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Preface

This preface introduces the Special Issue “Feature Papers in Drug Toxicity”. Drug toxicity

is a major problem involving neurotoxicity and organ injury. There are many drugs which have

toxic effects as a result of acute or chronic exposure as well as prenatal exposure. These drugs

include abused drugs and drugs that have toxic effects in the brain and other organs of the body.

Understanding the pharmacological and toxicological nature of these drugs expands research in

the field of toxicology. In this Special Issue, several abused drugs were tested in animal models,

including ethanol, hydrocodone, and heroin. In addition, the toxicological effects of other drugs are

reported in this Special Issue, including pentylenetetrazol, metronidazole, paracetamol, paclitaxel,

and tilmicosin. Importantly, several protective agents were tested by researchers and are reported in

this Special Issue. These agents protect against the toxic effects induced by abused and other drugs. In

addition, studies report the protective effects of certain plant extracts against drug-induced toxicity.

This Special Issue is for the benefit of scientists and readers in the field of toxicity involving

drugs of abuse as well as medications that may have toxic side effects. The Special Issue is also for

the benefit of scientists and readers who are interested in research involving the protective effects of

plant extracts to prevent toxic effects of other chemicals.

Youssef Sari

Editor
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Carbetocin Inhibits Behavioral Sensitization to Ethanol in Male
and Female Mice, Independent of Corticosterone Levels
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Abstract: Oxytocin (OXT), a pro-social peptide, is increasingly recognized as a potential protective
substance against drug addiction. In the context of ethanol, previous research has shown OXT’s
properties in reducing self-administration, alleviating motor impairment in rodents, and reducing
craving in humans. However, its role in behavioral sensitization, a neuroadaptive response resulting
from repeated drug exposure linked to an increased drug incentive, remains unexplored. OXT
is recognized for its role in regulating the hypothalamic–pituitary–adrenal (HPA) axis, in which
corticosterone is acknowledged as a significant factor in the development of behavioral sensitization.
This study aimed to investigate the effects of carbetocin (CBT), an analogue of OXT, on the expression
of behavioral sensitization to ethanol and the concurrent alterations in plasma corticosterone levels
in male and female Swiss mice. We also aimed to confirm previous studies on OXT’s impact on
ethanol consumption in male mice, but with a focus on CBT, using the two-bottle choice model and
the drinking in the dark (DID) methodology. For the sensitization study, the mice received either
ethanol (1.8 g/kg, i.p.) or saline treatments daily for 15 consecutive days, followed by treatment
with carbetocin (0.64 mg/kg, i.p.) or a vehicle for 6 days. Subsequently, on day 22, all the animals
underwent an ethanol challenge to assess the expression of behavioral sensitization. The plasma
corticosterone levels were measured on days 21 and 22. The CBT effectively prevented the expression
of ethanol-induced behavioral sensitization in both male and female subjects, with no alterations
having been detected in their corticosterone levels. In the ethanol consumption study, following an
initial phase of ethanol acquisition, the male mice underwent a 6-day treatment with CBT i.p. or
saline before being re-exposed to ethanol. We also found a reduction in their ethanol consumption
due to the CBT treatment. In conclusion, carbetocin emerges as a promising and effective intervention
for mitigating ethanol-induced behavioral sensitization and reducing ethanol intake, highlighting its
potential significance in alcohol addiction treatment.

Keywords: behavioral sensitization; ethanol; oxytocin; addiction; estrous cycle; ethanol self-
administration

1. Introduction

Alcohol, a globally consumed psychoactive substance, has a myriad of adverse conse-
quences for individuals and society [1]. It significantly contributes to the development or
exacerbation of over 200 different diseases and health conditions classified in the ICD-10
system [1]. The likelihood of mortality from any of these causes, as well as the risk of
developing cancers, escalates as alcohol consumption levels increase, and the level of con-
sumption for minimizing health-related harm is zero [2]. Ethanol consumption is linked to
a spectrum of hepatic disorders, encompassing liver inflammation, fatty liver disease, and
cirrhosis [3]. Beyond hepatotoxicity, alcohol-derived metabolites contribute to oxidative

Toxics 2023, 11, 893. https://doi.org/10.3390/toxics11110893 https://www.mdpi.com/journal/toxics
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stress and impaired cognitive function and exert systemic repercussions on multiple organ
systems, encompassing the cardiovascular and gastrointestinal systems [4,5].

Alcohol use disorder (AUD) is a health condition that affects both men and women,
albeit with notable differences in terms of prevalence, manifestation, and consequences
between the genders. The detrimental consumption of alcohol contributes to 7.1% of the
global disease burden in males and 2.2% in females [6]. Men exhibit higher rates of alcohol
consumption and AUD compared to women [7]. This has often been attributed to cultural
and societal factors, including gender-specific expectations that may encourage men to
engage in alcohol-related risky behaviors [8]. However, recent studies suggest that the
gender gap in AUD is narrowing, with an increasing number of women experiencing
alcohol-related issues [9].

Currently, only a few medications are licensed for treating AUD, including disulfiram,
naltrexone, acamprosate, and nalmefene. Ongoing research is necessary due to the limi-
tations of the existing drugs for the treatment of AUD [10]. Moreover, tailored treatment
approaches that consider gender-specific factors have become increasingly important in
addressing AUD. Gender-sensitive interventions, support groups, and healthcare services
have been shown to enhance the effectiveness of treatment and recovery strategies for both
men and women [11].

One of the emerging treatment options is oxytocin (OXT), a neuropeptide involved in
the modulation of different behaviors, such as mood, social interaction, couple formation,
and stress [12]. The effect of this neuropeptide on addiction has received great attention [13],
with studies indicating that OXT administration decreases alcohol self-administration [14]
and reduces cue-reactivity to ethanol in rats and humans [15]. Notably, alcohol-dependent
rats exhibited significant changes in their OXT systems, whereas female rats showed no
alterations [16]. Furthermore, genetic disruption of the OXT receptor using knockout
mice influenced alcohol consumption in female mice, resulting in an increased intake
before and after their exposure to stress, while male mice showed no significant genotypic
differences [17], indicating sex-specific responses to OXT.

Although there are several studies demonstrating the effects of OXT on alcohol con-
sumption in both males and females, the role of OXT in the behavioral sensitization to
ethanol and potential sex-specific responses, in particular, still remain unknown. While
models of self-administration address the rewarding effects of drug abuse [18], behavioral
sensitization focuses on neuroadaptive processes, as it is described as the psychomotor
manifestation of sensitization in neuronal pathways [19]. Studies using mice have shown
that females are more sensitive to ethanol-induced behavioral sensitization than males,
pointing to a sex-dependent criteria for this phenomenon [20,21].

Although sensitization can be associated with several behaviors, increased locomotor
activity is the most commonly studied phenomenon. Nonetheless, sensitization can affect
not only behavioral but also neurochemical or neuroendocrine processes, an effect which
can be observed in an increase in neurotransmitters’ release or hormonal secretions such as
corticosterone [22], for instance. Corticosterone plays an important role in the development
of behavioral sensitization, since the activation of the hypothalamic–pituitary–adrenal
(HPA) axis has been described to increase drug use [23]. Specifically, regarding behavioral
sensitization to alcohol, a cross-sensitization between alcohol and stress has also been
reported [24,25]. In this context, OXT contributes to the regulation of stress responses
through its interaction with the HPA axis [26]. This interaction involves a cascade of
neuroendocrine processes wherein OXT may influence the release of hormones, including
glucocorticoids [27].

In our research, we chose to investigate the effects of carbetocin (CBT), a synthetic
analogue of OXT. Despite its structural similarity to OXT, it exhibits a longer half-life. CBT
has been investigated for its potential to prevent the priming-induced reinstatement of
morphine-seeking behaviors [28,29] and has the advantage of not inducing any alterations
in the plasma corticosterone levels [28]. In this study, we aimed to assess the impact of
CBT on the expression of behavioral sensitization to ethanol and its effects on plasma
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corticosterone levels in male and female mice. Additionally, we investigated the influence
of CBT on ethanol intake in male mice.

2. Materials and Methods

2.1. Animals

Thirty-two male and thirty-two female Swiss mice were housed in groups of four,
with food and water ad libitum, in an experimental room, with controlled temperature
(24 ± 2 ◦C) and light conditions (light/dark cycle of 12 h; lights on at 7:00 a.m.). Swiss mice
were used owing to their sensitivity to the stimulant effects of ethanol, making them useful
for studying behavioral sensitization in male and female mice [30,31].

For the ethanol consumption experiment, twenty-eight adult male C57BL/6 mice,
8–10 weeks old, were housed in groups of four, with food and water ad libitum, with con-
trolled temperature and light conditions (light/dark cycle of 12 h; lights off at
7:00 a.m.). C57BL/6 mice were chosen for their genetic predisposition to voluntarily
consume significant amounts of ethanol, but their low sensitivity to behavioral sensiti-
zation, making them a good choice for alcohol intake studies [32–34]. The animals were
acclimatized to the reverse cycle at least 2 weeks before the experiments. Red incandescent
lights were utilized during the dark phase to facilitate mice handling by the investigators.

All the procedures were approved by the Ethics Committee on the Use of Animals of
the Institute of Biomedical Sciences (University of Sao Paulo) (CEUA—ICB/USP), under
CEUA numbers 9998280518 and 4512140222 and protocol 25/2016, in accordance with Law
11,794 of 8 October 2008, Decree 6899 of 15 July 2009, as well as with the rules issued by the
National Council for Control of Animal Experimentation (CONCEA). Efforts were made to
minimize pain and suffering and reduce the use of animals. Two male Swiss mice were
excluded from this cohort due to their aggressive behavior and two male C57BL/6 mice
died from unknown causes.

2.2. Drugs

Ethanol (95%; Labsynth, Diadema, SP, Brazil) was administered intraperitoneally (i.p.)
in a 20% (v/v) solution, prepared with a saline solution (NaCl 0.9%), at a dose of 1.8 g/kg.
The saline solution was used as a control solution and injected i.p. For the voluntary ethanol
intake, ethanol was diluted to 20% (v/v) in tap water. Carbetocin (CBT) (Sigma-Aldrich,
St. Louis, MO, USA), a synthetic analog of OXT, was dissolved in a saline solution and
administered i.p. for 6 days, following the locomotor sensitization protocol, and, before
the re-exposure to ethanol in the DID paradigm = for 6 consecutive days, at a dose of
6.4 mg/kg. CBT was chosen due to its longer half-life (85–100 min) compared to OXT
(3–5 min) and its stability, facilitating its handling for a longer period of time [35].

2.3. Identification of the Estrous Cycle Phase

In female mice, the phases of the estrous cycle were identified with a fresh cytological
analysis of vaginal lavage. The animals were properly restrained, and a careful vaginal
wash was performed with 15 μL of 0.9% saline solution. The saline was injected, aspirated,
and then placed on a histological slide for microscope viewing and phase identification [36].
This procedure ensured a consistent timing for blood collection and measurement of
corticosterone.

2.4. Experimental Design
2.4.1. Effects of Carbetocin on Ethanol-Induced Behavioral Sensitization

The experimental design is depicted in Figure 1. The locomotor activity was evaluated
in an open field, a plexiglass arena measuring 40 cm in diameter, and a wall measuring
50 cm in height. The animals received the saline or ethanol injections according to the
experimental group and, after five minutes, were placed into the center of the appara-
tus. The total horizontal locomotor activity was evaluated for a period of 5 min, as the
peak in the locomotor activation induced by ethanol occurs between 5 and 10 min after

3
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ethanol administration [37,38]. All the experiments were performed between 9:00 a.m. and
10:00 a.m. The activity was recorded using a digital camera and a video-capture system. The
EthoVision® software version 11.5.1026 (Noldus, The Netherlands) was used to quantify
the distance covered by each animal, as previously described [39].

Figure 1. Experimental design 1: The experimental design involved the initial administration of
saline in H1 and H2 (habituation days), followed by a subsequent treatment with either saline or
1.8 g/kg of ethanol (from days D1 to D15). From days D16 to D21, the mice received injections of
either saline or 6.4 g/kg of carbetocin (CBT). On day 22 (D22), all the mice were challenged with
1.8 g/kg of ethanol, resulting in the following four groups: SAL-SAL, SAL-CBT, ETOH-SAL, and
ETOH-CBT.

For the first two days (H1 and H2), all the animals received an intraperitoneal saline
solution and had their locomotor activity evaluated in the open field, to familiarize them
with the experimenter’s handling and minimize the novelty effect of the apparatus.

Following the habituation period, the mice were randomly assigned to either the
saline (SAL) or 1.8 g/kg ethanol (EtOH) groups. During the 15 days of treatment (D1–D15),
the mice received daily injections of either SAL or 1.8 g/kg of ETOH i.p., based on their
group assignment. From D16 to D21, the animals underwent a period of ethanol with-
drawal, during which half of the animals in each group received 6.4 mg/kg of CBT i.p.
and the other half received isovolumetric injections of saline as a control. On D22, all the
animals were challenged with an injection of 1.8 g/kg of ethanol. For each sex, we estab-
lished four distinct groups, as follows: SAL-SAL, SAL-CBT, ETOH-SAL, and ETOH-CBT
(n = 7–8/group).

The locomotor activity was evaluated on days H1, H2, D1, D8, D15, and D22. In
addition, blood samples from the caudal vein were collected for the subsequent measure-
ment of plasma corticosterone on D21, between 1:00 p.m. and 3:00 p.m., and D22, after the
behavioral test, for the subsequent corticosterone and ethanol measurements.

2.4.2. Effects of Carbetocin on Ethanol Consumption

The experimental design is shown in Figure 2. We employed the drinking in the
dark (DID) protocol, using the two-bottle choice method, to assess the effects of CBT on
ethanol consumption. Three hours after the onset of the dark phase, the animals were
single-housed with free access to two bottles: one contained ethanol (95% v/v; Labsynth,
SP, Brazil) diluted to 20% (v/v) in tap water, and the other contained tap water. The mice
were allowed to freely consume both solutions for a 2 h period. Subsequently, the bottles
were removed, and the mice were returned to their respective home cages. The bottles were
weighed both before and immediately after the consumption sessions, and the differences
in weight were converted into the volumes of ethanol and water solutions consumed. The
ethanol consumption in grams per kilogram (g/kg) was determined by taking into account
the density of the ethanol, the concentration of the solution, the quantity of the solution
consumed, and the body weight of each subject. The solutions were replaced daily, and the
positions of the bottles were regularly interchanged to eliminate potential side preferences.

4
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Throughout the DID procedure, a separate cage with two bottles was employed as a control
to account for any liquid loss from handling or evaporation. The volume lost in these
control bottles was subtracted from the measured volume of ethanol or water consumed by
each animal.

Figure 2. Experimental design 2. After an initial 15-day period of alcohol acquisition (D1–D15) using
the DID paradigm, the mice underwent a 6-day treatment phase with either saline or 6.4 mg/kg of
carbetocin (CBT) i.p (from days D16 to D21). The administration of the CBT occurred at different
time points, either 1 h or 24 h prior to re-exposure (R). The R phase involved the re-exposure to the
two-bottle choice test (water vs. ethanol). Three groups were formed, as follows: SAL, CBT-1H, and
CBT-24H.

Since previous studies showed no OXT-specific changes in female mice after ethanol
exposure [16], the DID protocol was employed to evaluate voluntary ethanol consumption
only in male mice, with modifications adapted from a previous study [40,41]. With this
study we sought to investigate whether CBT would yield results consistent with previ-
ous research conducted with OXT. This investigation involved an experimental paradigm
comprising distinct phases, including an initial period of acquisition, followed by a with-
drawal phase, and, ultimately, re-exposure to ethanol. The mice were exposed to the DID
paradigm for 15 days to ensure the stabilization of their ethanol consumption (acquisition
phase). Following the acquisition phase, the animals were randomly distributed into three
groups—CTL (n = eight), CBT-1H (n = nine), and CBT-24H (n = nine)—and treated accord-
ingly, with either saline or CBT (6.4 mg/kg), for six consecutive days during a period of
ethanol deprivation. The CBT was administered at two different time points: either 1 h
(CBT-1H) or 24 h (CBT-24H) prior to re-exposure (R). Subsequently, the animals were given
two bottles, with free access to ethanol (20%) and water for 24 h, and their consumption
was measured at both the 2 h and 24 h marks from the onset of drinking, following the
protocol described in Marianno et al., 2017 [41].

2.5. Blood Collection for Biochemical Analysis

Blood collection for a subsequent corticosterone measurement was taken on D21,
between 1:00 p.m. and 3:00 p.m. Approximately 100 μL of blood was collected from the
caudal vein and placed in microcentrifuge tubes containing heparin (100 U/mL, in the
volume of 10% of the total volume of the blood collected). The samples (n = 7/group) were
centrifuged at 2000× g at 4 ◦C for 10 min and the plasma was transferred to a clean tube and
stored at −80 ◦C. The corticosterone levels were determined using the IBL Corticosterone
Enzyme Immunoassay Kit (Tecan Trading AG, Männedorf, Switzerland), following the
manufacturer’s procedures.

Blood samples were collected on D22, after the animals were euthanized, for a sub-
sequent corticosterone and ethanol measurement, between 9:00 a.m. and 11:00 a.m. Ap-
proximately 250 μL of blood were placed in microcentrifuge tubes containing heparin
(250 U/mL, in the volume of 10% of the total volume of the blood collected). The samples
were processed as described above. The corticosterone levels (n = 5–7/group) and the blood
ethanol concentration (BEC) (n = 5/group) were assayed. The BEC was analyzed using
the Ethanol Assay Kit Abcam (Abcam plc, Cambridge, UK), following the manufacturer’s
procedures. Some of the samples underwent hemolysis, resulting in a reduction in the
number of samples.

5
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2.6. Statistical Analysis

The results were submitted for statistical analysis using the Statistica program, version
7.0. Levene’s test was employed to assess the homogeneity of variances. A four-way
analysis of variance (ANOVA) for repeated measures was performed to analyze the data
related to the mice’s locomotor activity in the behavioral sensitization experiment, with
“pretreatment” (SAL or ETOH), “treatment” (SAL or CBT), and “sex” (MALE or FEMALE)
as the between-group statistical factors, and “time” as the repeated measure. Follow-up
three-way ANOVAs for repeated measures were performed for each sex. The locomotor
response to the ethanol challenge (D22) was analyzed with two-way ANOVAs, using
“pretreatment” and “treatment” as the between-group factors. For the analysis of the
corticosterone levels, a three-way ANOVA (pretreatment X treatment X sex) was followed
up with two-way ANOVAs using “pretreatment” and “treatment” as the between-group
factors for males. For females, we included the diestrus vs. non-diestrus phases as a factor
to control for hormonal variations (pretreatment X treatment X estrous phase). For the
analysis of the blood ethanol concentration, we used a three-way ANOVA (pretreatment X
treatment X sex).

As for the data from the mice’s ethanol intake during the acquisition phase, we
conducted a one-way ANOVA for repeated measures, with “time” as the repeated measure.
The analysis of the re-exposure (R) data (2 h) was conducted using a two-way ANOVA
for repeated measures, considering time as the repeated measure (with two levels: mean
of the last 5 days of acquisition and re-exposure) and group (CTL, CBT-1H, CBT-24H) as
the between-subjects factor. The analysis of re-exposure to ethanol for 24 h was performed
using a one-way ANOVA. A Newman–Keuls post hoc test was used to compare the means
when statistical significance was found in the repeated measures, and, for the non-repeated
measures, the Tukey test was used. The values of p < 0.05 were considered significant.
Statistical details other than those explicitly mentioned in the main text can be found in the
Supplementary Materials.

3. Results

3.1. CBT Inhibited the Expression of Behavioral Sensitization in Male and Female Mice

A four-way ANOVA used to analyze the locomotor activity on H1 and H2 (Figure 3A,B)
revealed significant effects of sex [F(1,54) = 5.28, p < 0.05] and time [F(1,54) = 18.57,
p < 0.001]. The female mice exhibited a reduced motor activity compared to the males,
which may be attributed to differences in sensitivity to novelty. The decrease in locomotor
activity from H2 to H1 indicates a typical habituation response to the apparatus. Following
that, we performed a four-way ANOVA to analyze the locomotor activity on D1, D8, and
D15. Given the absence of significant sex differences [F(1,54) = 0.06, p = 0.80], we continued
the analysis with separate three-way ANOVAs for each sex.

The statistical analysis of the locomotor activity in the male mice on D1, D8, and D15
revealed significant effects of the pretreatment [F(1,26) = 8.81, p < 0.01] and of the time
[F(2,52) = 16.22, p < 0.001], as well as an interaction between the pretreatment and the time
[F(2,52) = 9.22, p < 0.01]. As depicted in Figure 3A, the locomotor activity of the male mice
who had been subjected to ethanol treatment was higher on D8 and D15 compared to D1,
as detected with the post hoc Newman–Keuls test. These results suggest that the male mice
exhibited behavioral sensitization starting from D8, which was further confirmed by their
increased locomotor activity on D15.

Similar results were observed in the female mice (Figure 3B). A three-way ANOVA
for repeated measures also detected significant effects of the pretreatment [F(1,28) = 63.70,
p < 0.001] and of the time [F(2,56) = 11.20, p < 0.001], as well as an interaction between the
pretreatment and the treatment [F(1,28) = 9.22, p < 0.01] and an interaction between the
pretreatment and the time [F(2,56) = 8.56, p < 0.001]. The post hoc Newman–Keuls test
showed significant differences on D8 and D15 compared to D1 in the ethanol-pretreated
group.
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Figure 3. Effects of CBT on the expression of locomotor sensitization. The figure displays locomotor
activity (cm) measured over 5 min time-periods. After 2 days of saline injections (H1 and H2), the
mice received either SAL or ETOH i.p. injections daily for 15 days (D1–D15) based on their group
assignment [Figures (A) (male) and (B) (female)]. From days D16 to D21, the animals underwent a
period of ethanol withdrawal, during which half of the animals in each group received 6.4 mg/kg
of CBT i.p. and the other half received injections of saline as a control. On the following day (D22)
[Figures (C) (male) and (D) (female)], all the animals were challenged with an injection of 1.8 g/kg of
ethanol. For each sex, four distinct groups were established, as follows: SAL-SAL (n = 7–8/group),
SAL-CBT (n = 7–8/group), EtOH-SAL (n = 8/group), and EtOH-CBT (n = 8/group). The locomotor
activity in H2 was lower than in H1. The locomotor activity of the mice subjected to ethanol treatment
was higher on D8 and D15 compared to D1 in both the male and female mice. The activity of the
ETOH-SAL-ETOH group on D22 differed from that of the SAL-SAL-ETOH; * p < 0.05, ** p < 0.01,
*** p < 0.001. The data represent the mean ± SEM. Figure 3C,D feature individual data points.

Figure 3C shows the locomotor activity of the male mice measured on D22, when
all the mice received a challenge injection of 1.8 g/kg of ethanol. A two-way ANOVA
revealed significant effects of the treatment [F(1,26) = 13.94, p < 0.001] and an interaction
between the pretreatment and the treatment [F(1,26) = 30.86, p < 0.001]. The animals
previously exposed to repeated ethanol treatment followed by saline during the abstinence
period (ETOH-SAL-ETOH) exhibited a heightened locomotor activity compared to the
animals who had been pre-exposed to saline and were administered saline during this
phase (SAL-SAL-ETOH), indicating a more pronounced response in the mice subjected
to repeated ethanol administration as opposed to those receiving a single, acute ethanol
injection. These data confirmed the expression of ethanol-induced behavioral sensitization
in the ETOH-SAL group. No significant difference was detected in the locomotor activity
of the ETOH-CBT-ETOH group compared to that of the SAL-SAL-ETOH group, suggesting
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that CBT was effective in reversing ethanol sensitization. No significant differences were
found between the SAL-SAL-ETOH and SAL-CBT-ETOH groups, showing that CBT did
not affect the locomotion of these animals.

Likewise, a two-way ANOVA applied to the data from the female mice on D22
revealed a significant treatment effect [F(1,28) = 4.12, p = 0.05] and an interaction between
the pretreatment and the treatment [F(1,28) = 8.77, p < 0.01]. The post hoc test indicated
that the ETOH-SAL-ETOH group exhibited a greater locomotor activity than the SAL-
SAL-ETOH (Figure 3D) group. No significant differences were found in the locomotor
activity between the ETOH-CBT-ETOH group and the SAL-SAL-ETOH or SAL-CBT-ETOH
groups. The results confirm the efficacy of CBT in reversing ethanol sensitization in the
female mice as well. In alignment with the previous results found in the male mice, no
significant differences were found between the SAL-SAL-ETOH and SAL-CBT-ETOH
groups, underscoring that CBT did not exert an impact on the locomotion of these animals.

3.2. CBT Influence on Behavioral Sensitization Is Not Mediated by Alterations in the Stress
Hormone Corticosterone

The analysis of the plasma corticosterone levels from D21 (Figure 4A) with a three-way
ANOVA revealed a significant effect associated with the sex factor [F(1,48) = 5.92, p < 0.05],
with the female mice exhibiting higher corticosterone levels than the male mice. No other
effects or interactions were found. A follow-up analysis of the data from the male mice
using a two-way ANOVA confirmed no significant main effects or interactions. For the
female mice, we considered the diestrus and non-diestrus phases as a variable (cycle).
In this case, we found an effect of the cycle [F(1,20) = 73.51, p < 0.001]. While ANOVAs
unveiled effects related to the pretreatment [F (1,20) = 6.16, p = 0.02] and the treatment
[F (1,20) = 8.64, p = 0.01], interpreting these findings is challenging due to the influence of
hormonal variations and the unequal distribution of female mice across different phases
within each group. A post hoc analysis revealed higher corticosterone levels in the non-
diestrus phases compared to the diestrus.

The analysis of the plasma corticosterone levels from D22 (Figure 4B) using a three-way
ANOVA revealed significant effects of the sex [F(1,36) = 22.27, p < 0.01] and pretreatment
[F(1,36) = 18.72, p < 0.001] factors, as well as interactions between the sex and the pretreat-
ment [F(1,36) = 5.68, p < 0.05], and among the sex, the pretreatment, and the treatment
[F(1,36) = 6.38, p < 0.05]. No other main effects or significant interactions were observed. A
post hoc analysis revealed higher corticosterone levels in the female mice compared to the
male mice, as observed in D21.

Subsequently, we conducted a two-way ANOVA to analyze the data from the male
mice, revealing a significant effect of the pretreatment [F(1,16) = 5.02, p < 0.05]. The
mice who had been previously exposed to ethanol exhibited lower corticosterone levels
compared to the ethanol-naïve mice when both groups were challenged with ethanol.
Additionally, a significant treatment effect [F(1,16) = 8.66, p < 0.05] demonstrated that CBT
increased the corticosterone levels in the male mice, irrespective of the pretreatment.

The analysis of the corticosterone levels in the female mice using a 3-way ANOVA
revealed an effect of the estrous cycle [F (1,16) = 12.26, p < 0.01], indicating higher hormone
levels during the non-diestrus phases compared to the diestrus. We also found an effect
of the pretreatment, similar to that observed in the male mice [F(1,16) = 22.49, p < 0.01].
However, differently from the male mice, CBT treatment did not alter the corticosterone
levels in the female mice on D22, when they were challenged with ethanol [F(1,16) = 0.12,
p = 0.73].
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Figure 4. Effects of carbetocin (CBT) and ethanol on plasma corticosterone levels. The male and
female animals were pretreated with either saline or ethanol for 15 days, followed by treatment with
either saline or CBT during a 6-day abstinence period, and they were challenged with 1.8 g/kg of
ethanol on the following day. The corticosterone concentrations were measured on D21 (n = 7/group,
Figure (A)) and D22 (n = 5–7/group, Figure (B)). D: diestrus; ND: non-diestrus. @ p < 0.05 and
@@@ p < 0.001: the female mice showed higher corticosterone levels compared to the male mice.
# p < 0.05 and ### p < 0.001: the mice pretreated with ethanol (ETOH-) exhibited lower levels of
corticosterone than those pretreated with saline (SAL-). && p < 0.01: the mice treated with CBT
(SAL-CBT and ETOH-CBT) displayed higher corticosterone levels than those treated with saline
(SAL-SAL and ETOH-SAL). ** p < 0.01 and *** p < 0.001: the corticosterone levels in the non-diestrus
are higher than in the diestrus. The data represent the mean ± SEM. Figure 4A,B feature individual
data points.

