, L.; Wang, Q.; et al. Histologic pattern is
better correlated with clinical outcomes than biochemical classification in patients with drug-induced liver injury. Mod. Pathol.
2019, 32, 1795-1805. [CrossRef] [PubMed]

Singh, T.; Ruchi, K.R.; Singh, A. Evaluation of biochemical and histological effects on liver of Swiss albino mice due to acute oral
toxicity of aqueous leaf extract of Phyllanthus niruri. Int. ]. Pharmacogn. Phytochem. Res. 2016, 8, 85-90.

El Makawy, A.I; Mabrouk, D.M.; Ibrahim, EM.; Ahmed, K.A. Genotoxic, biochemical and histopathological studies to assessment
the topiramate hepatorenal toxicity in mice. Drug Chem. Toxicol. 2019, 1-10. [CrossRef]

Sayed, H. Histopathological and Biochemical Effects of Acute and Chronic Tramadol Drug Toxicity on Liver, Kidney and
Testicular Function in Adult Male Albino Rats. J. Med. Toxicol. Clin. Forensic Med. 2015, I, 1-7.

Shahid, M.; Subhan, E. Protective effect of Bacopa monniera methanol extract against carbon tetrachloride induced hepatotoxicity
and nephrotoxicity. Pharmacologyonline 2014, 2, 18-28.

Hsu, Y.-W,; Tsai, C.-F,; Chuang, W.-C.; Chen, W.-K,; Ho, Y.-C.; Lu, E-J. Protective effects of silica hydride against carbon
tetrachloride-induced hepatotoxicity in mice. Food Chem. Toxicol. 2010, 48, 1644-1653. [CrossRef]

Ince, S.; Keles, H.; Erdogan, M.; Hazman, O.; Kucukkurt, I. Protective effect of boric acid against carbon tetrachloride-induced
hepatotoxicity in mice. Drug Chem. Toxicol. 2011, 35, 285-292. [CrossRef]

Boll, M.; Lutz, W.D.; Becker, E.; Stampfl, A. Mechanism of Carbon Tetrachloride-Induced Hepatotoxicity. Hepatocellular Damage
by Reactive Carbon Tetrachloride Metabolites. Z. Nat. C 2001, 56, 649—-659. [CrossRef]

Maddrey, W.C. Drug-induced hepatotoxicity. J. Clin. Gastroenterol. 2005, 39, S83-S89. [CrossRef]

Haschek, WM.; Rousseaux, C.G.; Wallig, M.A. Chapter 9—The Liver. In Fundamentals of Toxicologic Pathology, 2nd ed.; Haschek,
W.M,, Rousseaux, C.G., Wallig, M.A., Eds.; Academic Press: San Diego, CA, USA, 2010; pp. 197-235.

Zirak, M.R.; Rahimian, R.; Ghazi-Khansari, M.; Abbasi, A.; Razmi, A.; Mehr, S.E.; Mousavizadeh, K.; Dehpour, A.R. Tropisetron
attenuates cisplatin-induced nephrotoxicity in mice. Eur. J. Pharmacol. 2014, 738, 222-229. [CrossRef] [PubMed]

Ajith, T,; Usha, S.; Nivitha, V. Ascorbic acid and a-tocopherol protect anticancer drug cisplatin induced nephrotoxicity in mice: A
comparative study. Clin. Chim. Acta 2007, 375, 82-86. [CrossRef] [PubMed]

Nakashima-Kamimura, N.; Mori, T.; Ohsawa, L; Asoh, S.; Ohta, S. Molecular hydrogen alleviates nephrotoxicity induced by an
anti-cancer drug cisplatin without compromising anti-tumor activity in mice. Cancer Chemother. Pharmacol. 2009, 64, 753-761.
[CrossRef] [PubMed]

Issa, S.Y.; Hafez, EM.; El-Banna, A.S.; Rahman, S.M.A.; Almazroua, M.K.; El-Hamd, M.A. Baclofen systemic toxicity: Experimental
histopathological and biochemical study. Hum. Exp. Toxicol. 2017, 37, 431-441. [CrossRef]

Murray, M.D.; Brater, D.C. Renal Toxicity of the Nonsteroidal Anti-Inflammatory Drugs. Annu. Rev. Pharmacol. Toxicol. 1993, 33,
435-465. [CrossRef] [PubMed]

Mork, N.L.; Robertson, R.P. Effects of Nonsteroidal Antiinflammatory Drugs in Conventional Dosage on Glucose Homeostasis in
Patients With Diabetes. West. |. Med. 1983, 139, 46—49.