3.3. CBT Does Not Alter Ethanol Metabolism

The analysis of the blood ethanol concentration (BEC) (Figure 5) using a three-way
ANOVA revealed statistically significant effects related to the sex [F(1,32) = 5.77, p < 0.05]
and the pretreatment [F(1,32) = 17.95, p < 0.001], but it did not show any statistically
significant differences associated with the treatment [F(1,32) = 0.22, p = 0.64]. The female
mice showed higher BECs compared to the male mice. Moreover, the mice with prior
ethanol exposure exhibited a lower BEC compared to the alcohol-naïve mice. No other
main effects or interactions were observed.
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Figure 5. Effects of CBT and ethanol on blood ethanol concentration (BEC). The male and female
animals were pretreated with either saline or ethanol for 15 days (D1 to D15), followed by treatment
with either saline or CBT during a 6-day abstinence period (D16 to D21). On day 22, all the animals
received an injection of 1.8 g/kg of ethanol. The BEC was measured on D22 (n = 5/group). @ p < 0.05:
the female mice showed higher BECs compared to the male mice. * p < 0.05: the ethanol pretreatment
resulted in a lower BEC compared to the saline pretreatment. Figure 5 features individual data points.

3.4. CBT Decreases Ethanol Intake in Male Mice

The analysis of the data from the last 5 days of the 15-day acquisition phase using
a one-way ANOVA for repeated measures revealed no differences among them
(F(4,180) = 0.56, p = 0.69; Figure 6A). This indicates that, at the end of the acquisition
phase, the mice had reached stable levels of ethanol consumption.

Figure 6. CBT decreases ethanol intake (g/kg) in male mice. The male mice were exposed to
the DID paradigm for 15 days to ensure the stabilization of ethanol consumption (acquisition
phase) (A). Following the acquisition phase, the animals were randomly distributed into three
groups—control (CTL, n = eight), CBT-1H (n = nine), and CBT-24H (n = nine)—and treated accord-
ingly for 6 consecutive days. After a six-day period of ethanol deprivation, the mice were re-exposed
to the two-bottle choice (R) method, with free access to ethanol and water for 24 h. The consumption
was measured at both 2 (B) and 24 h (C) from the initiation of drinking. * p < 0.05: differs from CTL.
DID = drinking in the dark. Figure 6C features individual data points.
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Figure 6B shows the ethanol intake averaged over the final 5 days of the acquisition
phase and the consumption after 2 h from re-exposure. The ANOVA revealed signifi-
cant effects of the treatment (F(2,23) = 4.11, p < 0.05) and a treatment X time interaction
(F(2,23) = 5.14, p < 0.05), with no significant effect of the time (F(2,23) = 1.45, p = 0.24).
During the 2 h re-exposure period, the CBT-1H group exhibited a significant reduction in
their ethanol intake compared to both the acquisition phase and the other two groups.

Ethanol consumption was additionally measured at the end of the 24 h period of free
access to both ethanol and water, during the re-exposure phase (Figure 6C). The one-way
ANOVA revealed a significant treatment effect (F(2,23) = 4.90, p < 0.05), with the groups
that received CBT exhibiting a reduction in their ethanol consumption compared to the
control group.

4. Discussion

To our knowledge, this study is the first to demonstrate that CBT can reverse ethanol-
induced behavioral sensitization in both male and female Swiss mice. CBT treatment alone
failed to induce changes in the mice’s locomotor activity; hence, it can be inferred that
the reduction in behavioral sensitization is not contingent upon alterations in locomotor
activity induced by CBT.

The concept of sensitization, initially described by Segal and Mandell in 1974 [42], en-
tails the gradual and persistent amplification of specific behaviors after repeated exposure
to stimulant drugs. It serves as a well-studied model of neuroplasticity. Following inter-
mittent stimulant drug treatment, such as amphetamine or cocaine, or after administering
stimulant ethanol doses, sensitized behaviors may manifest with increased intensity, faster
onset, or at lower doses than before sensitization [43,44]. There is strong evidence linking
behavioral sensitization to changes in limbic neurochemical systems, which play a role in
various psychiatric and substance use disorders [45].

In a recent study in our laboratory [46], we observed that CBT enhanced the rewarding
effects of ethanol, as measured with conditioned place preference (CPP), which primarily
reflects the rewarding aspects of a substance and relies on Pavlovian learning mecha-
nisms [47]. In the present study, we adopted the behavioral sensitization paradigm to
model a different facet of addiction, aligned with the incentive-sensitization theory pro-
posed by Robinson and Berridge in 1993 [48]. Our findings suggest that, although CBT
may enhance the rewarding effect of ethanol in certain contexts, it can also exert protective
effects against the expression of ethanol-induced behavioral sensitization. These results
highlight the complex role of CBT in modulating different aspects of ethanol addiction. It
is important to emphasize that, while sensitization may contribute to the development of
addiction by enhancing the incentive salience of drugs, it does not imply an inescapable
cycle of substance use. One can experience sensitization without progressing to a chronic
substance dependence, and, likewise, individuals can develop substance use disorders
without exhibiting sensitization.

Regarding our findings about corticosterone levels, CBT did not change corticosterone
levels on D21, in agreement with previous studies [28]. On D22, following a challenge
injection with ethanol, the levels of this hormone decreased in the mice who had been
previously exposed to ethanol compared to those who had been pre-exposed to saline. This
reduction in corticosterone levels in the mice with prior ethanol exposure, as opposed to
those receiving an acute ethanol dose, suggests a potential development of tolerance or
adaptation to the stress-inducing effects of ethanol. While CBT treatment increased the
corticosterone levels in the male mice, the female mice did not exhibit the same response,
indicating that the results may be affected by estrous cycle variations. Our study did not
reveal any specific effect of CBT on the corticosterone levels of the male or female mice
who had undergone ethanol sensitization. This suggests that the reversal of sensitization
using CBT is not contingent upon corticosterone levels and involves a distinct pathway or
mechanism for modulating sensitization. The OXT system contributes to the regulation of
stress responses through its interaction with the HPA axis [49], but its potential to alleviate
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addiction-related behaviors exacerbated by stress has yet to be explored [50]. When it
comes to intranasal OXT administration in individuals with AUD, for example, its effects
on alcohol craving appear to vary, influenced by the individuals’ anxiety levels [51].

The higher levels of corticosterone in the female mice compared to the male mice can
likely be attributed to hormonal variations, given that approximately 50% of the female
mice were in non-diestrus phases. When we analyzed the corticosterone levels considering
the estrous cycle, the non-diestrus phases differed from the diestrus, exhibiting higher levels
of corticosterone. These findings underscore the significance of identifying specific phases
of the estrous cycle, considering the associated hormonal variations. Diestrus, known
for its longer duration, is characterized by a period of quiescence and lower estradiol
levels [51–53]. In contrast, the pre-ovulatory period, considered as non-diestrus, is charac-
terized by an increased estradiol secretion [54]. Glucocorticoids and estradiol can mutually
influence each other [55], as evidenced by studies demonstrating the enhancement of corti-
costerone secretion with estradiol administration in female rats [56]. The observed interplay
between estradiol and corticosterone highlights the complexity of hormonal regulation
during different phases of the estrous cycle.

While we observed no sex-specific differences in ethanol sensitization or the influ-
ence of CBT treatment on this response, previous research by Hansson et al. (2018) [15]
revealed significant alterations in the OXT system among male, dependent rats and in the
post-mortem brains of human individuals with alcohol addiction, but not in the female
subjects [16]. The divergent responses in the OXT system between male and female subjects
highlight the need for gender-specific considerations in addiction research and treatment
approaches.

This study also revealed that the female mice exhibited higher BEC levels compared
to the male mice, likely attributed to differences in metabolism, body composition, and
alcohol absorption rates between the sexes. In fact, in humans, men typically exhibit higher
gastric alcohol dehydrogenase (ADH) activity compared to women, leading to a lower, peak
BEC in men compared to women [42]. Similar results have been described for mice [43].
It is also worth noting that the mice with prior ethanol exposure exhibited a lower BEC
compared to the alcohol-naïve mice, as previously demonstrated. This phenomenon is
likely attributable to the development of pharmacokinetic tolerance. Of greater significance,
the treatment with CBT did not result in any changes in the BEC levels, suggesting that the
CBT mechanism for reducing ethanol sensitization is unlikely to be linked to alterations in
ethanol metabolism.

By using CBT, our research substantiated prior findings seen in studies employing
OXT which demonstrated its effectiveness in reducing cue-induced reinstatement response
in male, dependent rats [15] and ethanol consumption in various self-administration mod-
els in male mice [14]. More recently, King et al. (2021) [57] demonstrated the involvement of
endogenous OXT in the hypothalamus in controlling ethanol consumption and suggested
that signaling through OXT receptors plays a role in reducing ethanol consumption in a
binge-like drinking model. In this study, we further elucidated the effects of CBT adminis-
tration both 1 h and 24 h before ethanol consumption in a two-bottle choice model. Our
results revealed that CBT effectively reduced ethanol intake when the bottles were available
for the 24 h session. However, in the 2 h session, only the CBT injection administered 1 h
prior to the session demonstrated a significant decrease in ethanol intake. It is important to
consider the context of ethanol withdrawal effects on anxiety.

The observed reduction in ethanol intake might indicate that CBT has the potential to
alleviate anxiety or craving associated with ethanol withdrawal, contributing to a decrease
in consumption. In fact, OXT has been shown to modulate stress, anxiety, and craving
behaviors (see Rae et al. 2022 [58] as review). The fact that CBT effectively reduced ethanol
intake during the 24 h session, regardless of whether it was administered 1 h or 24 h before
the session, suggests that CBT appears to have a sustained efficacy in reducing ethanol
intake during prolonged access to ethanol, irrespective of the timing of its administration.
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It is important to highlight that the effects of OXT have been tested on other drugs,
such as methamphetamine, and that the results are promising, showing a dose-dependent
attenuation of motor hyperactivity through OXT administration, an effect blocked by an
OXT antagonist [59]. Furthermore, with regard to opioids, OXT has been shown to decrease
the acquisition and maintenance of heroin self-administration [60].

Behavioral sensitization to ethanol can also be accompanied by changes in other
behaviors, such as reactivity to stress, reward sensitivity, and cognitive function. More
research is needed to assess the effects of CBT on other aspects of behavioral sensitization
to ethanol.

We can conclude that CBT attenuates the neuroplastic events underlying behavioral
sensitization in male and female mice and decreases ethanol intake in male mice. It should
be emphasized that the relationship between behavioral sensitization and dependence
is still debatable. Although there are studies showing that sensitized animals are more
vulnerable to increased ethanol consumption [61], this agreement is not unanimous [62].
Nevertheless, the role of sensitization in the neuroadaptive processes that occur with
repeated drug exposure should be considered as a phenomenon related to the psychological
desire or “wanting” for the drug [48]. These findings point to CBT as a potential therapeutic
tool for addressing alcohol use disorders and reducing the health-toxic risks associated
with excessive ethanol consumption.
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Abstract: Exposure to opioids can lead to the alteration of several neurotransmitters. Among these
neurotransmitters, glutamate is thought to be involved in opioid dependence. Glutamate neuro-
transmission is mainly regulated by astrocytic glutamate transporters such as glutamate transporter
1 (GLT-1) and cystine/glutamate antiporter (xCT). Our laboratory has shown that exposure to lower
doses of hydrocodone reduced the expression of xCT in the nucleus accumbens (NAc) and the
hippocampus. In the present study, we investigated the effects of chronic exposure to hydrocodone,
and tested ceftriaxone as a GLT-1 upregulator in mesocorticolimbic brain regions such as the NAc,
the amygdala (AMY), and the dorsomedial prefrontal cortex (dmPFC). Eight-week-old male mice
were divided into three groups: (1) the saline vehicle control group; (2) the hydrocodone group; and
(3) the hydrocodone + ceftriaxone group. Mice were injected with hydrocodone (10 mg/kg, i.p.) or
saline for 14 days. On day seven, the hydrocodone/ceftriaxone group was injected with ceftriaxone
(200 mg/kg, i.p.) for last seven days. Chronic exposure to hydrocodone reduced the expression
of GLT-1, xCT, protein kinase B (AKT), extracellular signal-regulated kinases (ERK), and c-Jun N-
terminal Kinase (JNK) in NAc, AMY, and dmPFC. However, hydrocodone exposure increased the
expression of G-protein-coupled metabotropic glutamate receptors (mGluR5) in the NAc, AMY, and
dmPFC. Importantly, ceftriaxone treatment normalized the expression of mGluR5, GLT-1, and xCT
in all these brain regions, except for xCT in the AMY. Importantly, ceftriaxone treatment attenuated
hydrocodone-induced downregulation of signaling pathways such as AKT, ERK, and JNK expression
in the NAc, AMY, and dmPFC. These findings demonstrate that ceftriaxone has potential therapeutic
effects in reversing hydrocodone-induced downregulation of GLT-1 and xCT in selected reward brain
regions, and this might be mediated through the downstream kinase signaling pathways such as
AKT, ERK, and JNK.

Keywords: opioids; ceftriaxone; glutamate; GLT-1; xCT; kinases; drug exposure; mesocorticolimbic

1. Introduction

Opioid use disorder (OUD) has been considered as a major health issue in the United
States [1]. Opioids are commonly used to treat chronic pain; however, their misuses are
associated with the development of dependence, and overdose leading to deaths. There are
several classes of opioids, and hydrocodone is considered a semi-synthetic opioid, which is
widely used in the management of chronic pain associated with surgery procedures and
musculoskeletal injuries [2]. Hydrocodone exerts its analgesic effect by activating the mu-
opioid receptor, a G-protein coupled receptors (GPCR), which can inhibit the production of
cyclic adenosine monophosphate (cAMP) leading to the activation of a G-protein-gated
inwardly rectifying potassium channel (GIRK) [3]. Furthermore, opioids dysregulate sev-
eral neurotransmitters, including glutamate [4]. Indeed, the activation of opioid receptors
(mainly mu receptor) induced release of glutamate in the nucleus accumbens (NAc) core,
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and this effect was mainly observed in astrocytes [5], which highly express the major
glutamate transporter type 1 (GLT-1) and the cystine/glutamate antiporter (xCT) [6–9].

Glutamate homeostasis is dysregulated by exposure to substances of abuse, including
alcohol, nicotine, cocaine, and methamphetamine, and this effect has been associated with
the downregulation of GLT-1 expression in several reward brain regions such as the NAc,
dorsomedial prefrontal cortex (dmPFC), amygdala (AMY), and hippocampus [10–15]. In
addition, xCT was also found to be downregulated during NAc exposure to substances
of abuse such as cocaine, alcohol, and nicotine [16–19]. Importantly, chronic exposure to
opioids alters glutamate transport and glutamate clearance. For example, chronic exposure
to morphine downregulated several glutamate transporters, including GLT-1 [20,21]; this
might be associated with an increase in extracellular glutamate concentrations in the
brain [20,22]. Regarding xCT, a study from our laboratory showed that hydrocodone
administered at a lower dose decreased the expression of this protein in the NAc and
hippocampus in an animal model of conditioned place preference (CPP) [23]. Importantly,
ceftriaxone, a beta-lactam antibiotic known to upregulate GLT-1 and xCT [9,24], was shown
to attenuate the effect of hydrocodone-induced downregulation in xCT in these brain
regions [23]. These studies and others clearly demonstrate that chronic exposure to drugs
of abuse downregulated the expression of GLT-1 and xCT and increased extracellular
glutamate concentrations in the central reward brain regions, and CEF and other beta-
lactams have the potential to attenuate these effects.

In this study, we investigated the effects of chronic exposure to a higher dose of
hydrocodone (10 mg/kg) on the expression of GLT-1 and xCT in certain central reward
brain regions such as the NAc, AMY, and dmPFC. Importantly, we determined whether
ceftriaxone treatment would normalize the expression of these glutamate transporters.
We further investigated whether chronic exposure to hydrocodone affects the expression
of mGluR5, and determined whether ceftriaxone would attenuate this effect. Finally, we
aimed to investigate the signaling pathways involved in hydrocodone-induced changes
in GLT-1 and xCT expression. We focused on the expression of signaling pathways such
as ERK, JNK, and Akt since some of these kinases are suggested to be involved in the
regulatory effect of ceftriaxone in GLT-1 expression in the brain [25–27].

2. Materials and Methods

2.1. Animal

Male C57BL/6 mice (Jackson Laboratory, 25–30 g, 8 weeks of age, n = 7) were used
in this study. This study tested a total of 21 male mice. Mice were housed in a room that
was maintained at 21 ◦C on a 12/12 h light/dark cycle. Mice had free access to water and
food. All experimental procedures were approved by the Institutional Animal Care and
Use Committee (IACUC), University of Toledo. This is in accordance with the guidelines
set by the National Institutes of Health for the use of animals in research as described in
the Guide for the Care and Use of Laboratory Animals under approved protocol number
400155 (2 August 2022), The University of Toledo.

2.2. Drugs and Dosing

Male mice were handled three days before starting the experiment for acclimation.
Mice were then divided into three groups: (1) saline group, mice were intraperitoneal
(i.p.) injected with saline vehicle from day 1–14 (n = 7); (2) hydrocodone group, mice were
i.p. injected hydrocodone (10 mg/kg) from day 1–14 (n = 7); and (3) hydrocodone + cef-
triaxone group, mice were i.p. injected hydrocodone (10 mg/kg) from day 1–14, and
ceftriaxone (200 mg/kg) was i.p. injected from day 7–14 (n = 7) (Figure 1). Hydrocodone
(Sigma-Aldrich, St. Louis, MO, USA) was dissolved in saline at 10 mg/kg. Ceftriaxone was
purchased from (Pfizer, Lake Forest, IL, USA) and was dissolved in saline at 200 mg/kg.
Note that equal volumes of saline (control group) and hydrocodone (10 mg/kg, i.p., hy-
drocodone group) were injected from day 1 through 14; ceftriaxone (200 mg/kg, i.p.) was
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administered from day 7 through 14 for the ceftriaxone/hydrocodone group. Mice were
euthanized on day 15 by CO2 inhalation as approved by UT-IACUC (Figure 1).

Figure 1. Timeline of the experimental procedure. CEF: ceftriaxone; HYD: hydrocodone.

2.3. Brain Tissue Extraction

Animals were euthanized by CO2 inhalation after 7 h of fasting on day 15. Fasting
was applied for further study, which aims to investigate potential changes in liver tissues.
For the present study, brains were isolated and frozen immediately on dry ice and stored at
−80 ◦C. NAc (core and shell), dmPFC (cingulate cortex and prelimbic cortex), HIP (cornu
ammonis, CA, subfield: CA1, CA2, and CA3), and AMY (central amygdala, basomedial
amygdala and basolateral amygdala) were extracted using a cryostat machine (Leica
CM1950). All brain regions were selected using the Brain Mice Atlas [28]. Brain samples
were stored at −80 ◦C for subsequent Western blot analyses.

2.4. Western Blot Analysis

Western blot was used to determine protein expression of phospho-ERK, ERK, phospho-
Akt, Akt, phospho-JNK, JNK, xCT, GLT-1, mGluR5, and β-tubulin in the NAc (core and
shell), AMY, and dmPFC. Samples were lysed using a lysis buffer (50 mM Tris–HCl, 150 mM
NaCl, 1 mM EDTA, 0.5% NP-40, 1% Triton, 0.1% SDS) with phosphatase and protease
inhibitors. The amount of protein in each tissue sample was quantified using a detergent
compatible protein assay (Bio-Rad, Hercules, CA, USA). An equal amount of protein from
each sample was mixed with laemmili dye, and the mixtures were loaded onto 10% Tris-
glycerine gel to separate the protein using electrophoresis. Then, proteins were transferred
from gels to a polyvinylidene difluoride (PVDF) membrane. Subsequently, the PVDF mem-
branes were blocked with 5% fat-free milk in Tris-buffered saline with Tween 20 (TBST) at
room temperature for 30 min. Membranes were incubated overnight at 4 ◦C with primary
antibodies: rabbit anti-p-ERK (1:1000, Abcam, Cambridge, UK, ab201015), rabbit anti-ERK
(1:1000, Abcam, ab17942), rabbit anti-p-JNK (1:1000, Cell Signaling, Danvers, MA, USA,
9251), rabbit anti-JNK (1:1000, Cell Signaling, 9252), rabbit anti-p-Akt (1:1000, Cell Signal-
ing, 4060), rabbit anti-Akt (1:1000, Cell Signaling, 4691), rabbit anti-GLT-1 (1:5000, Abcam
ab205248), rabbit anti-xCT (1:1000, Abcam ab125186), and rabbit anti-mGluR5 (1:1000,
Abcam ab76316). Mouse anti-β-tubulin (1:1000, BioLeagend, San Diego, CA, USA) was
used as a control loading protein. On the following day, membranes were washed five
times with TBST and incubated with the match secondary antibody (1:4000) for 60 min.
The membranes were then washed with TBST and dried for further analysis. The dried
membranes were incubated with chemiluminescent reagents (Super Signal West Pico, Perce
Inc., Appleton, WI, USA) for 1–2 min. Digitized blot images were developed using the
GeneSys imaging system. Quantification and analysis of the expression of p-ERK, ERK,
p-JNK, JNK, p-Akt, Akt, GLT-1, xCT, mGluR5, and β-tubulin blots were performed using
ImageJ software (Version 1.53t 24). The control group was reported as 100% to measure
the changes in the expression of proteins of interest in the NAc (core and shell), AMY, and
dmPFC as described in our previous studies [23,29].
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2.5. Statistical Analysis

All statistical analyses were performed using GraphPad Prism software (Version 10).
One-way ANOVA with Newman–Keuls as a post-hoc multiple comparison test was used
to analyze the Western blot data as a percentage (relative to control values) ratio to the
loading protein, β-tubulin. The data are reported for a p < 0.05 level of significance.

3. Results

3.1. Effect of Chronic Hydrocodone Exposure and Ceftriaxone on GLT-1 Protein Expression in the
NAC, AMY, and dmPFC

Data analyses revealed a significant difference in the expression of GLT-1 in NAc
among all tested groups (F2,13 = 11.16, p < 0.01, Figure 2). Newman–Keuls post-hoc analy-
ses showed a significant decrease in GLT-1 expression in the NAc in the hydrocodone group
compared to the control group (p < 0.05), and ceftriaxone (p < 0.01) significantly increased
GLT-1 expression in the NAc as compared to the hydrocodone group (Figure 2A). In addi-
tion, statistical analysis revealed a significant difference in the expression of GLT-1 in the
AMY (F2,13 = 11.16, p < 0.01, Figure 2B) and the dmPFC (F2,15 = 29.24, p < 0.0001, Figure 2C)
among all tested groups. Newman–Keuls post-hoc analyses showed a significant decrease
in GLT-1 expression in the AMY (p < 0.05, Figure 2B) and the dmPFC (p < 0.01, Figure 2C)
of the hydrocodone group compared to the control group. Importantly, ceftriaxone signifi-
cantly increased GLT-1 expression in the AMY (p < 0.01, Figure 2B) and dmPFC (p < 0.0001,
Figure 2C) as compared to the hydrocodone group. The hydrocodone–ceftriaxone groups
showed significantly increased GLT-1 expression compared to the control group in the
AMY (p < 0.05, Figure 2B) and the dmPFC (p < 0.05, Figure 2C). However, no significant
changes were observed between the control and hydrocodone-ceftriaxone groups in the
NAc (Figure 2).

Figure 2. Effect of chronic hydrocodone exposure on the expression of GLT-1 in the NAc, AMY,
and dmPFC. (A) Immunoblots for GLT-1 and β-tubulin in the NAc. Quantitative analysis using
one-way ANOVA followed by Newman–Keuls post-hoc test indicated that GLT-1 was significantly
downregulated in the hydrocodone group compared to the control group, while post-treatment
with ceftriaxone (200 mg/kg) upregulated GLT-1 expression compared to the hydrocodone group
in the NAc. (B) Immunoblots for GLT-1 and β-tubulin in the AMY. Quantitative analysis using
one-way ANOVA followed by Newman–Keuls post-hoc test showed that GLT-1 was significantly
downregulated in the hydrocodone group compared to the control group, while post-treatment with
ceftriaxone (200 mg/kg) upregulated GLT-1 expression compared to the hydrocodone group in the
AMY. (C) Immunoblots for GLT-1 and β-tubulin in the dmPFC. Quantitative analysis using one-way
ANOVA followed by Newman–Keuls post-hoc test indicated that GLT-1 expression was significantly
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downregulated in the hydrocodone group compared to the control group, while ceftriaxone
(200 mg/kg) upregulated GLT-1 expression compared to the hydrocodone group in the dmPFC. Con-
trol group data were represented as 100%. Each column is expressed as mean ± S.E.M (n = 7/group),
(* p < 0.05, ** p < 0.01, and **** p < 0.0001).

3.2. Effect of Chronic Hydrocodone Exposure and Ceftriaxone on xCT Protein Expression in the
NAc, AMY, and dmPFC

We further investigated the effects of chronic hydrocodone exposure and ceftriaxone
treatment on the expression of xCT in mesocorticolimbic brain regions. There were signifi-
cant differences in xCT expression in the NAc (F2,12 = 8.364, p < 0.01, Figure 3A) and dmPFC
(F2,15 = 15.07, p < 0.001, Figure 3C) among all tested groups. However, there were no sig-
nificant changes in xCT expression between all tested groups in the AMY (F2,18 = 0.03247,
p > 0.05, Figure 3B). Newman–Keuls post-hoc analyses revealed significant decreases in
xCT expression in the NAc (p < 0.05, Figure 3A) and the dmPFC (p < 0.001, Figure 3C)
in the hydrocodone group as compared to the control group. Importantly, ceftriaxone
attenuated hydrocodone-induced downregulation in the NAc (p < 0.01, Figure 3A) and
dmPFC (p < 0.001, Figure 3C). Quantitative analysis revealed non-significant differences
in xCT expression among control and hydrocodone–ceftriaxone groups in the NAc, AMY,
and dmPFC (Figure 3).

Figure 3. Effect of chronic hydrocodone exposure on xCT expression in the NAc, AMY, and dmPFC.
(A) Immunoblots for xCT and β-tubulin in the NAc. Quantitative analysis using one-way ANOVA
followed by Newman–Keuls post-hoc test indicated that xCT expression was significantly decreased
in the hydrocodone group compared to the control group, while ceftriaxone (200 mg/kg) normalized
GLT-1 expression compared to the hydrocodone group in the NAc. (B) Immunoblots for xCT and
β-tubulin in the AMY. Quantitative analysis using one-way ANOVA followed by Newman–Keuls
post-hoc test indicated that there were no significant differences in xCT expression among all tested
groups in the AMY. (C) Immunoblots for xCT and β-tubulin in dmPFC. Quantitative analysis using
one-way ANOVA followed by Newman–Keuls post-hoc test showed that xCT was significantly
decreased in the hydrocodone group compared to the control group, while post-treatment with
ceftriaxone (200 mg/kg) normalized xCT expression compared to the hydrocodone group in the
dmPFC. Control group data were represented as 100%. Each column is expressed as mean ± S.E.M
(n = 7/group), (* p < 0.05, ** p < 0.01 and *** p < 0.001).

3.3. Effects of Chronic Hydrocodone Exposure and Ceftriaxone on p-ERK Protein Expression in the
NAc, AMY, and dmPFC

We also investigated the effects of ceftriaxone on kinase signaling pathways such as
p-ERK in mesocorticolimbic brain regions. Western blot data analyses revealed significant
differences in p-ERK expression in the NAc (F2,14 = 19.73, p < 0.0001, Figure 4A), AMY
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(F2,13 = 7.141, p < 0.01, Figure 4B), and dmPFC (F2,14 = 12.44, p < 0.001, Figure 4C) among
all groups. Newman–Keuls post hoc analyses revealed that chronic hydrocodone exposure
decreased p-ERK expression in the NAc (p < 0.0001, Figure 4A), AMY (p < 0.05, Figure 4B),
and dmPFC (p < 0.001, Figure 4C) compared to the control group. Importantly, ceftriax-
one attenuated hydrocodone-induced downregulation of p-ERK in the NAc (p < 0.001,
Figure 4A), AMY (p < 0.01, Figure 4B) and the dmPFC (p < 0.01, Figure 4C). No significant
changes were detected between the hydrocodone and hydrocodone–ceftriaxone groups.

Figure 4. Effect of chronic hydrocodone exposure on p-ERK expression in the NAc, AMY, and
dmPFC. (A) Immunoblots for p-ERK and ERK in the NAc. Quantitative analysis using one-way
ANOVA followed by Newman–Keuls post hoc test revealed that chronic hydrocodone exposure
downregulated p-ERK expression in the NAc compared to the control group, while ceftriaxone
(200 mg/kg) upregulated p-ERK expression compared to the hydrocodone group. (B) Immunoblots
for p-ERK and ERK in the AMY. Quantitative analysis using one-way ANOVA followed by Newman–
Keuls post hoc test showed that p-ERK was significantly downregulated in the hydrocodone group
compared to the control group, while post-treatment with ceftriaxone (200 mg/kg) upregulated
p-ERK expression in the AMY compared to the hydrocodone group. (C) Immunoblots for p-ERK
and ERK in the dmPFC. Quantitative analysis using one-way ANOVA followed by Newman–Keuls
post hoc test showed that p-ERK expression was significantly downregulated in the hydrocodone
group compared to the control group, while ceftriaxone (200 mg/kg) upregulated p-ERK expression
in the dmPFC compared to the hydrocodone group. Control group data were represented as 100%.
Each column is expressed as mean ± S.E.M (n = 7/group), (* p < 0.05, ** p < 0.01, *** p < 0.001 and
**** p < 0.0001).

3.4. Effect of Chronic Hydrocodone Exposure and Ceftriaxone on p-AKT Protein Expression in the
NAc, AMY, and dmPFC

The effect of chronic hydrocodone exposure on p-AKT expression was also mea-
sured in mesocorticolimbic brain regions. Data analyses revealed significant differences
in p-Akt expression in the NAc (F2,13 = 5.970, p < 0.05, Figure 5A), AMY (F2,13 = 18.37,
p < 0.001, Figure 5B), and dmPFC (F2,18 = 27.26, p < 0.0001, Figure 5C) among all groups.
Chronic hydrocodone exposure decreased p-Akt expression in the NAc (p < 0.05, Figure 5A),
AMY (p < 0.01, Figure 5B), and dmPFC (p < 0.0001, Figure 5C) compared to the con-
trol group. Importantly, ceftriaxone attenuated hydrocodone-induced downregulation
of p-Akt expression (p < 0.05, Figure 5A) in the NAc, AMY (p < 0.001, Figure 5B), and
dmPFC (p < 0.0001, Figure 5C). Significant differences were observed between control and
hydrocodone-ceftriaxone groups in the AMY (p < 0.05, Figure 5B) and dmPFC (p < 0.05,
Figure 5C); no significant difference was detected in the NAc (Figure 5A).
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Figure 5. Effect of chronic hydrocodone exposure on p-AKT expression in the NAc, AMY, and
dmPFC. (A) Immunoblots for p-AKT and AKT in the NAc. Quantitative analysis using one-way
ANOVA followed by Newman–Keuls post hoc test indicated that p-AKT expression was significantly
decreased in the hydrocodone group as compared to the control group, while ceftriaxone (200 mg/kg)
normalized p-AKT expression in the NAc compared to the hydrocodone group. (B) Immunoblots for p-
AKT and AKT in the AMY. Quantitative analysis using one-way ANOVA followed by Newman–Keuls
post hoc test showed that p-AKT was significantly decreased in the hydrocodone group compared to
the control group, while post-treatment with ceftriaxone (200 mg/kg) normalized the expression of
p-AKT expression in the AMY compared to the hydrocodone group. (C) Immunoblots for p-AKT
and AKT in the dmPFC. Quantitative analysis using one-way ANOVA followed by Newman–Keuls
post hoc test showed that p-AKT expression was significantly reduced in the hydrocodone group
compared to the control group, while ceftriaxone (200 mg/kg) normalized p-AKT expression in
the dmPFC compared to the hydrocodone group. Control group data were represented as 100%.
Each column is expressed as mean ± S.E.M (n = 7/group), (* p < 0.05, ** p < 0.01, *** p < 0.001 and
**** p < 0.0001).

3.5. Effect of Chronic Hydrocodone Exposure and Ceftriaxone on p-JNK Protein Expression in the
NAc, AMY, and dmPFC

We further investigated the effect of chronic exposure to hydrocodone on p-JNK expres-
sion in mesocorticolimbic brain regions. Data analyses revealed a significant difference in p-
JNK expression in the NAc (F2,14 = 7.577, p < 0.01, Figure 6A), AMY (F2,15 = 11.82, p < 0.001,
Figure 6B), and dmPFC (F2,18 = 18.36, p < 0.0001, Figure 6C) among all tested groups.
Hydrocodone exposure decreased p-JNK expression in the NAc (p < 0.05, Figure 6A), AMY
(p < 0.01, Figure 6B), and dmPFC (p < 0.001, Figure 6C) compared to the control group.
Importantly, ceftriaxone attenuated hydrocodone-induced downregulation in p-JNK expres-
sion in the NAc (p < 0.01, Figure 6A), AMY (p < 0.001, Figure 6B), and dmPFC (p < 0.0001,
Figure 6C). No significant difference was found in p-JNK expression between the control
and hydrocodone–ceftriaxone groups in all three brain regions (Figure 6).
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Figure 6. Effect of chronic hydrocodone exposure on p-JNK expression in the NAc, AMY, and dmPFC.
(A) Immunoblots for p-JNK and JNK in the NAc. Quantitative analysis using one-way ANOVA
followed by Newman–Keuls post hoc test revealed that p-JNK expression in the NAc was signifi-
cantly downregulated in the hydrocodone group compared to the control group, while ceftriaxone
(200 mg/kg) upregulated p-AKT expression compared to the hydrocodone group. (B) Immunoblots
for p-JNK and JNK in the AMY. Quantitative analysis using one-way ANOVA followed by Newman–
Keuls post hoc test showed that p-JNK was significantly downregulated in the hydrocodone group
compared to the control group, while post-treatment with ceftriaxone (200 mg/kg) upregulated
p-JNK expression in the AMY compared to the hydrocodone group. (C) Immunoblots for p-JNK
and JNK in the dmPFC. Quantitative analysis using one-way ANOVA followed by Newman–Keuls
post hoc test indicated that p-JNK expression was significantly downregulated in the hydrocodone
group compared to the control group, while ceftriaxone (200 mg/kg) upregulated p-JNK expression
in the dmPFC compared to the hydrocodone group. Each column is expressed as mean ± S.E.M
(n = 7/group), (* p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001).

3.6. Effect of Chronic Hydrocodone Exposure and Ceftriaxone on mGluR5 Protein Expression in the
NAc, AMY, and dmPFC

We finally determined the effect of hydrocodone exposure on mGluR5 expression in
mesocorticolimbic brain regions. Statistical analyses revealed a significance difference in
mGluR5 expression in the NAc (F2,15 = 17.81, p < 0.001, Figure 7A), AMY (F2,12 = 8.018,
p < 0.01, Figure 7B), and dmPFC (F2,12 = 18.59, p < 0.001, Figure 7C). Furthermore, chronic
hydrocodone exposure increased mGluR5 expression in the NAc (p < 0.05, Figure 7A),
AMY (p < 0.01, Figure 7B), and dmPFC (p < 0.01, Figure 7C). Importantly, ceftriaxone atten-
uated hydrocodone-induced upregulation in mGluR5 expression in the NAc (p < 0.0001,
Figure 7A), AMY (p < 0.01, Figure 7B), and dmPFC (p < 0.001, Figure 7C) compared to the
control and hydrocodone groups. No significant differences were observed between the
control and hydrocodone–ceftriaxone groups in the AMY (Figure 7B). However, there were
significant differences between the control and hydrocodone–ceftriaxone groups in the
NAc (p < 0.01, Figure 7A) and the dmPFC (p < 0.05, Figure 7C).

24



Toxics 2023, 11, 870

Figure 7. Effect of chronic hydrocodone exposure on mGluR5 expression in the NAc, AMY, and
dmPFC. (A) Immunoblots for mGluR5 and β-tubulin in the NAc. Quantitative analysis using one-way
ANOVA followed by Newman–Keuls post hoc test showed that mGluR5 expression was significantly
upregulated in the hydrocodone group compared to the control group, while ceftriaxone (200 mg/kg)
normalized mGluR5 expression in the NAc compared to the hydrocodone group. (B) Immunoblots
for mGluR5 and β-tubulin in the AMY. Quantitative analysis using one-way ANOVA followed by
Newman–Keuls post hoc test showed that mGluR5 was significantly upregulated in the hydrocodone
group compared to the control group, while post-treatment with ceftriaxone (200 mg/kg) normalized
mGluR5 expression in the AMY compared to the hydrocodone group. (C) Immunoblots for mGluR5
and β-tubulin in the dmPFC. Quantitative analysis using one-way ANOVA followed by Newman–
Keuls post hoc test showed that mGluR5 expression was significantly upregulated in the hydrocodone
group compared to the control group, while ceftriaxone (200 mg/kg) normalized mGluR5 expression
in the dmPFC compared to hydrocodone group. Control group data were represented as 100%.
Each column is expressed as mean ± S.E.M (n = 7/group), (* p < 0.05, ** p < 0.01, *** p < 0.001 and
**** p < 0.0001).

4. Discussion

The hyperglutamatergic state is a major neurochemical unbalance that might be the
cause of many neurological diseases and psychiatric disorders, including drug addic-
tion [30,31]. GLT-1 plays an important role in regulating the majority of extracellular
glutamate concentrations in the brain, and a reduction in GLT-1 expression is often asso-
ciated with relapse to drugs of abuse. Therefore, restoring glutamate homeostasis may
have a therapeutic, beneficial effect against neuroexcitotoxicity caused by chronic exposure
to drugs of abuse. The present study demonstrated that chronic hydrocodone exposure
alters the expression of GLT-1, xCT, mGluR5, p-ERK/ERK, p-Akt/Akt, and p-JNK/JNK
in mesocorticolimibic brain regions. Ceftriaxone, known to upregulate GLT-1, attenuated
hydrocodone-induced alteration of the expression of these target proteins. This study
focused on three brain regions: the dmPFC, AMY, and NAc. These brain regions are
reciprocally connecting glutamatergic projections, which are involved in drug seeking and
drug dependence [6,9]. GLT-1 is a major glutamate transporter that regulates most of the
extracellular glutamate concentrations in these key reward brain regions and others [8].
Previous studies from our laboratory demonstrated that chronic exposure to ethanol in-
duced downregulation of GLT-1, as well xCT expression in central reward brain regions,
including the NAc and ceftriaxone, attenuated this effect [6,16,32]. It is important to note
that xCT is colocalized with GLT-1 in astrocytes to regulate basal extracellular glutamate
concentrations [7]. Thus, both GLT-1 and xCT are critical in regulating the excess of extra-
cellular glutamate that is mediated through astrocytes. In this study, we focused on the
effect of chronic exposure of hydrocodone in the mesocorticolimbic brain regions involved
drug dependence.

25



Toxics 2023, 11, 870

Exposure to hydrocodone (10 mg/kg, i.p.) for 14 days downregulated GLT-1 expres-
sion in the dmPFC, AMY, and NAc. In contrast to our current findings, previous studies
from our laboratory reported no change in GLT-1 expression with hydrocodone exposure
(5 mg/kg, i.p.) in the NAc, dmPFC, hippocampus, and AMY [23]. However, this study
showed that hydrocodone exposure downregulated xCT expression in the NAc and the
hippocampus, and ceftriaxone attenuated this effect. This difference may be attributable
to the duration of hydrocodone exposure and the dose of hydrocodone tested. In addi-
tion, it has been suggested that a reduction in GLT-1 expression in the NAc is associated
with chronic exposure to drugs of abuse, including alcohol, nicotine, heroin, and am-
phetamine [12,16,33,34]. Hence, our study showed that chronic exposure to higher doses
of hydrocodone resulted in a decrease in GLT-1 expression in the dmPFC, AMY, and NAc.
Furthermore, we found that xCT expression was downregulated in the dmPFC and NAc,
but not in the AMY. The result from this current study is in accordance with our previous
study which showed that exposure to a lower dose of hydrocodone (5 mg/kg, i.p.) in
alcohol-preferring (P) rats reduced xCT expression in the NAc in a CPP model [23]. In
the present study, ceftriaxone restored GLT-1 expression in the brains of mice exposed to
hydrocodone. We suggest that the upregulatory effect of ceftriaxone in GLT-1 expression
may decrease extracellular glutamate concentrations and increase glutamate uptake in
models of drugs abuse, including ethanol and opioids [6,24]. Treatment with ceftriaxone
reversed the effects of hydrocodone-induced downregulation of GLT-1 and xCT expression
in the dmPFC and NAc. This is consistent with previous findings indicating the down-
regulation of GLT-1 and xCT expression in the NAc of animals exposed to drugs of abuse,
including hydrocodone, ethanol, cocaine, nicotine, and methamphetamine, and these
involved different behavioral paradigms such as drug seeking, self-administration, and
reinstatement [11,15,23,35–37]. Our present findings demonstrated clearly that β-lactams
(e.g., ceftriaxone and other β-lactams) have the potential to attenuate the effects of chronic
exposure to opioids and normalize glutamate transporters to prevent neuroexcitotoxicity
that might be mediated through excess of extracellular glutamate concentrations at the
synaptic cleft.

Furthermore, this study explored the signaling pathways involved in GLT-1 and xCT
upregulation. Thus, we focused on investigating the effect of hydrocodone exposure in
Akt expression and its phosphorylated form. The Akt pathway is involved in synaptic and
structural neuroadaptations, and p-Akt expression was decreased in the NAc after exposure
to drug abuse, including morphine, heroin, and nicotine [38–40]. These findings are in
accordance with our present findings showing that p-Akt is downregulated in the dmPFC,
AMY, and NAc after chronic exposure to hydrocodone. Several studies reported that the
Akt signaling pathway, which functions downstream of phosphatidylinositol 3-kinase
(PI-3K) and the nuclear transcription factor-κB (NF-κB), is involved in the upregulation
of GLT-1 expression [41]. Additionally, our studies and others confirmed the association
between the Akt pathway and the upregulation of GLT-1 expression [41–44]. Our results
showed that p-Akt expression was upregulated after ceftriaxone treatment, suggesting
that the Akt signaling pathway is involved in a ceftriaxone-mediated increase in GLT-1
(Figure 8).

We further investigated the ERK signaling pathway as it is involved in neuroplasticity,
and signal transduction [45]. Our study showed that exposure to hydrocodone for 14 days
downregulated p-ERK expression in the dmPFC, AMY, and NAc, and this effect was
attenuated with ceftriaxone treatment. Downregulation of ERK in the NAc is in accordance
with previous studies showing that chronic morphine exposure reduced both ERK and
Akt in the NAc of male Sprague-Dawley rats and CD-1 mice [38,46,47]. In addition, p-
ERK is also known to initiate the transcription factors such as NF-kB and CREB, which
in turn regulate GLT-1 transcription [48]. Therefore, our current study further showed
that ceftriaxone activated the ERK signaling pathway, and consequently modulated GLT-1
expression (Figure 8).
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Figure 8. Schematic representation summarizing the effects of chronic hydrocodone exposure on
GLT-1 expression in mesocorticolimbic brain regions. (A) Chronic exposure to hydrocodone reduced
ERK, AKT, and JNK signaling kinases leading to GLT-1 downregulation. (B) Ceftriaxone treatment
attenuated hydrocodone-induced GLT-1 downregulation by upregulating signaling kinases such as
ERK, AKT, and JNK.

Furthermore, we investigated the JNK pathway as an important signaling pathway
in the mitogen-activated protein kinases (MAPK) family. A study has reported that CREB
activation is dependent on JNK [49]. Additionally, CREB phosphorylation is required
for synaptic plasticity and memory consolidation [50–52]. In this study, we showed that
chronic exposure to hydrocodone reduced p-JNK expression in the dmPFC, AMY, and NAC.
Hydrocodone-induced downregulation of p-JNK expression was attenuated after ceftriax-
one treatment. Here, we suggest that upregulation of GLT-1 expression in the dmPFC, AMY,
and NAc might be associated with activation of CREB through JNK phosphorylation [53]
(Figure 8). However, studies are warranted to validate this assumption.

In addition to signaling pathways, mGluRs have also been implicated in opioid reward.
mGluR5 is known to play a facilitative role in mediating the potentiating effects of opioids
and is highly expressed in reward-related brain regions, including the NAc and dmPFC [54].
It is important to note that mGluR5 is selectively increased in the NAc under a morphine-
CPP paradigm and repeated exposure to cocaine [55,56]. This is in accordance with our
present study demonstrating that chronic exposure to hydrocodone increased mGluR5
expression in the dmPFC, AMY, and NAc. Hydrocodone-induced upregulation in mGluR5
expression was attenuated with ceftriaxone treatment.

5. Conclusions

This study revealed that chronic exposure to hydrocodone induced dysregulation of
glutamatergic system in the NAc, AMY, and dmPFC. Treatment with ceftriaxone success-
fully attenuated hydrocodone-induced dysfunction in this glutamatergic system. This was
associated with the reversal of hydrocodone-induced changes in mGluR5, GLT-1, xCT, ERK,
AKT, and JNK expression in the NAc, AMY, and dmPFC. We revealed that the upregulatory
or normalizing effect of ceftriaxone in GLT-1 expression was mediated in part through the
kinase signaling pathways such as the ERK, AKT, and JNK.

This study was proof of a concept to determine the effects of exposure to hydrocodone
for 14 days on the expression of astrocytic glutamate transporters (GLT-1 and xCT). The
study was limited to determine the signaling pathways involved in the upregulatory effects
of ceftriaxone on GLT-1 and xCT expression. Further studies are warranted to investigate
the beneficial preclinical effects of ceftriaxone and other beta-lactams in a model of self-
administration or CPP of hydrocodone and other highly potent opioids (e.g., fentanyl). In
addition, further studies are warranted to investigate the beneficial preclinical effects of
ceftriaxone-induced upregulation of GLT-1 and xCT on a model of opioid overdose.
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Abstract: We have examined the effects of four different polyphenols in attenuating heroin ad-
diction using a conditioned place preference (CPP) paradigm. Adult male Sprague Dawley rats
received heroin (alternating with saline) in escalating doses starting from 10 mg/kg, i.p. up to
80 mg/kg/d for 14 consecutive days. The rats were treated with distilled water (1 mL), quercetin
(50 mg/kg/d), β-catechin (100 mg/kg/d), resveratrol (30 mg/kg/d), or magnolol (50 mg/kg/d)
through oral gavage for 7 consecutive days, 30 min before heroin administration, starting on day 8.
Heroin withdrawal manifestations were assessed 24 h post last heroin administration following the
administration of naloxone (1 mg/kg i.p). Heroin CPP reinstatement was tested following a single
dose of heroin (10 mg/kg i.p.) administration. Striatal interleukin 6 (IL-6) and tumor necrosis factor
alpha (TNF-α) were quantified (ELISA) after naloxone-precipitated heroin withdrawal. Compared to
the vehicle, the heroin-administered rats spent significantly more time in the heroin-paired chamber
(p < 0.0001). Concomitant administration of resveratrol and quercetin prevented the acquisition
of heroin CPP, while resveratrol, quercetin, and magnolol blocked heroin-triggered reinstatement.
Magnolol, quercetin, and β-catechin blocked naloxone-precipitated heroin withdrawal and increased
striatal IL-6 concentration (p < 0.01). Resveratrol administration was associated with significantly
higher withdrawal scores compared to those of the control animals (p < 0.0001). The results of this
study show that different polyphenols target specific behavioral domains of heroin addiction in a
CPP model and modulate the increase in striatal inflammatory cytokines TNF-α and IL-6 observed
during naloxone-precipitated heroin withdrawal. Further research is needed to study the clinical
utility of polyphenols and to investigate the intriguing finding that resveratrol enhances, rather than
attenuates naloxone-precipitated heroin withdrawal.

Keywords: heroin; conditioned place preference (CPP); naloxone precipitated withdrawal; polyphenols;
resveratrol; magnolol; β-catechin

1. Introduction

Heroin is a highly addictive illicit opiate that represents one of the main contributors to
the global burden of illness [1]. In the United States alone, heroin use has reached epidemic
proportions, affecting about 1.6% of the population aged 12 or older [2–4]. In Egypt, one
study from the Poison Treatment Center including all cases of acute substance intoxication
between 2015–2019 reported that opiate (tramadol) was the most common substance of
exposure, and the greatest cause of fatality [5].

Current pharmacological treatment options for heroin addiction target μ opioid recep-
tors as either full agonists, such as methadone, partial agonists, such as buprenorphine—
which is also a κ-antagonist—or full antagonists, such as naltrexone [6–8]. Besides their
suboptimal efficacy [9], the stigma around methadone [10] added to the complex logistics

Toxics 2023, 11, 379. https://doi.org/10.3390/toxics11040379 https://www.mdpi.com/journal/toxics
31



Toxics 2023, 11, 379

for dispensing buprenorphine [11] and the problem of diversion [12]; all these factors
limit the patient availability of these medications and highlight the urgent need for novel,
non-opioid, pharmacological agents to treat different stages of heroin addiction.

Illicit drug use, including opiates, is associated with dysregulated immune signal-
ing [13,14], with reports of both activation and suppression of inflammatory cytokines.
Morphine administration, in one study, increased microglial release of central inflammatory
mediators, such as tumor necrosis factor (TNF)-alpha and interleukin (IL)-6 [15,16], and
plasma IL-6 was significantly higher in methadone-maintained heroin users compared
to healthy control subjects [17]. On the other hand, heroin and other opiates suppress
the microglial secretion of TNF-α [14] This immunomodulatory effect of opiates is not
mediated by all opioid receptors, and other signaling pathways play a significant role in
opioid addiction behaviors [14,18,19].

Peroxisome proliferator-activated receptor-alpha (PPAR-α) is known to regulate cellu-
lar inflammatory response [20,21], and polyphenols, such as resveratrol, quercetin, mag-
nolol, and β-catechin, found in many different plants [22–25], possess immune-modulatory
properties, likely through the activation of PPAR-α [26–29], and their potential efficacy for
treating opioid use disorder seems to be promising.

Yunusoglu et al. examined the effect of resveratrol on alcohol-induced conditioned
place preference (CPP) in mice. Pretreatment with resveratrol, dose dependently, impaired
ethanol preference acquisition, reinstating and facilitating the extinction of alcohol CPP [30].
Furthermore, Singh et al., showed that repeated administration of another polyphenol,
quercetin, attenuated the development of tolerance to the analgesic effect of morphine
and suppressed naloxone-precipitated withdrawal [31]. Quercetin pretreatment 30 min
before ethanol administration in a CPP paradigm attenuated acquisition and reinstatement
and accelerated the extinction of ethanol-CPP [32]. Moreover, the effects of quercetin
and β-catechin on naloxone-precipitated withdrawal were tested in vitro. Both quercetin
and catechin, injected into the guinea-pig ileum 10 min before morphine, were capable
of blocking naloxone-induced contracture after exposure to morphine in a concentration-
dependent fashion [33]. Taken together, there is evidence that polyphenols attenuate
behavioral manifestations of ethanol, morphine, and methamphetamine administration
and attenuate drug-induced activation of certain inflammatory cytokines. In this study,
we aimed to examine the efficacy of four different natural polyphenols in blocking be-
havioral manifestations of heroin administration using a conditioned place preference
(CPP) paradigm.

Conditioned place preference (CPP) is a valid and reliable method used to assess
the rewarding properties of various drugs of abuse [34], such as drug-paired craving and
relapse [35].

2. Methods

2.1. Animals

Adult inbred male Sprague Dawley rats weighing 180 to 210 g (n = 88) were used for
the experiments. The study was conducted according to the guidelines of the Declaration
of Helsinki and approved by the Animal Care and Use Committee of the Egyptian National
Research Center (protocol #19-220/20/11/2019). The rats were housed in standard plastic
cages, with 4 animals/cage, in a controlled environment (temperature, 25–26 ◦C, humidity,
45–65%, and 12 h dark: light cycle, with lights on at 7:00 a.m.) and food/water were
provided ad libitum.

2.2. Groups

Rats were randomly assigned to two cohorts. The first cohort (n = 56) was used to
establish CPP to test naloxone-precipitated withdrawal, and to assay striatal IL-6 and
TNF-α concentration. The second cohort (n = 32) was established to test heroin-triggered
reinstatement. Rats in the first cohort were assigned to one of five groups: (1) control (n = 8),
(2) heroin + quercetin (n = 12), (3) heroin + resveratrol (n = 12), (4) heroin + β-catechin

32



Toxics 2023, 11, 379

(n = 12), and (5) heroin + magnolol (n = 12). Rats in the second cohort were assigned to
one of six groups (n = 8 each): (1) vehicle negative control, (2) heroin positive control,
(3) quercetin, (4) resveratrol, (5) β-catechin, and (6) magnolol.

2.3. Drugs

Heroin was provided from the Criminal Justice Laboratories under the permission
of the Ministry of Justice, Cairo, Egypt. Resveratrol (Doctor’s best, CA, USA), quercetin
(Naturebell, Chino, CA, USA), β-catechin (Puritan’s Pride, Holbrook, NY, USA), and
magnolol (Nutricrafters, Sparks, NV, USA) were obtained from a local pharmacy as dietary
supplements. We discarded the capsule, which contains inactive ingredients such as
cellulose, gelatin, rice flour, silica, and maltodextrin. The content of the capsule contains the
active substance only. We dissolved the active ingredient in distilled water to the required
concentration to be administered orally at 1 mL doses.

2.4. Behavioral Study

(A) Conditioned place preference (first cohort)

• Habituation: Before the start of the procedure, the rats were habituated to the
place preference laboratory room for one hour. During the preconditioning phase
(1 day), the animals were allowed to freely explore the whole apparatus for 15 min.
The time spent in each chamber, while the door is open, was recorded (uncondi-
tioned preference), and then the animals were returned to their home cages.

• Establishing CPP: The following day, control rats received saline (0.5 mL/kg,
i.p.), while heroin-primed rats received heroin in the least preferred chamber
in escalating doses, starting from 10 mg/kg, i.p. up to 80 mg/kg daily for
14 consecutive days (10 mg/kg/d for 4 days, then 20 mg/kg/d for 4 days, then
40 mg/kg/d for 4 days, then 80 mg/kg/d for 2 days). The rats received treatments
for heroin CPP starting on day 8. Animals were administered polyphenols
(quercetin 50 mg/kg/d [36], or β-catechin 100 mg/kg/d [37], or resveratrol
30 mg/kg/d [38], p.o., or magnolol 50 mg/kg/d, p.o. [39]) or distilled water
(1 mL) through oral gavage for 7 consecutive days starting at day 8 of heroin
administration.

• Testing for heroin CPP and testing the efficacy of polyphenols in blocking heroin
CPP: On day 15, the animals were tested for heroin preference during 10 min of
free access to both chambers. The percentage of time spent in the drug-paired
chamber was recorded manually by a blinded observer in real time.

• Testing for the efficacy of polyphenols in attenuating naloxone-precipitated heroin
withdrawal: On day 16 after testing for heroin CPP, rats were challenged with
naloxone (1 mg/kg, i.p.) after 24 h of the last heroin dose (between 8:00 a.m. and
12:00 p.m.) to precipitate withdrawal, and they were observed in a transparent
cylinder arena for a 30 min test period to detect withdrawal symptoms; scores
were recorded manually in real time by a blinded observer [40]. Specific with-
drawal signs, including jumping, wet dog shakes, head shakes, teeth chattering,
tremors, and rearing movements, were counted during every 5 min observation.
Irritation, piloerection, salivation, diarrhea, and grooming were observed and
scored on a four-point scale: 0 = absent; 1 = mild; 2 = moderate; 3 = severe. The
scores for each time period were combined [1].

• Testing for the effect of naloxone-precipitated withdrawal on spontaneous loco-
motor activity using an open field: On day 16, the rats were screened in an open
field at the end of the experiment for 5 min (Fernandes et al., 2012). Each rat was
placed in the center of the field (100 × 100 cm white box), and the number of
squares crossed, as well as the vertical rears, were monitored by a blind observer
in real time.

• Testing for the effect of naloxone-precipitated withdrawal on anxiety using ele-
vated plus maze (EPM): Following the open field experiment, the rats were tested
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for anxiety using EPM. The maze was raised 40 cm off the floor with two equal
crossed arms (10 cm wide and 100 cm long), and one arm was closed by 30 cm
high walls. Animals were placed at the intersection facing one open arm and
allowed to freely move; the time spent in the open or closed arm, in addition to
the number of entries into any of the arms, was recorded in real time by a blinded
observer. Maze sessions of 5 min each were held after 90 min of naloxone-induced
withdrawal [41].