Bellucci, P.N.; Bagnes, M.E.G.; Di Girolamo, G.; Gonzélez, C.D. Potential Effects of Nonsteroidal Anti-Inflammatory Drugs in the
Prevention and Treatment of Type 2 Diabetes Mellitus. J. Pharm. Pract. 2016, 30, 549-556. [CrossRef]

Ben Salem, C.; Fathallah, N.; Hmouda, H.; Bouraoui, K. Drug-Induced Hypoglycaemia. Drug Saf. 2011, 34, 21-45. [CrossRef]
Faskowitz, A.J.; Kramskiy, V.N.; Pasternak, G.W. Methadone-Induced Hypoglycemia. Cell. Mol. Neurobiol. 2013, 33,
537-542. [CrossRef]

Cheng, J.-T.; Liu, L-M.; Chi, T.-C.; Tzeng, T-F; Lu, F-H.; Chang, C.J. Plasma Glucose-Lowering Effect of Tramadol in
Streptozotocin-Induced Diabetic Rats. Diabetes 2001, 50, 2815-2821. [CrossRef]

Makunts, T. Tramadol and methadone associated with hypoglycaemia. Reactions 2019, 1770, 12-14.

Kim, S.H.; Kim, K.-J.; Kim, J.-H.; Kwak, J.-H.; Song, H.; Cho, ].Y.; Hwang, D.Y,; Kim, K.S,; Jung, Y.-S. Comparision of doxorubicin-
induced cardiotoxicity in the ICR mice of different sources. Lab. Anim. Res. 2017, 33, 165-170. [CrossRef] [PubMed]


http://doi.org/10.1177/0300985813485099
http://doi.org/10.1002/hep.26709
http://doi.org/10.1016/j.tox.2007.11.021
http://doi.org/10.1186/s13104-019-4490-y
http://www.ncbi.nlm.nih.gov/pubmed/31331386
http://doi.org/10.1038/s41379-019-0314-9
http://www.ncbi.nlm.nih.gov/pubmed/31300804
http://doi.org/10.1080/01480545.2019.1660364
http://doi.org/10.1016/j.fct.2010.03.039
http://doi.org/10.3109/01480545.2011.607825
http://doi.org/10.1515/znc-2001-7-826
http://doi.org/10.1097/01.mcg.0000155548.91524.6e
http://doi.org/10.1016/j.ejphar.2014.05.050
http://www.ncbi.nlm.nih.gov/pubmed/24905858
http://doi.org/10.1016/j.cca.2006.06.011
http://www.ncbi.nlm.nih.gov/pubmed/16889761
http://doi.org/10.1007/s00280-008-0924-2
http://www.ncbi.nlm.nih.gov/pubmed/19148645
http://doi.org/10.1177/0960327117712369
http://doi.org/10.1146/annurev.pa.33.040193.002251
http://www.ncbi.nlm.nih.gov/pubmed/8494347
http://doi.org/10.1177/0897190016649551
http://doi.org/10.2165/11538290-000000000-00000
http://doi.org/10.1007/s10571-013-9919-6
http://doi.org/10.2337/diabetes.50.12.2815
http://doi.org/10.5625/lar.2017.33.2.165
http://www.ncbi.nlm.nih.gov/pubmed/28747983

	Introduction 
	Materials and Methods 
	Animals Breeding and Ethical Approval 
	Procedures 
	Selection of Dose(s) and Route of Administration 
	Acute Toxicity 
	Sub-Acute Toxicity 
	Pre-Clinical Observations and Survival 
	Biochemical Assessment 
	Histological Evaluation 

	Statistical Analysis 

	Results 
	Acute Toxicity 
	Sub-Acute Toxicity 
	Body Weights 
	Biochemical Assessment 
	Histopathological Evaluation 


	Discussion 
	Conclusions 
	Study Limitations and Future Plan 
	References