• Testing for the effect of naloxone-precipitated withdrawal on sucrose preference:
On day 17 (next day of naloxone-precipitated withdrawal), the rats were deprived
of food for 12 h, starting at 8:00 p.m. and continuing until 8:00 a.m. the next day,
and were placed in individual cages and provided two regular 200 mL bottles: one
containing 3% sucrose solution and the other containing tap water. On the next
day (8:00 a.m.), the volumes of sucrose-containing water and plain water were
recorded after 24 h. Sucrose intake was calculated: sucrose preference = sucrose
intake/total intake (sucrose + water intake) × 100 (28).

• Euthanasia and brain tissue collection: The rats were euthanized by decapitation
under light anesthesia after the end of the sucrose preference test on day 17. Brain
tissues were dissected and stored at −80 ◦C for molecular assay (Figure 1A).

Figure 1. Study design: (A) naloxone-precipitated opiate withdrawal cohort; (B) heroin-triggered
reinstatement cohort.

(B) Heroin-triggered-reinstatement (second cohort)

After establishing heroin CPP as described above, the rats were kept in normal housing
conditions for 6 days, without heroin exposure. On the day 7, the rats were challenged
in the CPP drug-linked chamber by a single heroin dose administration (10 mg/kg, i.p.),
whereas polyphenols were administered orally from day 8 to day 21, and the last dose
was administered 30 min before heroin challenge. Reinstatement was assessed as the time
spent in the drug-linked chamber (Figure 1B). At the end of the experiment, the rats were
euthanized, and brain tissue was collected and stored for further studies.
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2.5. Striatal TNF-α and IL-6 Assay

The micro-ELISA plate was pre-coated with an antibody specific to Rat TNF-α or
IL-6 (Elabscience®, Houston, TX, USA). After adding samples/standards, a biotinylated
detection antibody specific for Rat TNF-α or IL-6 and Avidin-Horseradish Peroxidase
(HRP) conjugate were added successively to each well and incubated. The optical density
of TNF-α or IL-6 conjugated with the biotinylated detection antibody was measured
spectrophotometrically at a wavelength of 450 nm using a plate reader (BMG Labtech,
FLUOstar Omega, Ortenberg, Germany). The OD value is proportional to the concentration.

2.6. Statistical Analysis

Results are expressed as the mean ± SEM. Graphpad Prism software was used to
perform statistical analysis, employing one way ANOVA, followed by Dunnett’s multiple
comparisons test. Statistical significance was considered at p < 0.05.

3. Results

3.1. Behavioral Effects

Resveratrol and quercetin attenuated the acquisition of heroin conditioned place
preference

Daily heroin administration for 14 days successfully produced heroin CPP. Compared
to the vehicle, heroin-administered rats spent significantly more time in the heroin-paired
chamber (p < 0.0001) Concomitant administration of resveratrol and quercetin prevented
the acquisition of heroin CPP (Figure 2).

 
Figure 2. Heroin CPP acquisition is blocked by resveratrol and quercetin.

Daily heroin administration for 14 days established heroin dependence [F(5, 44) = 6.198,
p = 0.0002]. Heroin administered animals (compared to the vehicle) spent significantly
more time in the heroin-paired chamber [mean difference = 60.06, 95% CI = 29.19 to 90.92,
p < 0.0001]. Resveratrol and quercetin administration concomitant with heroin successfully
prevented heroin preference and reduced the percentage of time spent in the heroin-paired
chamber compared to the administration of heroin alone. [Her + Veh vs. Her + Resv mean
difference = 34.32, 95% CI = 6.856 to 61.78, p = 0.009, and Her + Veh vs. Her + Quer mean
difference = 36.41, 95% CI = 8.948 to 63.87, p = 0.005]. Neither magnolol nor β-catechin
administration reduced heroin preference, according to one way ANOVA, followed by
Dunnett’s multiple comparisons test, against Her + Veh control group, n = 6–10 animals
per group.
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Magnolol, quercetin, and β-catechin block naloxone-precipitated heroin withdrawal,
prevent rapid weight loss during withdrawal, and reduce withdrawal-associated anxiety-
like behavior

Opiate withdrawal manifestations measured 24 h post last heroin administration
showed significantly higher scores in both spontaneous and naloxone-induced withdrawal
(p < 0.0001 for both, Figure 3A) associated with significant weight loss (≈3% of body weight
in 24 h, Figure 3B). Magnolol blocked naloxone-precipitated heroin withdrawal (p < 0.0001
Figure 3A), prevented weight loss (1.6% of body weight compared to heroin control animals,
p = 0.3 vs. Her + Veh, Figure 3B), and increased the time spent in the EPM open arm in
a non-significantly different manner from the heroin control animals (p = 0.9, Figure 3D)
(** p < 0.01, *** p < 0.001, **** p < 0.0001).

Figure 3. (A) Magnolol attenuates naloxoneprecipitated heroin withdrawal: magnolol blocked
naloxone-precipitated heroin withdrawal. One-way ANOVA F(6, 42) = 70.51, p < 0.0001 [mean
difference between heroin control and naloxone+ magnolol = −1.446, 95% CI = −4.412 to 1.519,
p = 0.6]. Resv, Quer, and Cat all are associated with significantly higher withdrawal scores compared
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to those of the control animals (p < 0.0001 for Resv and Quer and p = 0.003 for Cat). Resv specif-
ically caused more opiate withdrawal, even more than spontaneous and naloxone-precipitated
withdrawals [mean difference in withdrawal scores between Resv and heroin control = −18.3, be-
tween spontaneous WD and heroin control = −7.5, and between naloxone-precipitated WD and
heroin control = −12.9, according to one way ANOVA, followed by Dunnett’s multiple compar-
isons test against Her + Veh control group, n = 6–10 animals per group (** p < 0.01, *** p < 0.001,
**** p < 0.0001). (B) Magnolol, quercetin, and β-catechin prevented the rapid wight loss associated
with naloxone-precipitated heroin withdrawal: significant weight loss during naloxone-precipitated
opiate withdrawal according to one-way ANOVA F(5, 33) = 4.605, p = 0.002 [mean difference in %
body weight between heroin control and naloxone-precipitated withdrawal = 3.180, 95% CI = 0.6483
to 5.712, p = 0.009]. Mag [mean difference in % body weight between heroin control and naloxone-
precipitated withdrawal + magnolol = 1.629, 95% CI = −0.9795 to 4.237, p = 0.3], Quer [mean difference
in % body weight between heroin control and naloxone-precipitated withdrawal+ quercetin = 2.648,
95% CI = −0.05820 to 5.355, p = 0.056], and Cat [mean difference in % body weight between heroin
control and naloxone-precipitated withdrawal + catechin = 0.6467, 95% CI = −2.060 to 3.353, p = 0.9]
prevented weight loss, while Resv was associated with significant weight loss [mean difference in
% body weight between heroin control and naloxone-precipitated withdrawal+ resveratrol = 3.973,
95% CI = 1.267 to 6.680, p = 0.002] by one way ANOVA followed by Dunnett’s multiple compar-
isons test against Her + Veh control group, n = 6–10 animals per group (** p < 0.01, *** p < 0.001,
**** p < 0.0001). (C) Heroin administration did not cause reduction in voluntary locomotor activity as
measured in an open field: One-way ANOVA F(5, 45)= 11.16, p < 0.0001 [Veh + Veh vs. Her + Veh
mean difference = 19.70, 95% CI = −7.256 to 46.66, p = 0.2]. However, both Resv [Veh + Veh vs.
Her + Resv mean difference = 30.81, 95% CI = 4.700 to 56.92, p = 0.01] and cat [Veh + Veh vs. Her
+ Cat mean difference = 48.83, 95% CI = 21.87 to 75.78, p = 0.0001] caused significant reduction in
distance traveled by one way ANOVA followed by Dunnett’s multiple comparisons test against Her
+ Veh control group, n = 6–10 animals per group (* p < 0.1, ** p < 0.01, *** p < 0.001, **** p < 0.0001).
(D) Magnolol and quercetin reduce anxiety-like behavior during naloxone-precipitated withdrawal
as measured by time spent in open arm of elevated plus maze: Naloxone-precipitated withdrawal
is associated with significant reduction in time spent in open arm compared to heroin controls by
one-way ANOVA F(5, 42) = 34.75, p < 0.0001, [mean difference in time between heroin control and
naloxone-precipitated withdrawal = 87.86, 95% CI = 29.41 to 146.3, p = 0.001]. Mag [mean difference in
time between heroin control and naloxone-precipitated withdrawal + Mag = 14.88, 95% CI = −45.27
to 75.02, p = 0.9] and Quer [mean difference in time between heroin control and naloxone-precipitated
withdrawal + Quer −6.125, 95% CI = −54.02 to 66.27, p = 0.9] increased the time in open arm to be non-
significantly different from heroin control animals. However, Resv [mean difference in time between
heroin control and naloxone-precipitated withdrawal + Resv = −148.3, 95% CI = −210.5 to −85.99,
p < 0.0001] and Cat [mean difference in time between heroin control and naloxone-precipitated
withdrawal + Cat = −148.3, 95% CI = −208.4 to −88.10, p < 0.0001] were associated with a significant
increase in open arm time compared to controls by one way ANOVA followed by Dunnett’s multiple
comparisons test against Her + Veh control group, n = 6–8 animals per group. (** p < 0.01, *** p < 0.001,
**** p < 0.0001). (E) Quercetin, magnolol, and β-catechin attenuate heroin-induced sucrose preference:
Heroin administration was associated with significant increase in sucrose preference test by one-way
ANOVA [F(5, 30) = 4.300, p = 0.004, heroin vs. vehicle mean difference = 15.84, 95% CI = 28.18 to
3.495, p = 0.008]. Resv did not reduce the increase in heroin-induced sucrose preference Resv vs.
Vehicle mean difference = 14.44, 95% CI = 26.78 to 2.092, p = 0.017]. Quer, Mag and Cat, on the other
hand attenuated heroin-induced increase in sucrose preference by one way ANOVA followed by
Dunnett’s multiple comparisons test against Her + Veh control group, n = 8–10 animals per group
(* p < 0.1, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

Quercetin and β-catechin are associated with significantly lower withdrawal scores
compared to naloxone-precipitated withdrawal [mean difference in withdrawal scores
between naloxone vs naloxone + quercetin = 7.00, 95% CI = 3.906 to 10.09 p < 0.0001 and
naloxone vs naloxone + β-catechin = 8.667, 95% CI = 5.572 to 11.76 p < 0.0001, Figure 3A].
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In addition, both quercetin and β-catechin prevented naloxone precipitated withdrawal-
induced weight loss [mean difference in % body weight between heroin control and
naloxone+ quercetin = 2.648, 95% CI = −0.05820 to 5.355, p > 0.05, and between heroin
control and naloxone + B-catechin = 0.6467, 95% CI = −2.060 to 3.353, p > 0.05, Figure 3B].
β-catechin treatment was associated with a significant reduction in distance traveled in
the open field (p < 0.0001, Figure 3C). Quercetin, magnolol, and β-catechin all attenuated
sucrose preference associated with opiate withdrawal (p > 0.05, Figure 3E).

3.2. Resveratrol Worsens Naloxone-Induced Heroin Withdrawal

On the other hand, resveratrol showed a higher withdrawal score compared to nalox-
one [mean difference between naloxone vs naloxone + resveratrol = −5.2, 95% CI = −8.115
to −2.385 p < 0.0001, Figure 3A], and was associated with significant weight loss [mean
difference in % body weight between heroin control and naloxone +resveratrol = 3.973, 95%
CI = 1.267 to 6.680, p < 0.01, Figure 3B]. Resveratrol inhibited the distance traveled in the
open field (p < 0.01 Figure 3C) but did not affect sucrose preference associated with heroin
(p < 0.05, Figure 3E).

Resveratrol, quercetin, and magnolol prevent heroin-triggered reinstatement.
A single heroin dose (10 mg/kg) triggered reinstatement, as evidenced by the signifi-

cant increase in the percentage of time spent in the heroin-paired chamber compared to
the vehicle (p = 0.0001). Animals subjected to heroin administration along with resvera-
trol, quercetin, and magnolol spent significantly less time in the heroin-paired chamber
compared to the heroin+ vehicle group (p < 0.01 each, Figure 4).

Figure 4. Resveratrol, quercetin, and magnolol prevent heroin-triggered reinstatement.

A single heroin dose triggered reinstatement, as evidenced by the percentage of
time spent in the heroin-paired chamber, as assessed by one-way ANOVA F(5, 54) = 6.983,
p < 0.0001, [mean difference in percentage of time spent in heroin-paired chamber be-
tween heroin and vehicle groups = 34.40, 95% CI = 14.99 to 53.82, p = 0.0001]. Resver-
atrol [mean difference in percentage of time in heroin-paired chamber between heroin
and heroin + resveratrol groups = 42.06, 95% CI = 19.45 to 64.68, p < 0.0001], quercetin
[mean difference in percentage of time in heroin-paired chamber between heroin and
heroin + quercetin groups = 24.36, 95% CI = 4.947 to 43.78, p = 0.008], and magnolol
[mean difference in percentage of time in heroin-paired chamber between heroin and
heroin + magnolol groups = 30.04, 95% CI = 9.682 to 50.41, p = 0.001] all prevented heroin-
triggered reinstatement. However, β-catechin did not [mean difference in percentage of
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time in heroin-paired chamber between heroin and heroin + β-catechin groups = 13.40,
95% CI = −9.222 to 36.01, p = 0.4], according to one way ANOVA followed by Dunnett’s
multiple comparisons test against Her + Veh control group, n = 7–11 animals per group
(** p < 0.01, *** p < 0.001, **** p < 0.0001).

3.3. Molecular Effects

Resveratrol and magnolol attenuated the heroin-induced increase in striatal TNF-α
concentration (p < 0.001, p < 0.01 respectively), while resveratrol and β-catechin attenuated
the heroin-induced increase in striatal IL-6 concentration (p < 0.01, p < 0.001 respectively).
On the other hand, quercetin accentuated IL-6 concentration (p < 0.0001) (Figure 5).

Figure 5. The effect of polyphenols on striatal TNF α and IL-6 and concentration. (A) Resveratrol and
magnolol attenuate heroin-induced increase in striatal TNF-α concentration: Significant differences
in striatal TNF-α concentrations were evident by one-way ANOVA [F(4, 15) = 6.885, p < 0.01].
Dunnett’s multiple comparisons test against Her + Veh control group (n = 4) showed significant
effect of resveratrol [mean difference in striatal TNF-α concentration between heroin and heroin+
resveratrol groups = 187.4, 95% CI = 81.40 to 293.4, p < 0.001], and magnolol [mean difference in
striatal TNF-α concentration between heroin and heroin+ magnolol groups = 155.9, 95% CI = 49.84 to
261.9, p < 0.01] on TNF-α concentration. (B) Resveratrol and β-catechin attenuate, while quercetin
accentuates, heroin-induced increase in striatal IL-6 concentration: Significant differences in striatal
IL-6 concentrations were evident by one-way ANOVA [F(4, 15) = 42.74, p < 0.0001]. Dunnett’s multiple
comparisons test against Her + Veh control group (n = 4) showed significant effect of resveratrol
[mean difference in striatal IL-6 concentration between heroin and heroin+ resveratrol groups = 51.11,
95% CI = 18.24 to 83.98, p < 0.01], quercetin [mean difference in striatal IL-6 concentration between
heroin and heroin + quercetin groups = −74.66, 95% CI = −107.5 to −41.78, p < 0.0001], and β-catechin
[mean difference in striatal IL-6 concentration between heroin and heroin+ β-catoctin groups = 68.69,
95% CI = 35.82 to 101.6, p < 0.001] on IL-6 concentration (** p < 0.01, *** p < 0.001, **** p < 0.0001).

4. Discussion

The results of this study show that different polyphenols target specific behavioral
domains of heroin addiction in a CPP model and modulate the increase in striatal inflamma-
tory cytokines TNF-α and IL-6 observed during naloxone-precipitated heroin withdrawal.

39



Toxics 2023, 11, 379

4.1. Quercetin Abolished Heroin Dependence Acquisition and Inhibited Reinstatement Attributed
to Anti-Inflammatory Effects

Specifically, quercetin blocked the acquisition of heroin CPP, reduced withdrawal
manifestations and heroin-triggered reinstatement, prevented heroin-induced sucrose
preference, and accentuated the heroin-induced increase in striatal IL-6 concentration. Inter-
estingly, quercetin prevented certain aspects of naloxone-precipitated heroin withdrawal,
such as rapid wight loss and anxiety-like behavior.

Our results are in accordance with those of Singh et al., who reported that repeated
administration of quercetin (25 and 50 mg/kg) for 9 days suppressed naloxone-precipitated
morphine (10 mg/kg) withdrawal [31]. On the other hand, quercetin inhibited nicotine-
triggered CPP reinstatement [42], alleviated METH-induced anxiety-like behavior in mice,
attenuated the activation of astrocytes, and reduced the levels of IL-1beta and TNF-α, but
not IL-6 [43]. In addition, quercetin (10, 30 and 100 mg/kg i.p.) pretreatment 30 min before
ethanol administration in a CPP paradigm attenuated the acquisition and reinstatement and
accelerated the extinction of ethanol-CPP [32]. Additionally, quercetin reversed morphine
tolerance, attenuated morphine withdrawal expression in mice [44], and prevented ethanol-
induced withdrawal somatic manifestations [36]. Taken together, it seems that quercetin is
effective in blocking the acquisition and preventing the reinstatement of certain substances.
Further studies are needed to investigate these specific aspects of quercetin before proposing
proof of concept pilot studies in human heroin users.

4.2. Resveratrol Blocked Heroin Acquisition and Drug-Induced Reinstatement Effectively, but
Accentuated Withdrawal Manifestations

The current results show that resveratrol, like quercetin, blocked the acquisition of
heroin CPP and heroin-triggered reinstatement. However, it was associated with sig-
nificantly higher withdrawal scores compared to heroin control, but unlike quercetin,
resveratrol attenuated the heroin-induced increase in striatal TNF-α and IL-6 concentra-
tions. Our results are the first, to the best of our knowledge, to report the effect of resveratrol
on heroin addiction. Few studies have examined the effects of resveratrol on the attenu-
ating behavioral manifestations of other substance. Yunusoglu et al. examined the effect
of resveratrol on alcohol-induced conditioned place preference (CPP) in mice. Pretreat-
ment with resveratrol (25, 50, and 75 mg/kg, i.p.) 30 min prior to ethanol administration
impaired acquisition, and reinstatement of alcohol induced CPP and facilitated the ex-
tinction of alcohol CPP [30]. Moreover, pretreatment with resveratrol (10 or 100 mg/kg
i.p.) remarkably attenuated methamphetamine (METH)-induced memory impairment in
mice and reversed METH-induced oxidative damage and apoptosis [45]. As such, the
current literature, including our results, suggest that resveratrol is also effective in blocking
acquisition and preventing reinstalment of certain substances, but again, we observed
a worsening of naloxone-precipitated heroin withdrawal. Calleri et al. [46] showed the
antagonistic activity of resveratrol on PPARα and PPARγ. Further studies are needed to
investigate whether the efficacy of resveratrol in blocking the acquisition of heroin CPP,
heroin-triggered reinstatement, or its side effects in accentuating naloxone-induced heroin
withdrawal is mediated through PPARα or PPARγ.

4.3. β-Catechin Blocked Reinstatement, but Not Acquisition of Heroin Dependence and Reduced
the Withdrawal Manifestations

In the case of β-catechin, our results show that it failed to block the acquisition of
heroin CPP or to attenuate naloxone-precipitated heroin withdrawal, but it prevented
heroin-triggered reinstatement. Shutto et al. reported that resveratrol (40 mg/kg s.c.)
enhanced the acute effect of cocaine on locomotor activity [47]. The authors speculated
that this effect could be due to resveratrol enhancing dopamine neurotransmission through
the inhibition of MAO-A and MAO-B. Further studies are needed to investigate these
underlying mechanisms and to determine if indeed certain polyphenols inhibit MAO-A
and MAO-B or activate GABA(A) receptors (as reported for quercetin), then the efficacy of
these compounds in the treatment of depression and anxiety should be examined.
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4.4. Magnolol Blocked Heroin-Induced Reinstatement, but Did Not Affect Acquisition and
Withdrawal

Unlike quercetin and resveratrol, magnolol failed to block the acquisition of heroin
CPP, but it successfully prevented heroin-triggered reinstatement. In addition, magnolol
attenuated naloxone-precipitated heroin withdrawal, prevented rapid wight loss and
anxiety-like behavior associated with naloxone-precipitated heroin withdrawal, and atten-
uate heroin-induced increase in striatal TNF-α concentration. More studies focused on this
unique property of magnolol in attenuating heroin withdrawal manifestations are required.

4.5. Could Polyphenols Act through Dopaminergic Mechanisms?

Shutto et al. reported that resveratrol (40 mg/kg s.c.), enhanced the acute effect of
cocaine on locomotor activity [47]. The authors speculated that this effect could be due
to resveratrol enhancing dopamine neurotransmission through the inhibition of MAO-A
and MAO-B. Further studies are needed to investigate these underlying mechanisms and if
indeed certain polyphenols inhibit MAO-A and MAO-B or activate GABA(A) receptors (as
reported for quercetin), then the efficacy of these compounds in the treatment of depression
and anxiety should be examined.

PPAR-γ agonists can block rewarding properties of drugs through stimulating the
mesolimbic dopaminergic neurotransmission [48,49]. The examined polyphenols are
known to modulate PPAR-γ; thus, the acquisition blocking action of quercetin and resver-
atrol may be linked to dopamine transmission modulation. Quercetin was reported to
increase the dopaminergic neuron density in the striatum of experimental PD in mice [50,51],
and resveratrol exerted anti-depressant effects through modulating dopamine and sero-
tonin, as shown in a previous report [52].

4.6. Could the Current Results Be Related to an Anti-Inflammatory Mechanism?

At the molecular level, we examined two neuroinflammatory markers in the striatum,
IL-6 and TNF-α, following naloxone-induced heroin withdrawal. Our results show that
magnolol, which successfully blocked withdrawal manifestations, attenuated the heroin-
induced increase in striatal TNF-α, while quercetin was also associated with an increase in
striatal IL-6 concentration. Magnolol attenuates the increase in pro-inflammatory cytokines
such as IL-1β, IL-6 and TNF-α [53–59]. In addition, magnolol reduces glutamate-induced
cytotoxicity in neuronal cell cultures [60], restores blood–brain barrier integrity, and reduces
ischemia-associated brain edema [54], suggesting a neuroprotective property for magnolol
against post ischemic stroke [61]. Several studies have shown its efficacy in reversing
depressive-like behaviors in animal models using the sucrose preference test, the forced
swim test [53,62], olfactory bulbectomy [63], and chronic unpredictable mild stress [64].

On the other hand, resveratrol attenuated striatal TNF-α, and β-catechin attenuated
striatal IL-6 concentrations. Both resveratrol and β-catechin were of limited value in
attenuating withdrawal manifestations. These results highlight the complexity of the
neuroimmunological changes that take place during heroin use and the effects of different
polyphenols on immune markers.

4.7. The Role of Immunomodulatory Mechanisms

Heroin and other exogenous opiates exert neuromodulatory effects through both
immune suppression and activation, depending on the stage of drug use [65]. Acute
morphine administration and morphine withdrawal both cause immune suppression [66].
Significant reduction in the response of T-lymphocytes to phytohemagglutinin challenge
during acute withdrawal in heroin addicts has been reported [67]. Chronic heroin self-
administration in rats produced a significant increase in lipopolysaccharide (LPS)-induced
tumor necrosis factor-alpha (TNF-α) [68]. A similar increase in TNF-α, along with a
marked elevation in total and activated B cells and IL-8 was reported in human heroin
users with HIV and hepatitis C (n = 19) compared to controls (n = 19) [69]. This immune
activation, with the rapid rise in cytokines, modulates the mesolimbic dopaminergic reward
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network, facilitating drug dependence and also contributing to the development of the
acute withdrawal state [70,71].

The effects of individual polyphenols on the immune system are also complex. For
example, resveratrol modulates the immune response, with both anti-inflammatory [72,73]
and immune-enhancing effects [74,75], possibly in a dose-dependent manner [76]. One
study reported that resveratrol interfered with the synthesis and gene expression of proin-
flammatory cytokines [77] through the suppression of the nuclear factor (NF)-kappaB
signaling pathway. NF-kappaB plays a significant role in augmenting the inflammatory
response through the release of free radicals [78]. In addition, resveratrol inhibited the
production of TNF-α and IL-12 by peritoneal macrophages and blocked the activation of
the transcription factor NF-kappaB, without affecting basal NF-kappaB activity [79]. On
the other hand, resveratrol enhanced the immunity recovery of immunosuppressive mice
through activating the NF-kappaB pathway and upregulating the expression of serum
IL-2 and TNF-α in a dose-dependent manner [38]. In healthy volunteers (n = 10), resver-
atrol showed a significant increase in TNF-α levels 24 h after treatment compared to the
baseline [74]. As such, resveratrol seems to exert different effects based on the underlying
immune status.

Quercetin also exhibits immunomodulatory activities through inhibiting the secre-
tion of inflammatory cytokines and improving immune function [reviewed in [80–84]].
Quercetin significantly inhibited the production of IL-6, and TNF-α in poly IC-induced
RAW 264.7 mouse macrophages [85], reduced TNF-α and IL-8 mRNA expressions in a dose-
dependent manner in zebrafish [86], and improved immune function via the NF-kappaB
signaling pathway triggered by TNF-α in one-day-old healthy Arbor Acre broilers. [87].

β-Catechin is a natural immune enhancer present in several plants such as green tea
leaves, black grapes, and cherries [88–90]. One study reported that catechin inhibited
the gene expression of pro-inflammatory cytokines IL-1β and IL-6, and enhanced the
gene expression of anti-inflammatory cytokines IL-4 and IL-10 [91]. At a behavioral level,
catechin (25, 50, and 100 mg/kg administered orally for 11 to 25 days) was associated with
significant improvement in behavioral manifestations of sociability, stereotypy, anxiety,
depression, novelty, repetitive, and perseverative behaviors in rodents [92]. Another study
showed that β-catechin increased life-span in a senescence accelerated mouse model of
aging [93].

The role of PPAR-γ activation cannot be neglected. PPAR-γ expression functions as a
vital regulator in NF-κappaB-mediated inflammation [94]. It was postulated that PPAR-γ
activation by agonists such as leriglitazone reduce oxidative stress and boost biogenesis and
mitochondrial functionality associated with the NF-kappaB inflammatory mechanisms [95],
resulting in anti-inflammatory and anti-oxidative stress regulation [96].

Clinical data relative to the use of these compounds in drug use and dependence is
not present. However, quercetin, resveratrol, and catechin were investigated clinically in
many other disorders such as diabetes, cancer, arthritis, or neurodegenerative diseases,
while magnolol was investigated in dental and periodontal studies (clinicaltrials.gov;
review [97–101].

5. Limitations

The results of this study should be viewed in light of its limitations. First, we examined
only adult male rats and could not comment on the efficacy of tested compounds in
adolescents or female rats. Second, we did not examine different doses or the optimal
therapeutic window for the efficacy of polyphenols for different stages of drug use. Third,
we investigated only IL-6 and TNF-α following naloxone-precipitated withdrawal and
did not examine other neuroimmune markers during acquisition or reinstatement. Future
studies are needed to expand on the current findings and examine other neuroinflammatory
markers at each stage of heroin addiction. Despite these limitations, the results of this study
lend more evidence to the potential therapeutic benefits of PPAR agonists in reversing
certain behavioral manifestations of heroin use and highlight the immunomodulatory
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function of these compounds, with some concerns for worsening behavioral manifestations
of heroin withdrawal. Further preclinical research is needed to gain more insight into the
utility of natural polyphenols in treating heroin use disorder in human subjects.

6. Conclusions

Despite these limitations, our current results show that four different polyphenols,
with known modulatory effects at the PPAR-γ, are effective in attenuating different aspects
of heroin addiction. Quercetin and resveratrol could be effective in blocking heroin relapse,
while quercetin and magnolol may be utilized in reducing the severity of heroin withdrawal.
Resveratrol use during early heroin abstinence might aggravate withdrawal manifestations.
B-catechin was of limited value in opioid withdrawal, but it blocked reinstatement and
relapse to heroin. Proof of concept pilot clinical trials are needed to test the potential efficacy
of these compounds in treating patients with heroin use disorder.
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Abstract: This study investigated the effect of Rosmarinus officinalis L. (RO) extract on neurobehavioral
and neurobiological changes in male rats with pentylenetetrazol (PTZ)-induced epilepsy. Rats were
assigned into five groups: (1) control rats, (2) RO-treated rats, (3) PTZ-treated rats, (4) PTZ + RO-
treated rats, and (5) PTZ + valproic acid (VA)-treated rats. The PTZ-treated rats required a significantly
longer time and distance to find the platform in the Morris water maze test than the control and
RO-treated rats. Additionally, PTZ-treated rats showed a decrease in tendency to cross over the
platform compared to PTZ group. PTZ + RO-treated rats showed decreased swimming time and
distance to find the platform compared to PTZ group. PTZ + RO-treated rats showed a significant
decrease in seizure score, a reduced number of myoclonic jerks, and an increased onset of the first
myoclonic jerk compared to PTZ group. PTZ reduced the time required to enter the dark room in the
passive avoidance learning test, which was reversed by RO treatment. Biochemical results revealed
that PTZ-treated rats had higher levels of oxidative stress markers. RO significantly increased the
antioxidant markers levels and maintained normal rat brain histology. This study revealed that RO
can shield the brain and neural tissues from PTZ.

Keywords: epilepsy; pentylenetetrazol; Rosmarinus officinalis L.; neurobehavioral changes;
neurobiological changes

1. Introduction

According to the World Health Organization (WHO), herbal medicine delivers primary
healthcare to >80% of the population in low-income countries and 60% of the global
population. Phytochemicals and their chemical analogs have given rise to many clinically
useful drugs for treating acute and chronic diseases [1], and additional research is being
conducted on therapeutic substances from medicinal plants.

Rosmarinus officinalis L. (RO) is a member of the Lamiaceae family [2]. RO has been
widely used in traditional medicine and cooking, especially to change and enhance flavors.
It is also a highly regarded medicinal plant for cold, rheumatism, and muscle and joint
pain [3]. This plant exhibits many pharmacological properties, such as antibacterial, antidia-
betic, anti-inflammatory, anticancer, and antioxidant effects [4]. RO is a medicinal plant and
a highly abundant source of many bioactive substances found naturally in RO’s extracts,
including carnozole, carnosic acid, and triterpenes, which are also important components
of nutritional supplements, complementary and alternative medicine, and antioxidants [5].
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Antioxidant components decrease lipid peroxidation and interact with the detrimental free
radical chain reactions [6].

Neurological disorders are characterized by impairment of the central nervous sys-
tem. Older adults were found to develop neurological conditions, including dementia,
Alzheimer’s disease, migraine, Parkinson’s disease, stroke, and epilepsy worldwide. Sev-
eral therapeutic techniques can treat the symptoms in the early stages of these conditions;
however, individuals become increasingly incapacitated as time passes and with potential
drug side effects [7]. Therefore, natural products are promoted globally to maximize safety.

Epilepsy is a serious, chronic neurological disorder that affects individuals of all
ages. It is strongly associated with significant morbidity, mortality, and reduced quality
of life [8]. It is one of the most prevalent chronic neurological disorders worldwide and is
characterized by recurrent, unpredictable, and typically unprovoked seizures. According to
the WHO, at least 50 million people worldwide are affected by epilepsy, and approximately
0.5–1% of people worldwide have epilepsy [8]. Several studies have revealed bidirectional
relationships between epilepsy and depression, suicidal ideation, and attention deficit
disorders. Two population-based studies revealed that patients with epilepsy were four
to seven times more likely to have a depression before the onset of their condition than
controls [9].

Previous studies have shown the effectiveness of RO extract in induced seizures [10,11].
A study also revealed that RO acid counteracts the effects of hypoxia-ischemia and improves
movement, cognition, and spatial memory [12]. RO extract has also been shown to enhance
long-term memory in scopolamine-administered rats [13]. Another study revealed the
neuroprotective benefits of RO in combination with fluoxetine (FLX) [14].

This study investigated the effect of Rosmarinus officinalis L. (RO) extract on neurobe-
havioral changes in male rats with pentylenetetrazol (PTZ)-induced epilepsy. RO can
modulate seizure scores and memory functioning through molecular pathways. We hy-
pothesized that RO can normalize oxidative stress and neuroinflammatory markers in rats
that have developed epilepsy. Apoptotic proteins can be also modulated by RO treatments
in epileptic models.

2. Materials and Methods

2.1. Animals

Forty male Wistar rats (150–170 g, 7–9 weeks old) were provided by the Animal House
of the College of Science at King Saud University, Riyadh, Saudi Arabia. During the adap-
tation and experimental periods, all animals were housed in plastic cages under ambient
controlled conditions (25 ± 1 ◦C, 50 ± 10% humidity, and 12 h light/dark cycle). All study
protocols were approved by the Institutional Ethics Committee (IACUC) (KSU_SE_21_13).

2.2. Induction of Epilepsy

This was performed as previously described [15] using repetitive intraperitoneal (i.p.)
injections of PTZ (50 mg/kg) dissolved in normal saline (Cat. No. P6500, Sigma Aldric,
Cambridge, UK). Accordingly, PTZ was injected every 2 days until the treated rats showed
a total seizure score of 5 (development of kindling), 24 days post PTZ injection.

2.3. Preparation of RO Aqueous Extract

The RO leaves were bought in Riyadh, Saudi Arabia, from licensed local marketplaces.
After that, distilled water was used to wash the leaves. Samples were freeze dried at
−80 ◦C, pulverized into powder, and then frozen at −80 ◦C. A quantity of 500 g of powder
was soaked in 1 L of methanol in a clean bottle for 24 h while being constantly stirred
at about 27 ◦C. This phase was repeated three times. After that, the extract was run
through sterile filter paper. Under low pressure, the extract had its solvent removed. After
concentration, all extracts were kept at −20 ◦C until use [16].
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2.4. Experimental Design

After a 1-week adaptation period, all rats were divided into five groups of eight rats
each, as follows:

• Control group: Normal saline was administered.
• RO-treated group: RO extract (100 mg/kg) was administered.
• PTZ-treated group: Rats were treated with pentylenetetrazol (PTZ) (30 mg/kg).
• PTZ + RO-treated group: Rats were treated with RO (100 mg/kg) for 30 min before

treatment with PTZ (30 mg/kg).
• PTZ + valproic acid (VA)-treated group (a positive control group): Rats were treated

with VA (300 mg/kg) 30 min before treatment with PTZ (30 mg/kg).

All drugs were administered via oral gavage needle. The PTZ-treated rats achieved a
total seizure score of 5/5 by the end of day 24; therefore, the experiments were terminated
on this day.

2.5. Dose Selection

The dose of RO was based on a study by Naderali et al. (2018), which showed
the protective potential of RO against kainic acid (KA)-induced hippocampal damage
and memory deficits by suppressing neurodegeneration [17]. The dose and route of
valproic acid (VA) administration were based on previous studies that showed potent
anti-elliptic and neuroprotective effects in PTZ-treated rats [18]. Lower doses of 100 mg/kg
also attenuated PTZ-induced catamenial epilepsy (caused by the estrous cycle) in female
rats [19].

2.6. Scoring of Epileptic Seizures

Immediately after each PTZ treatment, each rat was placed in an individual trans-
parent Plexiglass cage and monitored for 30 min to evaluate the seizure score using a
previously established five-scale racing scoring system [15,20,21]. The following scores
were considered: (A) Score 0 (no response), (B) Score 1: facial movements with saccades
of ears and whiskers, (C) Score 2: myoclonic jerks without rearing, (D) Score 3: unilat-
eral or bilateral limb clonus, (E) Score 4: rearing and forelimb clonic seizures, (F) Score 5:
Generalized tonic-clonic seizures with falling.

2.7. Morris Water Maze (MWM) Test

After scoring the seizures, the spatial memory of all rats was tested using the MWM
test as described previously [22]. The test was performed in a large swimming pool
with a 1.7 m diameter and 60 cm depth. The pool was hypothetically divided into four
directional quadrants (S, E, W, and N), and a hidden platform was placed in the NW
quadrant 2 cm below the water surface. On the training day, all the rats were released from
one quadrant and could locate and step over the visible platform. The next day (1–4), the
platform was submerged in water (2 cm), and milk was added for camouflage. The test
was repeated for the next 4 days (test days). The escape time (latency) to find the platform
and swimming distance (m) were calculated as intelligence and intact memory indicators.
An additional probe trial was conducted on day 5, when the platform was removed, and
the test procedure was repeated for each rat to calculate the number of times it passed over
the rescue platform.

2.8. Passive Avoidance Learning (PAL) Test

The emotional memory of all rats was tested using the dark room PAL test, as previ-
ously described [22]. The test apparatus contained a large illuminated room and a small
dark room with an electrical grid floor. The rooms were separated by a door that could
be opened or closed. The test consisted of training and test procedures. During training,
each rat was placed in an illuminated area with an open door and was given three trials,
each lasting 3 min, to explore the machine. In the fourth trial, the animal was allowed to
re-explore, and once it entered the dark room, the door was closed, and the rat was exposed
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to a foot electrical stimulation (50 Hz, 1.5 mA for 2 s), after which the door was opened.
All the animals were returned to their cages. Two hours later, each rat was returned to the
apparatus and placed in a light room with an open door. The time required by the animals
to enter the dark room was also recorded.

2.9. Tissue Collection and Processing

After behavioral assessment, all rats were anesthetized with a ketamine/xylazine
mixture (90/10 mg/mg). Each rat’s skull was opened, and the brains were removed and
placed on ice. The brains were divided into two equal parts. One portion was placed in
10% buffered formalin and processed for histological evaluation. The other halves were cut
into smaller pieces and preserved at −80 °C for further procedures.

2.10. Biochemical Analysis in the Brain Homogenates

Part of the brain tissue was homogenized in phosphate-buffered saline (pH 7.4). The
homogenates were centrifuged at 1000× g to collect the supernatants. These supernatants
were stored at −20 ◦C and used later to measure the levels of several markers. Malondi-
aldehyde (MDA), an indicator of lipid peroxides, was measured using an assay kit (cat
no. MBS268427, MyBioSource, San Diego, CA, USA). Total levels of superoxide dismutase
(SOD), tumor necrosis factor-alpha (TNF-α), glutathione peroxidase (GPX), interleukine-6
(IL-6), and glutathione (GSH) were measured using ELISA-based kits (Cat. No. RTFI00215,
Cat. No. RTFI01177, Cat. No. RTEB0206, Cat. No. RTEB0061, and Cat. No. RTEB1811,
all supplied by Assay Genie, London, UK). Total levels of cytochrome c, Bcl2, Bax, and
caspase-3 in the homogenates were measured using ELISA (Cat. No. MBS9304546, Cat. No.
MBS2881713, Cat. No. MBS935667, and Cat. No. MBS018987 MyBiosources, San Diego,
CA, USA, respectively). All measurements were performed for eight samples/groups,
according to the manufacturer’s instructions [23–25].

2.11. Histological Evaluations

Brain sections were preserved in 10% buffered formalin for 24 h. Tissues were rehy-
drated in ascending ethanol concentrations (70–100%). All the slides were cleared with
xylene and embedded in paraffin. Afterward, all tissues were sectioned at 3–5 μm using a
rotatory microtome. The sections were placed on glass slides and stained with hematoxylin
and eosin (H&E). The mounting medium and coverslips were used to cover each section.
All slides were examined under a light microscope (Nikon Eclipse E200, Tokyo, Japan) and
photographed at 200× [26,27].

2.12. Statistical Analysis

One-way analysis of variance (ANOVA) was used to evaluate all data using Graph-
Pad Prism software. Utilizing the Kolmogorov−Smirnov test, normality was evaluated.
Tukey’s post hoc test was used to compare various groups. At p < 0.05, data were deemed
statistically different [28].

3. Results

3.1. Scoring of Epileptic Seizures
3.1.1. Assessment of Seizure Scores

Kindling (seizure score 5/5) was achieved in model rats after repetitive administration
of PTZ every 2 days for 24 days (Figure 1). No seizure episodes or jerks were observed
in the control or RO-treated rats throughout the 24 days of the study (Figure 1A,B). The
seizure score was increased in PTZ-treated rats and reached a score of 5 by the end of day
24 (Figure 1A,B). RO and VA could attenuate this effect.
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Figure 1. Assessment of (A) seizure scores during 24 days and (B) area under the curve of episode
score in all groups of rats. Data are presented as means ± SD of 8 rats per group. Statistical significance
was set at p < 0.05. a: significantly different when compared to control rats; b: significantly different
when compared to RO-treated rats; c: significantly different when compared to PTZ-treated rats; and
d: significantly different when compared to PTZ + RO-treated rats. VA, valproic acid; SD, standard
deviation; RO, Rosmarinus officinalis L.; PTZ, pentylenetetrazol.

3.1.2. Total Number of Myoclonic Jerks

No myoclonic jerks were observed in the control and RO-treated rats throughout
the experiment; in contrast, the number of myoclonic jerks increased significantly in the
PTZ-treated rats compared to the control and RO-treated rats. The average number of
myoclonic tremors was 59.7 ± 7.1 in the PTZ-treated rats. Compared with the PTZ-treated
rats, the number of myoclonic jerks were decreased in the PTZ + VA-treated rats, and a
more significant reduction was observed in the PTZ + RO-treated rats compared with the
PTZ- and PTZ + VA-treated rats (Figure 2).

Figure 2. Total number of myoclonic jerks during the 24 days of all treatments in all groups of rats.
Data are presented as means ± SD of 8 rats per group. Statistical significance was set at p < 0.05.
a: significantly different when compared to control rats; b: significantly different when compared to
RO-treated rats; c: significantly different when compared to PTZ-treated rats; and d: significantly
different when compared to PTZ + RO-treated rats. VA, valproic acid; SD, standard deviation; RO,
Rosmarinus officinalis L.; PTZ, pentylenetetrazol.
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3.1.3. Onset of the First Myoclonic Jerk

The average onset of the first myoclonic jerk was observed after 44.8 s. Daily epilepsy
shift score and AUC were reduced. The first jerk onset was significantly increased in
PTZ + RO- and PTZ + VA-treated rats; however, PTZ + RO-treated rats showed a signifi-
cantly longer duration of first jerk onset than PTZ + VA-treated rats. PTZ-treated rats had a
lower first jerk onset time than those treated with PTZ + RO or PTZ + VA groups (Figure 3).

Figure 3. The onset of the first myoclonic jerk in all groups of rats. Data are presented as means ± SD
of 8 rats per group. Statistical significance was set at p < 0.05. a: significantly different when
compared to control rats; b: significantly different when compared to RO-treated rats; c: significantly
different when compared to PTZ-treated rats; and d: significantly different when compared to
PTZ + RO-treated rats. VA, valproic acid; SD, standard deviation; RO, Rosmarinus officinalis L.;
PTZ, pentylenetetrazol.

3.1.4. Behavioral Tests
Time Required to Find the Hidden Platform during the MWM Test

A significant and progressive decline in swimming time to find the hidden platform
was observed over the 4 days of the MWM test in the control and RO-treated groups. No
significant variations in the time to find the hidden platform were observed between the
control and RO-treated rats; however, the time to find the hidden platform, as measured on
days 1–4, was significantly higher in PTZ-treated rats than in the control or RO-treated rats.
Compared to rats treated with PTZ, the time to find the hidden platform was decreased in
rats treated with PTZ + RO and PTZ + VA, and the time to find the hidden platform was
less in PTZ + RO-treated rats than in PTZ + VA-treated rats (Figure 4A,B).

Total Swimming Distance to Find the Hidden Platform during the MWM Test

Over the 4 days of the MWM test, the studied groups of rats showed significant and
progressive differences in the distance required to discover the hidden platform. The
distance to find the hidden platform did not differ noticeably between the RO-treated
and control rats. The distance to find the hidden platform was significantly greater in the
PTZ-treated rats than in the RO-treated or control rats. Compared to PTZ-treated rats, the
distance to find the hidden platform decreased in the PTZ + RO- and PTZ + VA-treated rats
and was reduced in the PTZ + RO-treated rats compared to PTZ + VA group (Figure 5A,B).
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Figure 4. Time required to find the hidden platform (A) daily readings and (B) area under the
curve in the MWM test in rats of all groups. Data are presented as means ± SD of 8 rats per group.
Statistical significance was set at p < 0.05. a: significantly different when compared to control rats;
b: significantly different when compared to RO-treated rats; c: significantly different when compared
to PTZ-treated rats; and d: significantly different when compared to PTZ + RO-treated rats. VA,
valproic acid; SD, standard deviation; RO, Rosmarinus officinalis L.; PTZ, pentylenetetrazol; MWM,
Morris water maze.

Figure 5. The total swimming distance to find the hidden platform (A) daily readings and (B) area
under the curve in the MWM test in rats of all groups. Data are presented as means ± SD of 8 rats
per group. Statistical significance was set at p < 0.05. a: significantly different when compared to
control rats; b: significantly different when compared to RO-treated rats; c: significantly different
when compared to PTZ-treated rats; and d: significantly different when compared to PTZ+RO-treated
rats. VA, valproic acid; SD, standard deviation; RO, Rosmarinus officinalis L.; PTZ, pentylenetetrazol;
MWM, Morris water maze.

Number of Crossing Times over the Removed Platform during the Probe Trial of the
MWM Test

There were no significant differences in the number of crossings over the removed
platform in the probe trial between the control and RO-treated rats (Figure 6). Compared
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to the control and RO-treated rats, PTZ-treated rats significantly decreased the number of
crossings over the removed platform. Compared with PTZ-treated rats, PTZ + RO- and
PTZ+VA-treated rats exhibited an increase in crossings over the platform, and the number
of crossings was increased higher in PTZ + RO-treated rats compared to PTZ-VA group
(Figure 6).

Figure 6. The number of crossing times over the removed platform during the probe trial of the MWM
test in rats of all groups. Data are presented as means ± SD of 8 rats per group. Statistical significance
was set at p < 0.05. a: significantly different when compared to control rats; b: significantly different
when compared to RO-treated rats; c: significantly different when compared to PTZ-treated rats; and
d: significantly different when compared to PTZ + RO-treated rats. VA, valproic acid; SD, standard
deviation; RO, Rosmarinus officinalis L.; PTZ, pentylenetetrazol; MWM, Morris water maze.

PAL Test

The time required to enter the dark area in the PAL test was not significantly different
between the control and RO-treated rats. In addition, compared with control or RO-treated
rats, PTZ-treated rats required less time to enter the dark area during the PAL test. Moreover,
PTZ + RO- and PTZ + VA-treated rats showed an increased time required to enter the dark
room compared to PTZ-treated rats; however, PTZ + VA-treated rats showed a decrease in
time required to enter the dark room compared to PTZ + RO-treated rats (Figure 7).

Figure 7. The time each rat spent entering the darkroom during the PAL test in rats of all groups.
Data are presented as means ± SD of 8 rats per group. Statistical significance was set at p < 0.05. a:
significantly different when compared to control rats; b: significantly different when compared to
RO-treated rats; c: significantly different when compared to PTZ-treated rats; and d: significantly
different when compared to PTZ + RO-treated rats. VA, valproic acid; SD, standard deviation; RO,
Rosmarinus officinalis L.; PTZ, pentylenetetrazol; PAL, passive avoidance learning.
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3.1.5. Biochemical Analysis
Levels of Antioxidant Markers

MDA levels were significantly reduced in the brains of RO-treated rats compared to
the control rats. The brain homogenates of PTZ-treated rats showed a significant increase
in the MDA levels compared to control and RO groups, and MDA levels were significantly
reduced in the PTZ + RO and PTZ + VA groups compared to PTZ group. However, the
MDA levels were significantly lower in PTZ + RO-treated rats than in the PTZ + VA-treated
rats (Figure 8A). SOD levels were significantly increased in the brains of RO-treated rats
compared to those of the control rats. Brain homogenates of PTZ-treated rats showed a
significant decrease in total SOD compared to those of the control and RO-treated rats.
SOD levels were significantly higher in the PTZ + RO- and PTZ + VA-treated rats than
in the PTZ-treated rats. However, SOD levels was significantly higher in the PTZ + RO-
treated rats than in the PTZ + VA-treated rats. Furthermore, no significant differences were
observed in the levels of these markers when PTZ + RO-treated rats were compared to
control rats (Figure 8B). GSH levels in RO-treated rats increased significantly compared to
in the control rats; in contrast, GSH levels were decreased significantly in the PTZ-treated
rats compared to the control and RO-treated rats.

Figure 8. Levels of (A) MDA, (B) total SOD, (C) total GSH, and (D) total GPX in the brains of all
groups of rats. Data are presented as means ± SD of 8 rats per group. Statistical significance was
set at p < 0.05. a: significantly different when compared to control rats; b: significantly different
when compared to RO-treated rats; c: significantly different when compared to PTZ-treated rats; and
d: significantly different when compared to PTZ+RO-treated rats. VA, valproic acid; SD, standard
deviation; RO, Rosmarinus officinalis L.; PTZ, pentylenetetrazol; MDA, malondialdehyde; SOD,
superoxide dismutase; GSH, glutathione; GPX, glutathione peroxidase.
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Additionally, GSH levels were increased significantly in the PTZ + RO- and PTZ + VA-
treated rats compared to in the PTZ-treated rats (Figure 8C). GPX levels were significantly
increased in the RO-treated rats compared to in the control rats; however, there was a
significant decrease in GPX levels in the PTZ-treated rats compared to the control and
RO-treated rats. Additionally, there was an increase in GPX levels in the PTZ + RO- and
PTZ + VA-treated rats compared to the PTZ-treated rats (Figure 8D).

Levels of Inflammatory Markers

The brain homogenates of the PTZ-treated rats showed a significant increase in the
levels of TNF-α as compared to the control and RO-treated rats. In contrast, the levels of
TNF-α were significantly reduced in the brains of the PTZ + RO- and PTZ + VA-treated rats
compared to the PTZ-treated rats. However, the brain levels of TNF-α were significantly
lower in the PTZ + RO-treated rats than in the PTZ + VA-treated rats. In contrast, the
levels of TNF-α remained significantly higher in the brains of the PTZ + RO and PTZ + VA
-treated rats than in the control rats (Figure 9A). The RO-treated rats and the control rats
did not show any significant variation in the brain levels of IL-6. When compared to the
control and RO-treated rats, the brain homogenates of model rats that had received PTZ
treatment revealed significantly higher levels of IL-6; in contrast, the brain IL-6 levels in
the PTZ + RO- and PTZ + VA-treated rats were both lower than those in the PTZ-treated
rats. Although brain IL-6 was significantly lower in the PTZ + RO-treated rats than in the
PTZ + VA-treated rats, it was also significantly higher in the PTZ + RO-treated rats than in
the control rats (Figure 9B).

Figure 9. Levels of (A) TNF-α and (B) IL-6 in the brains of all groups of rats. Data are presented
as means ± SD of 8 rats per group. Statistical significance was set at p < 0.05. a: significantly
different when compared to control rats; b: significantly different when compared to RO-treated rats;
c: significantly different when compared to PTZ-treated rats; and d: significantly different when
compared to PTZ + RO-treated rats. VA, valproic acid; SD, standard deviation; RO, Rosmarinus
officinalis L.; PTZ, pentylenetetrazol; TNF- α, tumor necrosis factor; IL-6, interleukin-6.

Levels of Apoptotic Proteins in the Brain

The brain levels of Bax protein were not significantly different between the PTZ-
treated, RO-treated, and control rats. Bax protein levels were significantly higher in the
brains of the PTZ-treated rats than in the control and RO-treated rats (Figure 10A). Brain
homogenates of the PTZ + RO- and PTZ + VA-treated rats showed a significant decrease in
Bax protein levels compared with the PTZ-treated rats. Bax protein levels were significantly
higher in the PTZ + VA-treated rats than in the PTZ + RO-treated rats (Figure 10A). As
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shown in Figure 10B, brain levels of caspase-3 were slightly lower in the RO-treated rats
than in the control rats. Caspase-3 levels were significantly higher in the brains of the
PTZ-treated rats than in the control and RO-treated rats (Figure 10B). Brain homogenates
of the PTZ + RO- and PTZ + VA-treated rats showed a significant decrease in caspase-
3 levels compared with the PTZ-treated rats. Levels of caspase-3 were higher in the
PTZ + VA-treated rats than in the PTZ + RO-treated rats. Compared with the control rats,
RO-treated rats had lower brain cytochrome c levels. The PTZ-treated rats had significantly
higher cytochrome c levels in their brains than the RO-treated rats, and brain homogenates
from the PTZ + RO- and PTZ + VA-treated rats revealed a substantial drop in cytochrome c
compared to PTZ group. The PTZ + VA-treated rats had higher cytochrome c levels than
the PTZ + RO-treated rats (Figure 1C). There was no statistically significant difference in
the brain levels of Bcl2 between the RO-treated and control rats, and the brains of the PTZ-
treated rats showed considerably reduced Bcl2 levels compared to controls (Figure 10D).

Figure 10. Levels of (A) Bax protein, (B) caspase-3, (C) cytochrome c, and (D) Bcl2 in the brains of all
groups of rats. Data are presented as means ± SD of 8 rats per group. Statistical significance was set
at p < 0.05. a: significantly different when compared to control rats; b: significantly different when
compared to RO-treated rats; c: significantly different when compared to PTZ-treated rats; and d:
significantly different when compared to PTZ + RO-treated rats. VA, valproic acid; SD, standard
deviation; RO, Rosmarinus officinalis L.; PTZ, pentylenetetrazol.

The brain homogenates of PTZ + RO- and PTZ + VA-treated rats showed a significant
increase in Bcl2 levels compared to PTZ-treated rats; in contrast, Bcl2 levels were signifi-
cantly lower in the brains of the PTZ + VA-treated rats than in the PTZ + RO-treated rats
(Figure 10D).
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3.1.6. Histological Analysis of Dental Gyrus of the Hippocampi

As shown in Figure 11A,B, the dental gyrus area of the hippocampi of the control and
RO-treated rats showed normal features, with the presence of all three layers (glandular,
polymorphic, and molecular layers) and normally sized blood vessels. The molecular layer
showed 4–6 intact layers of cells, and the polymorphic and molecular layers showed many
baskets and glial cells. According to Figure 11C,D, the PTZ-treated hippocampi showed an
obvious reduction in the number of cell layers forming the glandular layer; in contrast, the
remaining cells showed swelling. In addition, this group of rats showed reduced basket
and glial cells and dilation of their blood vessels.

Figure 11. The histological section of the dental gyrus of the hippocampi of all groups of rats. (A) and
(B) Taken from control rats, showing a normal structure composed of three intact layers, namely, the
glandular layer (GRL) lying between the polymorphic (PML) and molecular layers (ML). The GRL
comprises 4–6 cell layers with rounded pale vesicular nuclei (long arrow). The basket cells (short
arrow) and glial cells (arrowhead) were also observed, and the PLM and ML layers have normally
sized blood vessels (curved arrow). (C,D) Taken from PTZ-treated rats and showing an obvious
reduction in the number of cell layers forming the GRL with swelling cells (long arrow). A lower
number of basket and glial cells (shot arrow and arrowhead, respectively) were also observed in
this group of rats with dilated blood vessels (curved arrow). (E,F) Taken from the PTZ + RO- and
PTZ + VA-treated rats, respectively, and showing significant improvement in the structure of their
hippocampi, with an obvious increase in the number of cell layers forming the GRL, as well as an
increase in the number of basket (short arrow) and glial cells (arrowhead) of the PLM and ML. Both
groups also showed normally sized blood vessels. However, some degeneration in the GRL and
basket cells (short arrow) is still seen in the PTZ + VA-treated rats.
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The hippocampi of the PTZ + RO- and PTZ + VA-treated rats showed an obvious
improvement in their dental gyrus structures. They had normally sized blood vessels and
an almost normal count of basket and glial cells in the molecular and polymorphic layers
(Figure 11E,F). However, some degeneration in the glandular layer and basket cells was
observed in the dental gyrus of the PTZ + VA-treated rats (Figure 11F).

4. Discussion

Herbs have a long history of being effective in treating diseases, with few side effects
or toxicity [29]. Although many antiepileptic medications have been developed, most do
not improve the cognitive impairment caused by refractory epilepsy. These medications
also have numerous adverse effects, such as psychosis, heightened irritability, and aggres-
sive behavior [30,31]. Different RO extraction and purification methods and numerous
antioxidant assays have shown that RO is rich in phenolic compounds, such as carnosic
acid and carnosol. RO oil’s antioxidant, antimicrobial, and cognitive properties and its
extracts have also been investigated. Therefore, they provide a number of naturally derived
antioxidants recognized by the food industry [32]. Numerous studies have highlighted
the neuropharmacological benefits of RO extracts. RO has significant antibacterial, anti-
inflammatory, antioxidant, anti-tumor, anti-pain, and neuroprotective effects. It also has
significant clinical benefits for mood, memory, learning, pain, anxiety, and sleep [33].

In a previous study [10], treating animals with different doses of RO extract delayed
the onset of picrotoxin-induced seizures, and the most effective dose was 50 mg/kg. These
results are consistent with those of the present study, in which treatment of rats with RO
extract (100 mg/kg) delayed the onset of seizures caused by PTZ (30 mg/kg). These results
agree with Boroushaki, 2002. It was found that the most effective dose of the plant extract
(12 mL/kg) reduced the onset of seizures, their duration, and the number of deaths after
24 h in PTZ-induced seizures, and the results showed that all concentrations of the plant
extract delayed seizure onset [11]. In a previous study [34] consistent with our results, it
was found that the latency to myoclonic jerks and generalized seizures were increased in
the PTZ model treated with rosmarinic acid (30 mg/kg); moreover, the latency to myoclonic
jerks induced by pilocarpine was delayed following rosmarinic acid treatment. This study
also found that the appearance of spontaneous recurrent seizures was not abolished with
rosmarinic acid in a chronic epilepsy model. However, rosmarinic acid could increase the
time of immobility using forced swim assay, and increase the time spent at the center and
crossing numbers using the open field test.

The effect of the aerial portions of RO in rats undergoing the MWM test and the effects
of the essential oil on intact memory and scopolamine-induced learning were examined.
Rats were administered an intraperitoneal injection of the oil 30 min before training for
5 days in a row, and the latency time to discover the platform was reduced when the oil
was administered at levels of 125–250 mg/kg. Rats with learning deficits due to hyoscine
(0.5 mg/kg) were also tested to determine the effect of the RO oil. The memory-impairment
effects of hyoscine were reduced by RO oil [35]. This is consistent with the results of this
study, which showed that RO improved learning and memory. A previous study revealed
that RO significantly improved movement problems, cognition, and spatial memory [12].
In addition, these results are consistent with Rad et al., 2021, who found that RO extract
(100 mg/kg) improved spatial memory retrieval using the MWM test. There was also
a significant difference in the time each group spent in the target quadrant during the
experiment [36].

The results of this study showed that RO extract (100 mg/kg) significantly improved
long-term memory during the PAL test, which is consistent with a previous study [37]
where it was found that doses (50 and 100 mg/kg) of the natural oil of RO resulted in
significant improvements in long-term memory. These results also agree with Ozarowsk
et al., 2013, who found that RO extracts enhanced long-term memory in rats admin-
istered scopolamine [13]. This study showed that treatment with RO extract in a rat
model of epilepsy led to a decrease in lipid peroxide (MDA) levels, which agrees with
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the findings of recent studies [38–40]. Treatment with RO extract significantly increased
antioxidant enzymes, such as SOD, GSH, and GPX; the results of this study agreed with
prior studies [41,42]. Administration of RO increased the levels of all these enzymes and a
glutathione-reducing antioxidant.

Other studies have confirmed the results of this study, which showed that RO in sepa-
rate dosage forms (RO essential oil, aqueous extract, and crude plant powder) enhanced
the activity of SOD and the total antioxidant capacity [43]. In a recent study, doses of RO
increased the levels of several enzymes, including SOD [44]. Increased blood flow and
vascular permeability, and the buildup of fluid, leukocytes, and inflammatory mediators,
including cytokines, are characteristics of inflammation in its acute phase, an immediate
response to tissue injury. IL-1 and TNF-α, two cytokines that are extremely strong inflam-
matory agents, are important in mediating acute inflammatory reactions [45]. Our work
suggests that RO showed the ability to restore the neuroinflammatory cytokines levels
in animal models of epilepsy. The production and expression of extracellular SOD were
stimulated by pro-inflammatory cytokines [46]. Mitochondrial SOD in fibroblasts was
stimulated following exposure to inflammatory cytokines such as TNF-α [46]. Here, we
found that the PTZ group had higher brain antioxidant parameters, including SOD, which
suggest a compensatory feedback mechanism for increased brain inflammatory cytokine
levels [47]. Through the suppression of immune cell infiltration and immunological re-
sponses, extracellular SOD may produce blocking effects on IL-23-induced-inflammatory
conditions such as psoriasis [48]. In response to lipopolysaccharide, SOD 3 was released
from intracellular stores of macrophages producing biological responses [49]. Lactate has
been considered a useful seizure-like activity biomarker, as demonstrated by an increase
in its levels in the extracellular environment of the human hippocampus during seizures;
rosmarinic acid (30 mg/kg/body volume) was able to reduce pilocarpine-stimulated lactate
release in the brains of epileptic male rats [50]. Gap junctions that allow direct transfer of
ions and molecules between neighboring cells, and gap junctions between astrocytes, play
an important role in the development of brain diseases such as epilepsy [51]. Astrocytic
coupling entirely disappears in hippocampal sclerosis, according to functional data from
human patients and animal models, while the gap-junction-forming proteins connexin43
and connex30 are still present. Additionally, astrocyte dissociation was found to be a con-
tributing factor in the onset of temporal lobe epilepsy [52]. In a recent study [53], human
SH-SY5Y neuronal-like cells and A-172 glial-like cells were used in a hypoxic environment
in vitro, examining the effects mediated by spray-dried RO extract (SDROE) on cell viability,
apoptosis, and Cx43-based intercellular communication. It was discovered that SDROE
had a protective effect on cells damaged by glucose deficiency (OGD), promoting metabolic
turnover and cell survival while reducing Cx43-based cell coupling.

Treatment with PTZ led to decreased glial cells and expansion of blood vessels; in
contrast, these effects were mitigated by treatment with RO. These results agree with those
of a recent study conducted by Atef et al. (2021), where it was found that treatment with
RO extract can reduce the toxic effects of monosodium glutamate (MSG) [14]. In a rat
brain tissue study, the MSG group showed glial cell shrinkage and significant vasodilation,
which was attenuated by RO extract and/or FLX treatment. Treatment with RO extract
and FLX reduced the toxic effects of MSG in the rat hippocampus. Our results agree
with those of Rad et al. (2021), who studied the beneficial effects of rosemary extract and
adipose-tissue-derived stem cells on memory and hippocampal neurogenesis in Parkinson’s
rat models [36]. The hippocampi of rats administered RO extract or water contained
significantly more neurons than the treatment groups.

5. Conclusions

This study investigated the preventive and therapeutic efficacies of RO in promoting
brain health in rats with epilepsy. Based on these proven properties in many studies,
RO is a promising candidate for attenuating epilepsy. Therefore, RO can protect the
brain via its antioxidant (GSH, SOD, and GPX), anti-apoptotic, and anti-inflammatory
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properties, as depicted following the oxidative stress, an effect associated with improved
neurobehavioral parameter. Future studies are warranted to link the positive behavioral and
neuroinflammation effects of RO to the gene and protein levels of the involved pathways
and biomarkers. Future studies can investigate and compare RO treatment durations on
the neurobehavioral changes in epilepsy models.
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A. Rosmarinus officinalis leaves as a natural source of bioactive compounds. Int. J. Mol. Sci. 2014, 15, 20585–20606. [CrossRef]
6. Doolaege, E.H.; Vossen, E.; Raes, K.; De Meulenaer, B.; Verhe, R.; Paelinck, H.; De Smet, S. Effect of rosemary extract dose on lipid

oxidation, colour stability and antioxidant concentrations, in reduced nitrite liver pates. Meat Sci. 2012, 90, 925–931. [CrossRef]
7. Alvi, S.S.; Ahmad, P.; Ishrat, M.; Iqbal, D.; Khan, M.S. Secondary metabolites from rosemary (Rosmarinus officinalis L.): Structure,

biochemistry and therapeutic implications against neurodegenerative diseases. In Natural Bio-Active Compounds: Volume 2:
Chemistry, Pharmacology and Health Care Practices; Springer: Singapore, 2019; pp. 1–24.

8. Jennum, P.; Christensen, J.; Ibsen, R.; Kjellberg, J. Long-term socioeconomic consequences and health care costs of childhood and
adolescent-onset epilepsy. Epilepsia 2016, 57, 1078–1085. [CrossRef]

9. Kanner, A.M. Epilepsy, suicidal behaviour, and depression: Do they share common pathogenic mechanisms? Lancet Neurol. 2006,
5, 107–108. [CrossRef]

10. Heidari, M.; Assadipour, A.; Rashid, F.P. Effect of Rosmarinus officinalis L. Extract on the seizure induced by picrotoxin in mice.
Pak. J. Biol. Sci. 2005, 8, 1807–1811.

11. Boroushaki, M.; Baharloo, A.; Malek, F. A comparative study on the anticonvulsive effects of the aqueous extract of the Rosmarinus
officinalis plant with phenobarbital in pentylentetrazol-induced seizures in mice. Koomesh 2002, 3, 53–58.

12. Li, M.; Cui, M.-M.; Kenechukwu, N.A.; Gu, Y.-W.; Chen, Y.-L.; Zhong, S.-J.; Gao, Y.-T.; Cao, X.-Y.; Wang, L.; Liu, F.-M. Rosmarinic
acid ameliorates hypoxia/ischemia induced cognitive deficits and promotes remyelination. Neural Regen. Res. 2020, 15, 894.
[CrossRef]

13. Ozarowski, M.; Mikolajczak, P.L.; Bogacz, A.; Gryszczynska, A.; Kujawska, M.; Jodynis-Liebert, J.; Piasecka, A.; Napieczynska, H.;
Szulc, M.; Kujawski, R. Rosmarinus officinalis L. leaf extract improves memory impairment and affects acetylcholinesterase and
butyrylcholinesterase activities in rat brain. Fitoterapia 2013, 91, 261–271. [CrossRef]

14. Atef, R.M.; Fattah, I.O.A.; Mahmoud, O.M.; Abdel-Rahman, G.M.; Salem, N.A. Protective effects of Rosemary extract and/or
Fluoxetine on Monosodium Glutamate-induced hippocampal neurotoxicity in rat. Rom. J. Morphol. Embryol. 2021, 62, 169.
[CrossRef] [PubMed]

62



Toxics 2023, 11, 826

15. Hassanzadeh, P.; Arbabi, E.; Atyabi, F.; Dinarvand, R. Ferulic acid exhibits antiepileptogenic effect and prevents oxidative stress
and cognitive impairment in the kindling model of epilepsy. Life Sci. 2017, 179, 9–14. [CrossRef] [PubMed]

16. Hasan, T.N.; Ahmed, S.N.; Aalam, S.M.; Kumar, C.; Shafi, G. Evaluation of cichorium extract for the growth supporting property
in rat hepatocyte primary culture. Asian J. Plant Sci. 2007, 6, 431–434. [CrossRef]

17. Naderali, E.; Nikbakht, F.; Ofogh, S.N.; Rasoolijazi, H. The role of rosemary extract in degeneration of hippocampal neurons
induced by kainic acid in the rat: A behavioral and histochemical approach. J. Integr. Neurosci. 2018, 17, 31–43. [CrossRef]

18. Uma Devi, P.; Kolappa Pillai, K.; Vohora, D. Modulation of pentylenetetrazole-induced seizures and oxidative stress parameters
by sodium valproate in the absence and presence of N-acetylcysteine. Fundam. Clin. Pharmacol. 2006, 20, 247–253. [CrossRef]

19. Kaboutari, J.; Zendehdel, M.; Habibian, S.; Azimi, M.; Shaker, M.; Karimi, B. The antiepileptic effect of sodium valproate during
different phases of the estrous cycle in PTZ-induced seizures in rats. J. Physiol. Biochem. 2012, 68, 155–161. [CrossRef]

20. Kilinc, E.; Ankarali, S.; Ayhan, D.; Ankarali, H.; Torun, I.E.; Cetinkaya, A. Protective effects of long-term probiotic mixture
supplementation against pentylenetetrazole-induced seizures, inflammation and oxidative stress in rats. J. Nutr. Biochem. 2021,
98, 108830. [CrossRef]

21. Kola, P.K.; Akula, A.; NissankaraRao, L.S.; Danduga, R.C.S.R. Protective effect of naringin on pentylenetetrazole (PTZ)-induced
kindling; possible mechanisms of antikindling, memory improvement, and neuroprotection. Epilepsy Behav. 2017, 75, 114–126.
[CrossRef]

22. Alshammari, G.M.; Al-Qahtani, W.H.; Alshuniaber, M.A.; Yagoub, A.E.A.; Al-Khalifah, A.S.; Al-Harbi, L.N.; Alhussain, M.H.;
AlSedairy, S.A.; Yahya, M.A. Quercetin improves the impairment in memory function and attenuates hippocampal damage in
cadmium chloride-intoxicated male rats by suppressing acetylcholinesterase and concomitant activation of SIRT1 signaling. J.
Funct. Foods 2021, 86, 104675. [CrossRef]

23. Attia, G.M.; Elmansy, R.A.; Elsaed, W.M. Neuroprotective effect of nilotinib on pentylenetetrazol-induced epilepsy in adult rat
hippocampus: Involvement of oxidative stress, autophagy, inflammation, and apoptosis. Folia Neuropathol. 2019, 57, 146–160.
[CrossRef]

24. Koguchi, Y.; Kawakami, K.; Kon, S.; Segawa, T.; Maeda, M.; Uede, T.; Saito, A. Penicillium marneffei causes osteopontin-mediated
production of interleukin-12 by peripheral blood mononuclear cells. Infect. Immun. 2002, 70, 1042–1048. [CrossRef] [PubMed]

25. Yoshida, N.; Ikemoto, S.; Narita, K.; Sugimura, K.; Wada, S.; Yasumoto, R.; Kishimoto, T.; Nakatani, T. Interleukin-6, tumour
necrosis factor α and interleukin-1β in patients with renal cell carcinoma. Br. J. Cancer 2002, 86, 1396–1400. [CrossRef] [PubMed]

26. Zhang, M.; Lv, X.-Y.; Li, J.; Xu, Z.-G.; Chen, L. The characterization of high-fat diet and multiple low-dose streptozotocin induced
type 2 diabetes rat model. J. Diabetes Res. 2008, 2008, 704045. [CrossRef] [PubMed]

27. Suzuki, Y.; Imada, T.; Yamaguchi, I.; Yoshitake, H.; Sanada, H.; Kashiwagi, T.; Takaba, K. Effects of prolonged water washing of
tissue samples fixed in formalin on histological staining. Biotech. Histochem. 2012, 87, 241–248. [CrossRef] [PubMed]

28. Kim, T.K. Understanding one-way ANOVA using conceptual figures. Korean J. Anesthesiol. 2017, 70, 22–26. [CrossRef]
29. Liu, H.; Bai, Y.; Huang, C.; Wang, Y.; Ji, Y.; Du, Y.; Xu, L.; Yu, D.-G.; Bligh, S.W.A. Recent progress of electrospun herbal medicine

nanofibers. Biomolecules 2023, 13, 184. [CrossRef] [PubMed]
30. Hixson, J.D. When and how to stop antiepileptic drugs. In Epilepsy; Wiley: Hoboken, NJ, USA, 2014; pp. 118–121.
31. Wang, X.; Huang, S.; Liu, Y.; Li, D.; Dang, Y.; Yang, L. Effects of ketogenic diet on cognitive function in pentylenetetrazol-kindled

rats. Epilepsy Res. 2021, 170, 106534. [CrossRef]
32. Pappachan, F.; Suku, A.; Mohanan, S. Rosmarinus officinalis. In Herbs, Spices and Their Roles in Nutraceuticals and Functional Foods;

Elsevier: Amsterdam, The Netherlands, 2023; pp. 149–170.
33. Rahbardar, M.G.; Hosseinzadeh, H. Therapeutic effects of rosemary (Rosmarinus officinalis L.) and its active constituents on

nervous system disorders. Iran. J. Basic. Med. Sci. 2020, 23, 1100.
34. Grigoletto, J.; de Oliveira, C.V.; Grauncke, A.C.B.; de Souza, T.L.; Souto, N.S.; de Freitas, M.L.; Furian, A.F.; Santos, A.R.S.; Oliveira,

M.S. Rosmarinic acid is anticonvulsant against seizures induced by pentylenetetrazol and pilocarpine in mice. Epilepsy Behav.
2016, 62, 27–34. [CrossRef]

35. Hosseinzadeh, H.; Karimi, G.; Nobakht, N. Effects of Rosmarinus officinalis L. aerial parts essential oil on intact memory and
scopolamine-induced learning deficits in rats performing the Morris water maze task. J. Med. Plants 2004, 3, 51–57.

36. Rad, S.N.H.; Kashani, M.H.G.; Abrari, K. Pre-treatment by rosemary extract or cell transplantation improves memory deficits of
parkinson’s disease: When tradition meets the future. Braz. Arch. Biol. Technol. 2021, 64, e21180392. [CrossRef]

37. Al-Tawarah, N.M.; Al-Dmour, R.H.; Abu Hajleh, M.N.; Khleifat, K.M.; Alqaraleh, M.; Al-Saraireh, Y.M.; Jaradat, A.Q.; Al-Dujaili,
E.A. Rosmarinus officinalis and Mentha piperita Oils Supplementation Enhances Memory in a Rat Model of Scopolamine-Induced
Alzheimer’s Disease-like Condition. Nutrients 2023, 15, 1547. [CrossRef]

38. Motlagh, M.K.; Sharafi, M.; Zhandi, M.; Mohammadi-Sangcheshmeh, A.; Shakeri, M.; Soleimani, M.; Zeinoaldini, S. Antioxidant
effect of rosemary (Rosmarinus officinalis L.) extract in soybean lecithin-based semen extender following freeze–thawing process of
ram sperm. Cryobiology 2014, 69, 217–222. [CrossRef] [PubMed]

39. Asl, J.F.; Goudarzi, M.; Shoghi, H. The radio-protective effect of rosmarinic acid against mobile phone and Wi-Fi radiation-induced
oxidative stress in the brains of rats. Pharmacol. Rep. 2020, 72, 857–866. [CrossRef] [PubMed]

40. Cetin, I.; Yesilbag, D.; SS, C.; Belenli, D. Effects of supplementation with rosemary (Rosmarinus officinalis L.) volatile oil on growth
performance, meat MDA level and selected plasma antioxidant parameters in quail diets. Kafkas Üniversitesi Vet. Fakültesi Derg.
2017, 23, 283–288.

63



Toxics 2023, 11, 826

41. Khalil, O.A.; Ramadan, K.S.; Danial, E.N.; Alnahdi, H.S.; Ayaz, N.O. Antidiabetic activity of Rosmarinus officinalis and its
relationship with the antioxidant property. Afr. J. Pharm. Pharmacol. 2012, 6, 1031–1036.
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Abstract: Long-term use of the nitroimidazole-derived antibiotic metronidazole has been associated
with neuronal damage due to its ability to cross the blood–brain barrier. Polyphenol-rich plants,
such as anise seeds and clove buds, are suggested to have neuroprotective effects. However, their
intracellular protective pathway against metronidazole-induced neurotoxicity remains unexplored.
This study aims to evaluate the potential neuroprotective benefits of anise seeds and clove buds and
elucidate the proposed metronidazole-induced neurotoxicity mechanism. This study divided rats
into six groups, each containing six rats. In Group I, the control group, rats were administered saline
orally. Group II rats received 200 mg/kg of metronidazole orally. Group III rats received 250 mg/kg
b.w. of anise seed extract and metronidazole. Group IV rats received 500 mg/kg b.w. of anise seed
extract (administered orally) and metronidazole. Group V rats received 250 mg/kg b.w. of clove
bud extract (administered orally) and metronidazole. Group VI rats were administered 500 mg/kg
b.w. of clove bud extract and metronidazole daily for 30 consecutive days. The study evaluated the
phenolic compounds of anise seeds and clove buds. Moreover, it assessed the inflammatory and
antioxidant indicators and neurotransmitter activity in brain tissues. A histological examination of
the brain tissues was conducted to identify neuronal degeneration, brain antioxidants, and apoptotic
mRNA expression. The study found that metronidazole treatment significantly altered antioxidant
levels, inflammatory mediators, and structural changes in brain tissue. Metronidazole also induced
apoptosis in brain tissue and escalated the levels of inflammatory cytokines. Oral administration of
metronidazole resulted in a decrease in GABA, dopamine, and serotonin and an increase in ACHE in
brain tissue. Conversely, oral administration of anise and clove extracts mitigated the harmful effects
of metronidazole. The neurotoxic effects of metronidazole appear to stem from its ability to reduce
antioxidants in brain tissue and increase nitric oxide production and apoptosis. The study concludes
that neuronal damage caused by metronidazole is significantly mitigated by treatment with anise
and clove extracts.

Keywords: anise seeds; clove buds; metronidazole; brain injury; antioxidant markers; neurotransmitters

1. Introduction

The global use of prescribed and non-prescribed antibiotics is rising, provoking sig-
nificant safety concerns. Neurological side effects associated with antibiotics are likely
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underdiagnosed and necessitate increased awareness and attention [1]. Metronidazole
(MET) is a widely used antimicrobial drug due to its effectiveness against various bacteria
and yeasts [2]. Metronidazole (MET) is generally considered a safe medication and is
known to penetrate the brain rapidly. However, some potential side effects include mild
abdominal pain, headaches, nausea, and a metallic taste in the mouth [3]. However, chronic
exposure to metronidazole (MET) in humans at doses exceeding 2 g per day can lead
to potential side effects such as peripheral neuropathy, seizures, cerebellar ataxia, and
optic neuropathy [4]. Clinical symptoms associated with metronidazole-induced neuro-
toxicity, including ataxia, dysarthria, and altered mental status, are typical neurological
manifestations [5]. For thousands of years, people across the globe have relied on tradi-
tional medicinal plants for various purposes, from maintaining overall health to treating
illnesses [6]. Herbal medicine continues to be widely used as it has historically been the
primary means of disease treatment. However, only a fraction of the plant kingdom has
been explored for its phytochemicals. Plant extracts may contain bioactive compounds
stimulating or inhibiting specific biological processes [7]. Anise, or Pimpinella anisum L.
(Family: Apiaceae), is a plant native to the Middle East and cultivated across the Mediter-
ranean region. The fruit comprises oil, fatty acids, coumarins, flavonoids, glycosides,
proteins, and carbohydrates. The seeds and essential oil have many uses, including antioxi-
dants, antispasmodics, antimicrobials, digestive stimulants, and galactagogues. Traditional
Iranian medical practitioners have even utilized aniseed to treat epilepsy and convul-
sions [7]. Research has demonstrated that Pimpinella anisum L. can mitigate lead-induced
neurotoxicity [8]. Pimpinella anisum L. has been shown to improve memory in mice by
reducing oxidative stress in the brain [9]. Clove, or Syzygium (S.) aromaticum, is a dried
flower bud from the Myrtaceae family, traditionally cultivated exclusively in the Maluku
Islands of Indonesia [10].

Numerous studies have demonstrated that fragrant herbs, including cinnamon,
oregano, clove, thyme, and mint, possess antibacterial, antiviral, anticarcinogenic, and
antifungal properties. However, clove has garnered significant attention among these spices
due to its potent antimicrobial and antioxidant effects [11]. Various chemical constituents
with antioxidant properties contribute to clove’s crucial role in preventing degenerative
diseases [12]. Clove essential oil (CEO) can benefit multiple ailments, including burns,
wounds, dental pain, tooth infections, and toothaches. It is also incorporated into soaps
and perfumes and cleans histology slides. Historically, cloves have alleviated symptoms
such as indigestion, abdominal pain, diarrhea, and motion sickness. In tropical Asia, cloves
treat scabies, cholera, malaria, and tuberculosis. In the United States, clove has been uti-
lized to combat food-borne infections caused by bacteria, protozoa, and even viruses and
worms [12].

Furthermore, eugenol, a component of clove, has found extensive use in dentistry
due to its ability to reach the bloodstream via the dental pulp tissue [13]. Sesquiterpenes,
compounds isolated from clove, have been reported to possess anticarcinogenic activ-
ity [10]. In another study, Syzygium aromaticum (clove) had promising antioxidant and
neuroprotective properties [14]. Due to its high concentration of bioactive compounds rich
in antioxidants (phenolics, flavonoids, and tannins), the extract of Syzygium aromaticum
(clove) has demonstrated significant biological benefits. It has shown potential in alleviating
brain injury induced by CeCl3 and oxidative stress [15].

Clove oil (CO) is derived from the lilac plant and is primarily composed of eugenol.
It has been documented that CO possesses remarkable antimicrobial and antioxidant
properties [16]. Clove oil has received FDA approval and is permitted for food and medicine
applications. The volatile oil extracted from clove buds exhibits significant antioxidant
activity, which can be attributed to its high content of phenolic compounds, particularly
eugenol and eugenol acetate, as reported by [17,18]. Clove oil can potentially be utilized
in the food and pharmaceutical industries to reduce or prevent oxidation. Doing so can
help hinder the formation of harmful oxidation by-products, preserve the nutritional value
of products, and extend their shelf life. This application of clove oil can be beneficial in
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maintaining the quality and stability of both food and pharmaceutical products [19]. The
antimicrobial properties of clove oil and eugenol make them suitable for inhibiting the
growth of these bacteria, which are associated with oral health issues. The use of clove oil
and eugenol as natural alternatives for controlling these bacterial infections (cariogenic
and periodontopathogenic) could have promising implications in oral care [20]. Eugenol
has the potential to restrain the assembly of essential enzymes within bacteria and cause
damage to the cell wall of bacteria. These actions contribute to eugenol’s antimicrobial and
hydrophobic nature and its potential as a natural antibacterial agent [21,22].

Therefore, this study aims to delineate the potential protective mechanisms of anise
and/or clove essential oil that may alleviate the toxic effects induced by metronidazole.
The research explores various cellular, molecular, and biochemical signaling pathways that
regulate oxidative stress, apoptosis, inflammation, fibrosis, and anti-apoptotic indicators.

2. Materials and Methods

2.1. Plant Material and Animals

Anise seeds and clove buds were procured from the National Research Center located
in El-Dokki, Giza, Egypt. Thirty-six male albino rats, weighing between 140–160 g, were
obtained from Helwan Farm, an animal colony associated with the Vaccine and Immunity
Organization in Cairo, Egypt. All animal specimens underwent thorough health checks.
Before the experiment, they were allowed a week to acclimate to the laboratory environment.
During this period, the rats were maintained in a calm atmosphere with natural airflow and
a 12 h light–dark cycle. Food and water were provided ad libitum. The Animal Care and
Use Committee of the Faculty of Veterinary Medicine at the University of Kafr El-Sheikh in
Egypt approved the guidelines for the care and use of these animals.

2.2. Chemicals and Kits

Casein, vitamins, minerals, cellulose, choline chloride, DL-methionine, and other nec-
essary chemicals were provided by the El-Gomhoreya Company, a provider of medications,
chemicals, and medical appliances based in Cairo, Egypt. Gama Trade Company, Cairo,
Egypt, supplied the kits for biochemical determinations. Both corn starch and corn oil
were freshly purchased from the market in Tanta City, Al-Gharbia Governorate, Egypt.
Metronidazole, under the trade name of Flagyl® (250 mg tablets), was produced by Rhone-
Poulenc, U.K., and supplied by the Alexandria Pharmaceutical Co., Alexandria, Egypt.
The dosing and selection of metronidazole dose were based on previous research findings.
According to Ogbonye et al. [23], administering metronidazole at high dosages to rats can
harm the brain. It can lead to cell distortion or displacement in the cerebellum and cause
damage to the cells of the pituitary gland. Metronidazole at this dose caused neurotoxicity,
as shown by Oda [24].

2.3. Extract Preparation

The plant seeds were washed with distilled water and dried in the shade before being
ground into a fine powder. This powdered substance (50 g) was added to 250 milliliters
of ethanol in a beaker equipped with a magnetic stirrer, and the mixture was heated to
60 ◦C for 15 min. The mixture was then allowed to steep in a dark glass bottle for 24 h
to ensure complete extraction. After this period, the ethanol was evaporated from the
supernatant of the extracted liquid, and the resulting pure extract was filtered through a
0.2 μm membrane.

2.4. Phenolic Compounds Analysis

High-performance Liquid Chromatography (HPLC) was employed to separate the
polyphenolic compounds of the seed extract, as per the outlined procedure. This method
was used to identify the phenolic and flavonoid compounds present in the sample [25].
Once dissolved in the mobile phase, the standard phenolic acid was introduced into the
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HPLC system. The concentration of phenolic compounds was calculated based on the
retention time and the peak area.

2.5. Study Model

The rats were divided into six groups, with six rats per group. In Group I, which served
as the control group, the rats were administered saline orally. In Group II, designated as
the metronidazole group, the rats were given orally 200 mg/kg of metronidazole dissolved
in saline [23]. In Group III, the rats were given 250 mg/kg b.w. of anise seed extract and
metronidazole (200 mg/kg). In Group IV, the rats were administered 500 mg/kg b.w. of
anise seed extract orally, in addition to MET (200 mg/kg). In Group V, the rats were given
orally 250 mg/kg b.w. of clove bud extract, along with MET. Finally, in Group VI, the
rats were gavaged 500 mg/kg b.w. of clove bud extract, combined with MET, daily for
30 consecutive days. Feed intake and growth parameters were recorded every week.

2.6. Sampling and Biochemical Investigation

At the end of the study period, the rats were fasted overnight before being euthanized.
Blood samples were collected from each rat and then centrifuged for 10 min at 3000 rpm to
separate the serum. The serum was carefully transferred into dry, clean Eppendorf tubes
and stored at −20 degrees Celsius for subsequent analysis, following the methodology
proposed by Schermer [26]. Each rat’s brain was carefully dissected, cleaned from the
adhering matter with a saline solution (0.9%), dried with filter paper, and weighed. The
brain was divided into four sections: one was stored at −80 ◦C for later use in isolating
total RNA and performing molecular analyses; another was fixed in 10% formalin for
histopathological examination; a third was used fresh in the comet assay; and a fourth was
homogenized for use in determining the brain’s antioxidant status.

2.7. Preparation of Brain Homogenates and Biochemical Analysis

The cerebrum and cerebellum were separated and washed with an ice-cold saline
solution. Brain tissue was homogenized in a 1:10 (w/v) solution of ice-cold KCL buffer
(1.15%, pH 7.2). The homogenate was centrifuged at 10,000× g for ten minutes at 4 ◦C,
producing a post-mitochondrial supernatant (PMS). This PMS was utilized for the mea-
surement of gamma-aminobutyric acid (GABA), following the specified methodology of
Lasley et al. [27]; the level of acetylcholinesterase (AChE) was evaluated following the
prescribed method by Carageorgiou et al. [28]. The levels of dopamine (DA) and sero-
tonin (ST) were analyzed following the established protocol by Sasa and Blank [29]. The
supernatant was also used to measure the concentrations of malondialdehyde (MDA), a
marker for lipid peroxidation, and nitric oxide (NO), following the specified procedures
by Uchiyama and Mihara [30] and Giustarini et al. [31], respectively, using ELISA plate
reader at 540 nm. The enzymatic activity of Superoxide Dismutase (SOD) was determined
using the method described by Marklund and Marklund [32]. Catalase (CAT) activity was
measured spectrophotometrically at 240 nm by estimating the rate of H2O2 degradation,
following the method described by Oberley et al. [33]. Reduced glutathione (GSH) activity
was measured as previously described [34].

2.8. Histopathological Examination

The brain samples (cerebrum and cerebellum) were fixed in 10% formalin. They were
then rinsed with tap water and placed in a dehydration bath containing successive dilutions
of graded alcohol (methyl, ethyl). At 56 ◦C, the samples were cleaned with xylene and
embedded in liquid paraffin. Using a light microscope, sections of 4 μm thickness were cut,
deparaffinized, and stained with hematoxylin and eosin for histological evaluation.

2.9. qPCR

Gene expression in the brain was evaluated using a reverse transcription-polymerase
chain reaction (RT-PCR). Approximately 100 mg of brain tissue was used to isolate total
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RNA using TRIzol (Invitrogen, Life Technologies, Carlsbad, CA, USA). RNA samples with
a specific A260/A280 ratio greater than 1.8 were used for cDNA synthesis using a kit from
Fermentas (Waltham, MA, USA). The GAPDH gene (a housekeeping gene) was amplified
using the SYBR Green master mix and the primers in Table S1. The amplification data were
analyzed using the 2−ΔΔT method [35].

2.10. Statistical Analysis

Data were analyzed using the SPSS software (SPSS Inc., Chicago, IL, USA). Statistics
were reported as mean ± standard deviation. The Shapiro–Wilks test was used to test for
normality. Differences between groups for normally distributed variables were analyzed
using ANOVA. In cases where the analysis of variance was significant, a post hoc Tukey
test was used to identify statistically substantial pairings. A p-value of less than 0.05 was
considered statistically significant.

3. Results

3.1. The Polyphenolic Compounds of the Extract

Phenolic compounds in anise seeds and clove buds were identified using High-
performance Liquid Chromatography (HPLC), with standard compounds as a reference
(see Table 1). The primary components of anise, in descending order of concentration, were
chlorogenic acid (153.15 μg/mL), naringenin (133.64 μg/mL), and gallic acid (63.38 μg/mL).
These were followed by taxifolin, caffeic acid, ellagic acid, and syringic acid.

Table 1. Phenolic compounds of anise and clove seed extract (μg/mL).

Anise (1 g/15 mL) Clove (1 g/15 mL)
Compounds

Area Conc. (μg/mL) Area Conc. (μg/mL)
Gallic acid 721.26 63.38 14,131.40 1241.87

Chlorogenic acid 2050.14 153.15 3252.87 243.00
Catechin 28.44 3.41 2029.36 243.16

Methyl gallate 0.00 0.00 1014.85 13.78
Coffeic acid 1085.13 46.38 0.00 0.00

Syringic acid 475.21 20.80 4503.74 197.08
Pyro catechol 202.00 14.33 473.29 33.58

Rutin 89.69 12.21 10.48 1.43
Ellagic acid 645.97 43.22 3844.39 257.22

Coumaric acid 48.63 0.83 1967.15 33.44
Vanillin 259.17 5.83 103.12 2.32

Ferulic acid 66.09 2.31 0.00 0.00
Naringenin 2417.75 133.64 2310.65 127.72

Taxifolin 800.27 58.17 313.15 22.76
Cinnamic acid 570.17 5.76 220.99 2.23

Kaempferol 9.14 0.36 20.42 0.80

Conversely, the primary constituents of clove seeds were gallic acid (1241.87 μg/mL),
catechin (257.22 μg/mL), and ellagic acid (243.16 μg/mL), followed by chlorogenic acid,
syringic acid, naringenin, and pyrocatechol. Please refer to Figure 1 and Supplementary
Figures S1 and S2 for the characterization of anise and clove seed extracts.
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Figure 1. Photomicrographs of H&E stained the cerebral cortex of different treated groups—control
group (A). The pyramidal layer of the cerebral cortex exhibited normal neuronal cells (indicated
by an arrow). The metronidazole-treated group (B) showed severe ischemic neuronal injury in the
same region, characterized by shrunken cytoplasm, nuclear pyknosis (indicated by arrowheads), and
accompanied by pericellular and perivascular vacuolation (indicated by an arrow). The group treated
with anise (250 mg/kg) in combination with metronidazole (C) showed a decrease in these ischemic
neuronal degenerative changes (indicated by arrowheads) and a reduction in perivascular edema
(indicated by an arrow). The group treated with anise (500 mg/kg) + metronidazole (D) showed
decreased ischemic neuronal injury (arrowheads indicate the affected neurons). The groups treated
with clove (250 mg/kg) combined with metronidazole (E) also displayed decreased ischemic neuronal
injury (indicated by arrowheads). The group treated with clove (500 mg/kg) + metronidazole
(F) exhibited minimal ischemic neuronal injury (indicated by arrowheads). All images were taken
using H&E staining at a magnification of ×200, bar = 100 μm.
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3.2. Body and Brain Weights

Feed intake (FI), body weight gain percentage (BWG%), and feed efficiency ratio (FER)
showed a significant (p < 0.05) decrease in MET-treated rats compared to the control group.
The administration of anise seeds and clove bud extracts in combination with MET caused
a significant (p < 0.05) increase in these parameters compared to the MET-treated rats.
Additionally, the MET-treated group displayed a notably (p < 0.05) lower brain weight
percentage than the control group. In contrast, groups treated with seed extracts showed a
significant increase in brain weight compared to the MET-treated group (see Table 2).

Table 2. Protective effect of anise and clove seeds extract on FI (g/d), BWG%, FER, and brain weight
% in MET-treated male rats.

Groups FI (g/d) BWG % FER Brain %

Control 23.35 ± 0.28 a 29.90 ± 2.12 a 0.19 ± 0.01 a 1.58 ± 0.13 a

Metronidazole 17.87 ± 0.12 e 8.85 ± 0.23 e 0.02 ± 0.005 d 0.76 ± 0.04 c

Anise (250 mg/kg) + Metronidazole 22.49 ± 0.12 ab 26.17 ± 0.64 b 0.04 ± 0.002 c 0.97 ± 0.01 b

Anise (500 mg/kg) + Metronidazole 20.95 ± 0.64 c 23.94 ± 0.68 c 0.05 ± 0.004 c 1.56 ± 0.98 a

Clove (250 mg/kg) + Metronidazole 19.87 ± 0.94 d 22.47 ± 1.02 c 0.07 ± 0.003 b 1.02 ± 0.003 b

Clove (500 mg/kg) + Metronidazole 21.79 ± 0.19 bc 19.49 ± 1.55 d 0.06 ± 0.005 b 0.95 ± 0.133 b

The data are presented as mean ± SD. The statistical analysis was performed using one-way ANOVA followed
by the Tukey multiple range test. a,b,c,d,e means within the same column having different superscripts indicate
statistically significant differences (p < 0.05).

3.3. Protective Effect of Anise and Clove Seeds Extract on GABA, ACHE, DA, and ST Quantity in
the Brain Rats Administered MET

Table 3 summarizes the biochemical parameters of the tested groups’ brain tissue.
MET supplementation triggered a reduction of the brain GABA, DA, and ST and increased
ACHE. Moreover, oral administration with anise and clove extract elevated GABA, DA,
and ST suppression in brain tissue. Conversely, treated groups with anise and clove extract
recorded a significant decrease in ACHE.

Table 3. Protective effect of anise and clove seeds extract on GABA, ACHE, DA, and ST levels in
MET-treated male rats.

Groups GABA (Pg/mL) ACHE (Pg/mL) DA (ng/mL) ST (ng/mL)

control 404.02 ± 22 a 11.21 ± 21 e 2.51 ± 0.12 a 67.5 ± 6.5 a

Metronidazole 46.86 ± 4.26 f 87.12 ± 6.1 a 0.15 ± 0.005 f 5.21 ± 0.9 e

Anise (250 mg/kg) + Metronidazole 97.41 ± 12.9 e 67.35 ± 2 b 0.37 ± 0.01 e 25.31 ± 6.8 d

Anise (500 mg/kg) + Metronidazole 274.75 ± 26.55 c 20.51 ± 3.5 d 0.94 ± 0.03 c 50.41 ± 20 c

Clove (250 mg/kg) + Metronidazole 157.5 2 ± 9.5 d 42.51 ± 5.5 c 0.76 ± 0.04 d 32.21 ± 5.7 d

Clove (500 mg/kg) + Metronidazole 335.51 ± 10.5 b 19.11 ± 1.1 d 1.12 ± 0.03 b 59.14 ± 1.2 b

The data are presented as mean ± SD. The statistical analysis was performed using one-way ANOVA followed
by the Tukey multiple range test. a,b,c,d,e,f means within the same column having different superscripts indicate
statistically significant differences (p < 0.05).

3.4. Anise and Clove Extract to Improve the Altered Antioxidant Status Due to MET

Exposure to MET significantly decreased the activity of both SOD and CAT enzymes.
However, anise and clove extract showed a dose-dependent reverse effect. Anise and clove
extract at two doses significantly reduced the elevated levels of MDA and NO in the MET
group (p < 0.05). Moreover, the MET group exhibited a significant decrease in GSH levels
(p < 0.001), which was restored by the anise and clove extract (see Table 4)
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Table 4. Effect of anise and clove seeds extract on MDA, NO, CAT, SOD, and GSH levels in MET-
treated male rats.

Groups MDA (nmol/gm) NO (umol/L) SOD (U/mg) CAT (U/mg) GSH (mg/gm)

Control 1.24 ± 0.51 f 5 ± 1 e 222 ± 16 a 9.91 ± 1.09 a 192.5 ± 11.5 a

Metronidazole 25.75 ± 2 a 86 ± 7 a 30.5 ± 2.5 e 0.59 ± 0.03 d 24.5 ± 2.5 d

Anise (250 mg/kg) + Metronidazole 18.6 ± 1.12 b 45 ± 5 c 48.5 ± 9.5 d 2.22 ± 0.26 c 70 ± 3 c

Anise (500 mg/kg) + Metronidazole 9.92 ± 0.92 d 19.5 ± 1.5 d 130 ± 9 b 5.52 ± 0.72 b 95 ± 5 b

Clove (250 mg/kg) + Metronidazole 12.65 ± 0.15 c 56.5 ± 6.5 b 80.5 ± 0.13 c 1.86 ± 0.5 c 73.5 ± 5.74 c

Clove (500 mg/kg) + Metronidazole 6.45 ± 1.39 e 27.5 ± 3.5 d 126 ± 7 b 5.08 ± 0.82 b 93 ± 3 b

The data are presented as mean ± SD. The statistical analysis was performed using one-way ANOVA followed
by the Tukey multiple range test. a,b,c,d,e,f means within the same column having different superscripts indicate
statistically significant differences (p < 0.05).

3.5. Histopathological Results

The metronidazole-treated group displayed severe ischemic neuronal injury in the
pyramidal layer of the cerebral cortex, characterized by shrunken cytoplasm, nuclear
pyknosis, and pericellular and perivascular vacuolation. However, co-treatment with anise
and clove extracts and metronidazole decreased ischemic neuronal degenerative changes
and reduced perivascular edema, as shown in Figure 1.

3.6. Effect of the Anise and Clove Extract on the Antioxidants and Apoptotic Gene Expression of
the Brain Subjected to MET

Our results demonstrated that oral administration of MET significantly downregulated
the mRNA expression of SOD, CAT, and Nrf2 compared to the other treated groups. In
contrast, the groups treated with anise and clove extract showed a significant upregulation
of SOD, CAT, and Nrf2 mRNA expression compared to the MET-treated group. Notably,
the larger doses of anise and clove extract led to a pronounced increase in the expression of
these genes. These findings are illustrated in Figure 2.

Figure 2. Effect of anise and clove seeds extract on the SOD, CAT, and Nrf2 mRNA expression in
MET-treated male rats. Data are shown as mean ± SEM. The data were analyzed using one-way
ANOVA, followed by Bonferroni multiple comparisons test. a,b,c,d,e,f Values with different letters are
statistically different at p < 0.05. (N = 5).

As depicted in Figure 3, a significant upregulation in the mRNA expression of Bax,
caspase 3, and P53 was observed, coupled with a substantial decrease in the mRNA
expression of Bcl2 compared to the other treated groups. In contrast, the groups treated
with anise and clove extract showed a notable downregulation of the mRNA expression of
Bax, caspase-3, and P53 compared to the MET-treated group. This was accompanied by a
pronounced increase in the mRNA expression of Bcl2, with the larger doses of anise and
clove extract showing a marked improvement.
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Figure 3. Effect of anise and clove seeds extract on the Bax, Bcl2, Caspase-3, and P53 mRNA
expression in MET-treated male rats. Data are shown as mean ± SEM. The data were analyzed using
one-way ANOVA, followed by Bonferroni multiple comparisons test. a,b,c,d,e Values with different
letters are statistically different at p < 0.05. (N = 5).

4. Discussion

Long-term use of metronidazole, a nitroimidazole-derived antibiotic, has been associ-
ated with neuronal damage due to its ability to cross the blood–brain barrier. However,
chronic use of metronidazole in humans at doses at or above 2 g per day can result in
potential side effects, including peripheral neuropathy, seizures, cerebellar ataxia, and optic
neuropathy [4]. Metronidazole can cause a range of neurological syndromes, including
cerebellar syndrome, encephalopathy, seizures, optic neuropathy, autonomic neuropathy,
and peripheral neuropathy [36]. Adverse effects on the central nervous system due to
metronidazole toxicity have been observed in humans and various animal species, such
as dogs, rats, and cats. Additionally, there have been reports of cerebellar syndrome oc-
curring due to prolonged exposure to metronidazole [24]. A previous study has provided
clear evidence that metronidazole can cross the blood–brain barrier and accumulate in
specific brain regions, including the hippocampus, olfactory bulb, and cerebellum [37].
Metronidazole can lead to adverse effects on the central nervous system, resulting in a con-
dition known as metronidazole-induced encephalopathy [5]. Later, Evans et al. [38] GABA
(gamma-aminobutyric acid) has been identified as the main inhibitory neurotransmitter in
the cerebellar and vestibular systems, which are affected by metronidazole intoxication.

Herbal treatments are gaining increasing recognition due to their natural origins,
perceived safety, and demonstrated effectiveness against a broad spectrum of health condi-
tions, including cardiovascular disease, diabetes, and cancer [39,40]. The seeds of Pimpinella
anisum L., commonly known as anise, have been extensively researched for their numerous
beneficial effects on human health [41]. Their medicinal properties include functioning as a
diuretic, an antihypertensive, an anti-diabetic, an anti-cancer, an immunomodulator, an an-
tibiotic, an anti-inflammatory, an analgesic, and even an anti-stress agent [42]. The natural
phenolic antioxidant properties found in clove bud extract make it an effective treatment
for disorders caused by oxidative stress [43]. Various compounds extracted from alcoholic
and aqueous extracts of clove buds, such as tannins, ellagic acid, gallic acid, flavonoids,
and their glycosides, have been attributed with numerous health benefits. These include
antithrombotic, antiprotozoal, hypoglycemic, anti-inflammatory, gastro-protective, and
aphrodisiac effects [44]. Anise seeds and clove bud extract, which contain highly bioactive
phenolic components, have been identified as potential treatments for the neurotoxic effects
of MET.

In the MET-treated group, adverse effects on brain function parameters (GABA, DA,
and ST) were observed, along with increases in ACHE and the brain level of oxidative stress
markers (MDA, NO). There were also decreases in the activity of brain antioxidant enzymes
(SOD, CAT, and GSH). These findings agree with Tahoun [45], who demonstrated that
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significant weight loss and the onset of neurological symptoms were induced by daily doses
of 500 mg/kg body weight of metronidazole for 60 days. These results do not align with
the findings of Sohrabi [46], who demonstrated that a dose of 400 mg/kg of metronidazole
had no significant impact on body weight after 60 days. Additionally, Chukwu et al. [47]
showed that administering metronidazole at 200 and 400 mg/kg doses for 28 days did
not affect body weight. These discrepancies could explain variations in metronidazole
dosage and study duration. It could also be attributed to anorexia (lack of appetite) in
the animals, as was observed and corroborated in an earlier investigation [48]. While
several theories have been proposed to explain how metronidazole (MTZ) causes cerebellar
toxicity, the exact mechanism remains unclear. One hypothesis suggests that MTZ and its
metabolites cause reversible axonal swelling and symmetrical damage to the cerebellar
nuclei by binding to neuronal RNA and inhibiting protein synthesis [49]. Another theory
posits that the inhibitory neurotransmitter gamma-aminobutyric acid (GABA) receptors
in the vestibular and cerebellar systems may also be influenced by MTZ [38]. In addition,
MTZ may stimulate the production of harmful radicals, including semiquinone and nitro
anion radicals [50].

Congestion and some displacement of Purkinje cells were also noted in experimental
mice treated with 200 mg/kg/day of metronidazole (MTZ). This observation suggests that
chronic exposure to escalating doses of metronidazole may result in cerebellar damage, as
highlighted in a study by Agarwal et al. [51]. Metronidazole has been demonstrated to have
toxicological effects on brain cells [52]. Biochemical evaluations in brain tissue indicated
elevated levels of MDA and NO in the metronidazole (MET)-treated group compared to
the control group, with the increase being statistically significant (p < 0.05). Researchers
discovered that mice administered with metronidazole experienced increased MDA activity,
leading to higher lipid peroxidation (LPO) levels, a marker suggestive of potential cellular
damage [53].

Metronidazole significantly affects the activity of brain antioxidant enzymes such
as SOD, CAT, and GSH. Additionally, it dramatically alters inflammatory mediators and
induces morphological changes [3]. The gene expression data from our study supports
these findings, demonstrating that oral administration of MET significantly suppressed the
mRNA expression of SOD, CAT, and Nrf2 compared to other treatment groups. Neurons
in the MET group exhibited severe ischemic injury, characterized by reduced cytoplasm,
nuclear pyknosis, and pericellular and perivascular vacuolation. In addition, Purkinje cells
selectively underwent cell death and showed signs of degeneration, including swelling,
vacuolation, and clumping of protoplasm [24].

Additionally, the results indicated that treatment with anise seeds and clove buds
extract improved tissue levels of brain function parameters (GABA, DA, and ST), decreased
ACHE, and increased feed intake, body weight gain percentage, feed efficiency ratio,
and brain weight percentage. Improvements in brain histology and a reduction in the
concentration of oxidative stress markers (MDA and NO) were also observed. These results
aligned with Cabuk et al. [54], which demonstrated a substantial increase in body weight
following treatment with 750 mg/kg of Pimpinella anisum L. aqueous extract for 15 days.

The bio-active compounds in aniseed—including Anethole, Eugenol, Anisaldehyde,
Estragol, and Methylchavicol—may stimulate the digestive system and contribute to this
effect. Anethole, the primary compound in Pimpinella anisum L., has been found to inhibit
the growth of pathogenic microorganisms in the digestive tract, leading to improved weight
gain and feed conversion. Anise seeds contain a volatile oil that comprises 1.5–6% of their
makeup, with trans-anethole making up 88% of this oil [55]. Cabuk et al. [56] suggested that
the oil extracted from anise seeds could potentially modify the performance of medications
targeting the central nervous system. According to our results, anise seeds effectively
reduce lipid peroxidation and enhance the activity of antioxidant enzymes (SOD, CAT, and
GSH). The radical scavenging phytochemicals present in these plants may be responsible
for this effect. Therefore, Bekara et al. [7] demonstrated the effectiveness of polyphenols
in reducing lipid peroxidation. Polyphenols are a class of bioactive compounds found in
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nearly all plant species. Multiple studies have shown that the polyphenols in Pimpinella
anisum L. seeds donate an electron to free radicals and then react with them to form more
stable compounds. This process restores the pro-oxidant/antioxidant balance, thereby
reducing lipid peroxidation [57].

Anise and clove extract caused a considerable upregulation of SOD, CAT, and Nrf2
mRNA expression compared to the MET-treated group. A pronounced enhancement in the
expression of these genes was observed at higher dosages of the anise and clove extract,
corroborating our results. In addition, the essential oil of this plant may function as an
effective antidepressant [58]. Pimpinella anisum L. is preventive against the development
of cerebrovascular diseases and is therapeutic in treating neurological conditions such as
epilepsy and seizures [59]. Seeds that contain anise oil have demonstrated a neuroprotective
effect, likely through enhanced modulation of NMDA activities, including activating the
glycine site NMDA receptor [60]. Anise oil, possibly by activating GABA A receptors,
exhibits an inverse effect, reducing hyper-locomotor activity [58]. Treatment with anise
seed extract alleviated the histological deterioration induced by MET. The overall cellular
structure improved following the anise seed extract treatment, although vacuolization
persisted [7]. In addition, [61] demonstrated the inhibition of AChE by clove extract.

Furthermore, eugenol and isoeugenol mitigated the increase in AChE activity and
intracellular Ca2+ levels in the cerebral cortex and cerebellum regions of rat brains after
exposure to acrylamide [62]. However, treatment with clove bud extract counteracted the
toxicity of MET by enhancing the activity of CAT, SOD, and GSH. The results align with
Gülçin et al. [63], who discovered that clove buds are rich in antioxidants. Concurrently,
the physiological functions of CAT, SOD, and GPx are interconnected. SOD catalyzes
the conversion of superoxide anions (O2) into molecular oxygen and hydrogen peroxide.
Subsequently, catalase and peroxidase cooperate to convert H2O2 into water. Reduced
activity of SOD is consistent with lower levels of intracellular H2O2, which consequently
reduces CAT and GPx activity [64]. The antioxidant status may have been restored due to
the ability of clove components to scavenge free radicals induced by artesunate stress. When
S. aromaticum bud extract was administered, the antioxidant status improved and lipid
levels decreased [65]. Amber et al. [14] demonstrated the antioxidant and neuroprotective
potential of S. aromaticum. AlCl3-treated rats on a diet including clove aqueous extract
showed a significant increase in their GSH content and GPx activity after 14 days of
daily gavage [62]. In addition, eugenol, a component of clove, exhibits anti-oxidative
and anti-amyloid beta peptide activity, as well as cholinomimetic action. Studies on mice
have shown that acute treatment with an ethanolic clove extract enhances learning and
memory recall [66].

The mRNA levels of Bax, caspase-3, and P53 were significantly upregulated, while
the expression of Bcl2 mRNA was notably downregulated. These findings are consistent
with previous studies on MET-treated rats [3]. Furthermore, in the anise-treated group,
the high estrogen level—known for its anti-apoptotic action—was restored, along with the
downregulation of caspase 3. This provides further evidence that MET induces apoptosis
in neuronal cells. Given that several components in aniseed possess antioxidant properties,
it may be reasonable to consider it a significant natural estrogen source [67]. In addition,
clove extract mitigates oxidative stress and cellular apoptotic death [68,69].

5. Conclusions

This study illustrates how MET is associated with modifications in various biomarkers,
including oxidative stress markers, inflammatory mediators, determinants of apoptosis,
neurotransmitters, and nitric oxide signaling molecules. The present research reveals the
neuroprotective qualities of anise seeds and clove buds when co-administered with MET
at diverse doses. While further exploration is needed to elucidate the precise mechanism
underpinning MET-induced neuronal degeneration, this work may lay the groundwork for
future investigations.
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Abstract: Tilmicosin (TIL) is a common macrolide antibiotic in veterinary medicine. High doses of
TIL can have adverse cardiovascular effects. This study examined the effects of Rhodiola rosea (RHO)
that have anti-inflammatory, antioxidant, and anti-fibrotic effects on tilmicosin (TIL)-induced cardiac
injury targeting anti-inflammatory, antioxidant, apoptotic, and anti-apoptotic signaling pathways
with anti-fibrotic outcomes. Thirty-six male Wistar albino rats were randomly divided into groups
of six rats each. Rats received saline as a negative control, CARV 1 mL orally (10 mg/kg BW), and
RHO 1 mL orally at 400 mg/kg BW daily for 12 consecutive days. The TIL group once received a
single subcutaneous injection (SC) dose of TIL (75 mg/kg BW) on the sixth day of the experiment to
induce cardiac damage. The standard group (CARV + TIL) received CARV daily for 12 consecutive
days with a single TIL SC injection 1 h after CARV administration only on the sixth day of study
and continued for another six successive days on CARV. The protective group (RHO + TIL) received
RHO daily for the same period as in CARV + TIL-treated rats and with the dosage mentioned
before. Serum was extracted at the time of the rat’s scarification at 13 days of study and examined
for biochemical assessments in serum lactate dehydrogenase (LDH), cardiac troponin I (cTI), and
creatine phosphokinase (CK-MB). Protein carbonyl (PC) contents, malondialdehyde (MDA), and
total antioxidant capacity (TAC) in cardiac homogenate were used to measure these oxidative stress
markers. Quantitative RT-PCR was used to express interferon-gamma (INF-γ), cyclooxygenase-2
(COX-2), OGG1, BAX, caspase-3, B-cell lymphoma-2 (Bcl-2), and superoxide dismutase (SOD) genes in
cardiac tissues, which are correlated with inflammation, antioxidants, and apoptosis. Alpha-smooth
muscle actin (α-SMA), calmodulin (CaMKII), and other genes associated with Ca2+ hemostasis
and fibrosis were examined using IHC analysis in cardiac cells (myocardium). TIL administration

Toxics 2023, 11, 857. https://doi.org/10.3390/toxics11100857 https://www.mdpi.com/journal/toxics
80



Toxics 2023, 11, 857

significantly increased the examined cardiac markers, LDH, cTI, and CK-MB. TIL administration
also increased ROS, PC, and MDA while decreasing antioxidant activities (TAC and SOD mRNA) in
cardiac tissues. Serum inflammatory cytokines and genes of inflammatory markers, DNA damage
(INF-γ, COX-2), and apoptotic genes (caspase-3 and BAX) were upregulated with downregulation of
the anti-apoptotic gene Bcl-2 as well as the DNA repair OGG1 in cardiac tissues. Furthermore, CaMKII
and α-SMA genes were upregulated at cellular levels using cardiac tissue IHC analysis. On the
contrary, pretreatment with RHO and CARV alone significantly decreased the cardiac injury markers
induced by TIL, inflammatory and anti-inflammatory cytokines, and tissue oxidative-antioxidant
parameters. INF-γ, COX-2, OGG1, BAX, and caspase-3 mRNA were downregulated, as observed by
real-time PCR, while SOD and Bcl-2 mRNA were upregulated. Furthermore, the CaMKII and α-SMA
genes’ immune reactivities were significantly decreased in the RHO-pretreated rats.

Keywords: cardiomyopathy; tilmicosin; Rhodiola rosea; antioxidants; oxidative stress; apoptosis

1. Introduction

Tilmicosin (TIL) is a popular semi-synthetic macrolide antibiotic in veterinary medicine.
It binds to the 50S ribosomal subunit and prevents protein synthesis in bacteria. This com-
pound has 16 atoms. Treatment and prevention of pneumonia caused by P. multocida,
Actinobacillus pleuropneumonia, Pasteurella haemolytica, Streptococcus, Staphylococcus, and
Mycoplasma are among its approved uses in cattle, sheep, and pigs [1]. In addition, it is used
in ruminant animals to avoid and treat mastitis [2]. Low inhibitory concentrations, a high
distribution volume, and a long elimination half-life contribute to TIL’s effectiveness [3].
TIL has been shown to have a wide range of negative consequences in research, some of
which are cardiotoxic [4,5], and the heart is the main target for Tilmicosin action [6].

Several animal studies have shown that high doses of TIL have adverse inotropic and
positive chronotropic cardiovascular effects, including ventricular function impairment,
abrupt heart failure, and ECG alterations [7]. Many previous studies have not clearly
described how TIL induces its cardiotoxicity effect. However, TIL may induce cardiotoxicity
through increased production of reactive oxygen species (ROS) or affect the oxidative state
of the heart tissues [8] through protein, DNA, and lipid damage, leading to apoptosis [9].

Calmodulin (CaM) is a tiny protein in the cytoplasm with two globular domains that
serve as Ca2+ binding sites [10]. Muscle contraction in both cardiac and skeletal muscles
results from the cytoplasmic release of Ca2+ ions through ryanodine receptor calcium
release channels (RyRs); RyR2 is prominent in cardiac muscle, while RyR1 is found at high
levels in skeletal muscle. Calmodulin in the muscles of the skeleton and the heart is one of
several related proteins with RyRs, which are large ion channels made up of four peptide
subunits, four tiny 12 kDa FK506 binding proteins (FKBP), and other proteins [11].

Carvedilol is an anti-inflammatory, anti-hypertensive, and anti-ischemic medication
for the cardiovascular system with multiple approved uses. In individuals with conges-
tive heart failure, it boosts myocardial function, prolongs life, and reduces mortality [12].
Catecholamines are harmful to the heart. However, this compound can prevent its ef-
fects [13]. Carvedilol has recently been shown to reduce the severity of ischemia and
reperfusion injury through its antioxidant action, calcium antagonism, anti-arrhythmia,
anti-apoptosis, and neutrophil infiltration inhibition in human and animal investigations.
In addition, carvedilol can switch myocardial substrates from free fatty acids to glucose
oxidation [14]. As a result, there is a greater need to discover new antioxidants derived from
natural sources that are efficacious, bio-efficient, and non-toxic for use as safe therapeutic
agents [15].

Rhodiola rosea (RHO) is a valuable phytomedicine cultivated in Tibet and China’s
cold and high altitudes. A member of the Crassulaceae family of plants, “golden root” or
“roseroot” is used as a botanical adaptogen all over the world [16]. RHO has been shown
to enhance cardiovascular and cerebral blood flow systems. Different physiologically
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active chemicals found in RHO may have other effects [17]. The glycoside molecule
rhodioloside (salidroside) and the class of rosavins primarily found in plant rhizomes,
including rosavin, rosarin, and rosin [18], have shown medicinal properties. Multiple
investigations have identified salidroside as RHO’s most dynamic ingredient [19]. RHO
has a complex chemical structure, and its pharmacological effects and therapeutic efficacy
for treating a wide range of cardiovascular illnesses are also highly variable among its
numerous chemical components [20].

Multiple biological functions, including immune regulation, antioxidants, and cancer
cell proliferation inhibition, have been attributed to Rhodiola rosea L. preparations by phar-
macological researchers in both clinical practice and experimental studies [16]. It has been
found that RHO extract has anti-inflammatory properties and protects muscular tissue
during exercise [21]. It also has various protective products such as anti-cancer, anti-aging,
anti-diabetic, neuroprotective, and cardioprotective effects [16]. The impact of stress on rats’
eating, exercise, and reproductive cycles was mitigated by a compound called RHO [22].

Therefore, the current study aimed to outline the protective impacts of RHO that might
be involved in ameliorating cardiotoxicity induced by TIL injection. Various biochemical,
molecular, and cellular signaling pathways were confirmed to regulate apoptosis, oxidative
stress, fibrosis, inflammation, and anti-apoptotic markers.

2. Materials and Methods

2.1. Drugs and Chemicals

A commercial preparation for tilmicosin (Micotil® 300 solution; AH0230) was obtained
from (Elanco animal health, Macquarie Park, NSW, Australia)—Dilatrend (25 mg carvedilol,
Roche SpA, Segrate MI, Italy). Rhodiola rosea extract was obtained from Puritan’s Pride®

Company (Puritan’s Pride, Oakdale, NY, USA) as capsules containing 250 mg of Rhodiola
root extract. All additional chemicals and reagents used in this investigation were bought
from (Sigma-Aldrich Co., St. Louis, MO, USA) and were of the highest commercial quality.

2.2. Gas Chromatography–Mass Spectrometry (GC-MS) Analysis of Rhodiola rosea Extract

The chemical composition analysis of Rhodiola rosea extract was conducted using a
Trace GC-TSQ mass spectrometer (Thermo Scientific, Austin, TX, USA) equipped with a
direct capillary column TG–5MS (30 m × 0.25 mm × 0.25 μm film thickness). Initially, the
column oven temperature was maintained at 50 ◦C and then gradually increased at a rate
of 5 ◦C per minute until it reached 250 ◦C, where it was held for 2 min. Subsequently, it was
further increased to the final temperature of 300 ◦C at 30 ◦C per minute and held for 2 min.
The injector and MS transfer line temperatures were maintained at 270 ◦C and 260 ◦C,
respectively. Helium gas was the carrier gas at a constant 1 mL/min flow rate. A solvent
delay of 4 min was incorporated, and diluted samples of 1 μL were automatically injected
using the Autosampler AS1300 (Thermo Scientific, Austin, TX, USA) in the split mode.
Electron ionization (EI) mass spectra were obtained using an ionization voltage of 70 eV,
covering the m/z range of 50–650 in full scan mode. The ion source temperature was set at
200 ◦C. The components present in the extract were identified by comparing their mass
spectra with those available in the WILEY 09 and NIST 14 mass spectral databases [23].

2.3. Animal Grouping and Treatment

Thirty-six male Wistar rats (180–200 gm) and two months’ age were purchased from
an animal breeding farm (Helwan-Cairo, Egypt). Rats were housed in stainless steel cages,
monitored for two weeks before the experiment to ensure normal growth and behavior, and
kept in a controlled environment with a temperature of 25. 5 ◦C, a humidity of 55.5%, a 12 h
light/dark cycle, and free access to standard rat feed (El-Nasr Co., Cairo, Egypt). Animals
were handled manually to ensure complete acclimatization. After acclimatization, rats
were distributed randomly into groups of six rats per group. Group I (normal) rats were
intubated with 1 mL of distilled water in the stomach tube for 12 consecutive days. Group
II (Rhodiola-treated) (RHO): rats received RHO 1 mL orally (400 mg/kg BW daily) [24]
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for 12 consecutive days. Group III (Carvedilol-treated) (CARV) rats received CARV 1 mL
orally at a dose of 10 mg/kg BW [25–27] for 12 consecutive days. Group IV (Tilmicosin-
treated; TIL): rats received a single subcutaneous injection (SC) at a dose of 75 mg/kg
BW [4,28] on the sixth day of the experiment. Group V (CARV + TIL): rats obtained CARV
for 12 consecutive days with a single TIL S/C injection 1 h after CARV administration
only on the sixth day of study and continued for another six successive days on CARV
with the exact dosage mentioned before. Group VI (RHO + TIL): rats obtained RHO
for 12 consecutive days with a single TIL S/C injection 1 h after RHO administration on
the sixth day of study only and continued for another six successive days on RHO with
the exact dosage mentioned before. Each control, RHO, and CARV rat received a single
subcutaneous (S/C) injection of physiological saline (NaCl 0.9%). On day 6, the other three
groups only received one S/C injection of TIL. The LD50 of dry R. rosea extract for rats
is 3.36 g/kg [29,30], while the oral LD50 doses of carvedilol for mice and rats are over
8000 mg/kg [31].

On the final day of the experiment, the animals had free access to water but were
otherwise fasted for 12 h. After that, we used cervical dislocation to end the rats’ lives
and collected blood samples by puncturing their hearts. Serum samples obtained after
centrifuging the collected blood at 3000 rpm for 10 min were stored at 20 ◦C for further
analysis. Next, the heart was taken, rinsed with saline, dried, weighed, and dissected. The
heart tissue was divided into three equal longitudinal parts. The heart tissue was frozen
and stored at 80 ◦C in a flash. The frozen materials were mixed in a cold phosphate-buffered
saline solution (0.1 M, pH 7.4) in a homogenizer fitted with a Teflon pestle and centrifuged
at 5000× g for 15 min at 4 ◦C. For the chemical analysis, aliquots of the supernatant were
frozen at 80 ◦C. Other cardiac tissues were promptly preserved in a neutral buffered
formalin 10% solution for histopathological and immunohistochemical analysis [32].

2.4. Assessment of Body Weight and Cardiac Injury Biomarkers

Each rat’s total body weight was recorded after the completion of the experiment. As
per package directions, we estimated serum LDH and CK-MB concentrations. Serum cTI
was also evaluated with an ELISA Plate Reader (Bio-Rad, Hercules, CA, USA) and an ELISA
kit specific for the measurement of cTnI. MyBiosource, Inc. (San Diego, CA, USA) kindly
provided rat cTnI level ELISA kits. Tsung’s method [33] was used to measure creatine
kinase-MB (CK-MB), and Lum and Gambino’s method [34] was used to calculate LDH.

2.5. Inflammatory and Anti-Inflammatory Cytokine Assessments

Serum concentrations of IL-1 and TNF-alpha were measured using specific ELISA
kits (ab255730 and ab46070, respectively) and spectrophotometric analysis according to
the manufacturer’s instructions. Rat IL-10 ELISA Kit (ab100765), a commercially available
kit for measuring IL-10, was purchased from (abcam, Cambridge, MA, USA). The ELISA
reader’s data was approximated and evaluated according to the kit’s instructions.

2.6. Oxidative Stress Biomarker (ROS, PC, MDA, TAC, 8-OHdG, and OGG1) Assessments
in Cardiac Tissue Homogenate

The concentration of reactive oxygen species (ROS) in rat heart tissue was determined
using an ELISA kit (MBS164653; MyBioSource Co., San Diego, CA, USA) following the
manufacturer’s instructions. Cayman’s Chemical Co., located at 1000 Ellsworth Road,
Ann Arbor, MI, USA, produced a colorimetric assay pack (no. 10005020) to measure
protein carbonyl (PC) levels. According to Ohkawa et al.’s findings [35], malondialdehyde
(MDA) levels were determined by a colorimetric test. The total antioxidant capacity (TAC)
was measured using a kit from Biodiagnostic Co., Dokki, Giza, Egypt (catalog no. TA
2513; Egypt).

The My BioSource rat ELISA kits were used to estimate the levels of 8-OHdG (MBS269902)
in the heart, following the manufacturer’s instructions. To quantify the content of OGG1,
a commercially available 96-well ELISA kit (CSB-EL016313RA, Cusabio Biotech Co., Ltd.,
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College Park, MD, USA) was used. The ELISA assays were performed following the manu-
facturer’s instructions. In brief, brain tissue was homogenized in a lysis buffer solution. The
samples and standards were added to 96-well plates and incubated at 37 ◦C for 90 min. After
washing three times, a biotinylated secondary antibody was added and incubated for 1 h at
37 ◦C. Following two more washes, an enzyme conjugate liquid was added and incubated for
30 min at 37 ◦C. After five washes, a color reagent was added to each well and incubated at
37 ◦C for 30 min in the dark. The absorbance was measured at 450 nm after adding the stop
solution.

2.7. qRT-PCR Analysis

The quantitative expression of genes in cardiac tissue was measured and expressed
using quantitative real-time PCR. About 100 ng of cardiac tissue was briefly used with
Qiazol reagents to extract RNA. cDNA was synthesized with a Multi-Scribe RT-enzyme kit.
7500 Real-Time PCR equipment(Applied Biosystems, Waltham, MA, USA) was used to run
qRT-PCR reactions using SYBR Green staining PCR Master Mix. The 2CT technique was
used to quantify these genes. The examined genes were normalized to the housekeeping
gene actin. The relative cycle threshold (CT) values were used to study the variations in
gene expression [36]. Table 1 displays the genes that were analyzed.

Table 1. Primers for gene expression by RT-PCR.

Gene Direction Primer Sequence Annealing Temp. (bp) Accession Number

OGG1
F: ATCTGTTCTTCCAACAACAAC 58 ◦C 212

NM_030870
R: GCCAGCATAAGGTCCCCACAG

IFN-γ
F: TGTCATCGAATCGCACCTGATC 57 ◦C 185

NM_138880
R: GACTCCTTTTCCGCTTCCTTAG

Bax
F: GGCGAATTGGCGATGAACTG 57 ◦C 167

NM_017059.2
R: ATGGTTCTGATCAGCTCGGG

Bcl-2
F: GATTGTGGCCTTCTTTGAGT 57 ◦C 172

NM_016993.1
R: ATAGTTCCACAAAGGCATCC

SOD F: AGGATTAACTGAAGGCGAGCAT 59 ◦C 173 NM_017050.1

R: TCTACAGTTAGCAGGCCAGCAG

Caspase-3 F: TGTCAGCTACTCCCAGGTTG 57 ◦C 146 NM_012922

R: TCAAGAAGGTGGTGAAGCAG

COX-2 F: CATGGGAGTTGGGCAGTC 56 ◦C 70 AF159101

R: TCAATCTCGGGTGGCTGAACG

GAPDH F: AGGTGGAAGAATGGGAGTTG 55 ◦C 197 NM_017008.4

R: GCTTTCTCCAACCTCTCCTACTACA

2.8. Cardiac Histopathology and Immunohistochemistry

All cardiac tissue (6 rats per group) was removed, fixed in 10% neutral buffered
formalin for 72 h, processed into paraffin blocks, and then sectioned longitudinally at
5 m. The sections were stained with hematoxylin [37]. The previously published free-
floating technique was used for immunohistochemistry [38]. Anti-calmodulin ab2860
polyclonal antibody, Abcam (Cambridge, UK), was used as the primary antibody for
CaMKII, Ca2+/calmodulin-dependent protein kinase II. Brown cytoplasmic deposits were
detected by immunohistochemistry employing monoclonal antibodies directed against
alpha-smooth muscle actin (α-SMA) (Lab vision neo markers USA, Catalog No. 1-GE002-
07), a sign of active myofibroblasts [39].
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2.9. Western Blotting

Tissues were lysed using RIPA lysis buffer (Solarbio, Beijing, China). Protein concen-
trations were determined using an improved BCA protein assay kit (Beyotime, Shanghai,
China). After centrifugation, equal amounts of protein (50 g) were loaded onto a 10%
SDS-polyacrylamide gel and transferred to polyvinylidene fluoride membranes (Merck
Millipore, Boston, MA, USA). The membranes were blocked in 5% skimmed milk in TBS
and incubated overnight at 4 ◦C with primary antibodies against OGG1 (1:400; Abcam) and
β-actin (1:1000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Subsequently, the mem-
branes were washed and incubated with horseradish peroxidase-conjugated secondary
antibody at 37 ◦C for 2 h. After further washes, the bands were quantified using (Image-J
software 6.1; ImageJ 1.45 s freeware, National Institutes of Health, Rockville, MD, USA),
with the optical densities normalized to β-actin.

2.10. Statistical Analysis

SPSS (SPSS Inc., Chicago, IL, USA), version 26 for Windows, tabulated and analyzed
the data. The data were presented as a mean + SD. The Shapiro–Wilks test was used to check
if the data were normally distributed (t p > 0.05). One-way analysis of variance (ANOVA)
was used to look for deviations in normally distributed variables. After a statistically
significant analysis of variance (ANOVA), we performed post hoc Tuckey HSD multiple
comparisons with Bonferroni testing to identify statistically significant pairs. In this study,
p < 0.05 was indicated as the threshold for statistical significance.

3. Results

3.1. Chromatographic Pattern of GC-MS Spectral Analysis of Rhodiola rosea Extract

Table 2 and Figure 1 present the detected compounds and their chemical formu-
las, peak areas, retention times, and molecular weights. A total of 32 peaks were ob-
served, including n-Hexadecanoic acid (26.47%), á-Sitosterol (5.39%), Stigmast-5-EN-3-
ol, (3á,24S) (5.39%), 2-Propenoic acid, 3-phenyl-, methyl ester (5.11%), Linalool (3.62%),
1,6-Octadien-3-ol, 3,7-dimethyl (3.62%), 7,10-Octadecadienoic acid, methyl ester (2.50%),
9,12-octadecadienoic acid (z,z) (1.60%), and 9-Octadecenoic acid (z)-, methyl ester (1.55%),
which were the most abundant compounds detected. These compounds were identified in
a methanolic extract of Rhodiola rosea. In addition, please see the HPLC analysis of Rhodiola
rosea extract (Figure S1 and Table S1).

Table 2. GC-MS analysis of Rhodiola rosea extract.

No.
Retention

Time (min)
(Chemical Compound) Area% MF Molecular Formula Molecular Weight

1 6.85 Linalool 3.62 797 C10H18O 154

2 6.85 1,6-Octadien-3-ol, 3,7-dimethyl 3.62 833 C10H18O 154

3 8.88 Benzene, 1-methoxy-4-(1-propenyl)- 1.41 784 C10H12O 148

4 8.88 Estragole 1.41 866 C10H12O 148

5 12.65 Guaiacol, 6-propenyl- 1.17 831 C10H12O2 164

6 12.65 Phenol, 2-methoxy-6-(1-propenyl)- 1.17 827 C10H12O2 164

7 13.15 2-Propenoic acid, 3-phenyl-, methyl ester 5.11 897 C10H10O2 162

8 15.08 Trans-à-Bergamotene 1.77 919 C15H24 204

9 16.76 á-Copaene 0.92 839 C15H24 204

10 24.16 Ethanol, 2-(9-octadecenyloxy)-, (Z)- 0.73 776 C20H40O2 312

11 25.62 pentadecanoic acid, 14-methyl-, methyl ester 1.16 798 C17H34O2 270

12 25.62 Palmitic Acid methyl ester 1.16 787 C17H34O2 270

13 25.62 Hexadecanoic acid, methyl ester 1.16 789 C17H34O2 270

14 26.44 n-Hexadecanoic acid 26.47 921 C16H32O2 256
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Table 2. Cont.

No.
Retention

Time (min)
(Chemical Compound) Area% MF Molecular Formula Molecular Weight

15 28.62 7,10-Octadecadienoic acid, methyl ester 2.50 876 C19H34O2 294

16 28.80 9-Octadecenoic acid (z)-, methyl ester 1.55 877 C19H36O2 296

17 29.53 9-Octadecenoic acid (z)- 0.93 819 C18H34O2 282

18 29.63 Oleic Acid 1.15 781 C18H34O2 282

19 29.63 cis-Vaccenic acid 1.15 792 C18H34O2 282

20 29.63 9-Octadecenoic acid (z)- 1.15 809 C18H34O2 282

21 29.63 trans-13-Octadecenoic acid 1.15 796 C18H34O2 282

22 31.94 Alanine 1.16 665 C14H14F3NO4 317

23 35.79 4H-1-Benzopyran-4-one, 2-(3,4-dihydroxyphenyl)-6,8-di-á-d
glucopyranosyl-5,7-dihydroxy 1.04 708 C27H30O16 610

24 40.03 17-Pentatriacontene 1.01 677 C35H70 490

25 41.00 4H-1-Benzopyran-4-one,
2-(3,4-dimethoxyphenyl)-3,5-dihydroxy-7-methoxy 0.99 733 C18H16O7 344

26 41.00 Dasycarpidan-1-methanol, acetate (ester) 0.99 730 C20H26N2O2 320

27 41.91 Oleic acid, eicosyl ester 1.56 667 C38H74O2 562

28 43.04 Isochiapin B 1.60 717 C19H22O6 346

29 43.04 9,12-octadecadienoic acid (z,z) 1.60 731 C27H54O4Si2 498

30 43.89 .Psi.,.Psi.-Carotene, 1,1′ ,2,2′-tetrahydro-1,1′-dimet hoxy 1.45 672 C42H64O2 600

31 44.72 á-Sitosterol 5.39 786 C29H50O 414

32 45.00 Isochiapin B 3.11 725 C19H22O6 346

 

Figure 1. Pattern of GC-MS spectral analysis.

3.2. Effect of RHO and CARV Alone on Body Weight and Cardiac Injury Markers

Animals in the control, RHO, and CARV groups appeared healthy with a normal body
weight, while the TIL-treated group showed a significantly decreased BW. Pretreatment
with RHO and CARV (standard) alone increased BW (Table 2). Regarding cardiac injury
markers, serum LDH, CK-MB, and cTI levels were significantly increased in the TIL-treated
group. At the same time, pretreatment with RHO and CARV alone considerably decreased
compared to the TIL-treated group but was still higher than those recorded in normal rats
(Table 3).
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Table 3. Impacts of RHO and CARV alone against TIL-induced cardiotoxicity on body weight and
cardiac injury markers.

Normal RHO CARV TIL CARV + TIL RHO + TIL

B.W (gm) 195.6 ± 3.1 a 199.1 ± 5.1 a 198.0 ± 5.0 a 154.0 ± 4.8 c 170.1 ± 3.5 b 168.6 ± 3.1 b

LDH (U/L) 707.50 ± 12.6 b 721.83 ± 13.2 b 717.16 ± 11.7 b 1427.33 ± 39.2 a 600.16 ± 11.1 c 601.83 ± 10.9 c

CK-MB (U/L) 701.50 ± 13.03 b 697.66 ± 19.38 b 700.33 ± 12.19 b 1205.33 ± 28.71 a 571.16 ± 8.841 c 572.33 ± 8.71 c

Cardiac cTI
(Pg/mL) 0.31 ± 0.04 c 0.31 ± 0.05 c 0.32 ± 0.06 c 1.8367 ± 0.27 a 1.060 ± 0.08 b 1.06 ± 0.08 b

The values represent means ± standard deviations for six separate rats per treatment. a,b,c Values with different
letters are statistically different at p < 0.05.

3.3. Impacts of RHO and CARV Alone on TIL-Induced Changes in Inflammatory Cytokines

The TIL-injected group significantly increased the inflammatory IL-1β and TNF-α
cytokines. TIL decreased IL-10 levels (Table 3). The pre-administration of RHO and
CARV alone to TIL-injected rats showed a protective effect and significant decreases in
inflammatory cytokine levels. In contrast, an apparent increase in IL10 levels was reported
compared to other groups (Table 4).

Table 4. Impacts of RHO and CARV alone on TIL-induced cardiotoxicity on inflammatory and
anti-inflammatory cytokines.

Normal RHO CARV TIL CARV + TIL RHO + TIL

TNF (pg/mL) 100.16 ± 2.04 c 105.33 ± 2.16 c 103.00 ± 2.36 c 202.66 ± 6.28 a 160.33 ± 2.92 b 165.02 ± 3.02 b

IL-1 B (pg/mL) 119.16 ± 2.85 c 121.83 ± 2.92 c 120.66 ± 3.07 c 230.5 ± 4.27 a 177.66 ± 5.92 b 176.00 ± 5.79 b

IL-10 (pg/mL) 303.33 ± 5.04 a 306.83 ± 4.83 a 308.33 ± 4.96 a 149.33 ± 2.94 c 208.83 ± 4.35 b 202.33 ± 5.31 b

The values represent means ± standard deviations for six separate rats per treatment. a,b,c Values with different
letters are statistically different at p < 0.05.

3.4. Effect of RHO and CARV Alone on Oxidative Stress Biomarkers (ROS, PC, MDA) and TAC
in Cardiac Tissue Homogenate

Compared with the control, the oxidative injury markers ROS, PC, and MDA contents
in the heart were significantly increased in the TIL-treated rats. At the same time, pretreat-
ment with RHO and CARV alone considerably decreased compared with the TIL-treated
group (Figure 2A–C). TAC in TIL-treated rats compared to control was significantly re-
duced; however, pretreatment of RHO and CARV alone significantly increased the cardiac
TAC levels compared to the TIL-treated group (Figure 2D).

In addition, it was shown that the OGG1 protein expression quantity was significantly
decreased by the TIL administration in other treated groups. However, the pretreatment of
RHO and CARV alone or in combination with the TIL significantly increased the cardiac
OGG1 levels compared to the TIL-treated group, and this finding was proved by the
OGG1 protein expression using the Western blot analysis. Conversely, the quantitative
analysis of the 8-OHdG protein showed that TIL upregulated the expression of 8-OHdG
compared with the control, RHO, and CARV groups and downregulated the expression of
8-OHdG. In comparison, the pre-administration of RHO and CARV alone or in combination
with TIL protected rats that received TIL, as RHO and CARV significantly increased the
OGG1 protein expression and significantly decreased the 8-OHdG protein in relation to the
TIL-treated rats. (Please see Supplementary Figure S2).
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Figure 2. Impacts of Rhodiola against tilmicosin-induced cardiotoxicity on oxidative stress mark-
ers. (A) ROS, (B) Cardiac PC, (C). Cardiac MDA, and (D) Cardiac TAC. The values represent
means ± standard deviations for six separate rats per treatment. a,b,c Values with different letters are
statistically different at p < 0.05.

3.5. Impacts of RHO and CARV Alone against TIL-Induced Alteration in Cardiac mRNA
Gene Expression

TIL upregulated the mRNA expression of INF-γ and COX-2 compared with the control,
RHO, and CARV groups. In contrast, the pre-administration of RHO and CARV alone in
rats protected those that received TIL, as it downregulated the examined genes significantly
(Figure 3A–C). TIL upregulated the expression of apoptotic genes caspase-3 and BAX
compared with control, RHO, and CARV groups and downregulated the expression of
the anti-apoptotic gene BCL-2, antioxidant gene SOD, and OGG1 mRNA expression. In
comparison, the pre-administration of RHO and CARV alone protected rats that received
TIL, as RHO and CARV significantly decreased the mRNA expression of caspase-3, BAX,
INF-γ, and COX-2 while significantly increasing the mRNA expression of BCL-2. SOD and
OGG1 resorted to the examined genes (Figures 3A–D and 4A).
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Figure 3. Quantification of mRNA expression of (A) OGG1, (B) INF-γ, and COX-2 (C). Graphic
presentations of examined genes were based on qRT-PCR analysis for INF-γ, COX-2, and OGG1 after
normalization with GAPDH in different groups. The values represent means ± standard deviations
for six separate rats per treatment. a,b,c Values with different letters are statistically different at
p < 0.05.

3.6. Protective Effect of RHO and CARV Alone against TIL-Induced Cardiac
Muscle Histopathology

The myocardium of the left ventricle of control rats showed the typical structure of
the myocardium, which is formed of branching and anastomosing cardiac muscle fibers
with centrally located oval nuclei and acidophilic cytoplasm, and a delicate connective
tissue endomysium with dark oval nuclei of fibroblasts that surrounds the cardiac muscle
fibers. On the other hand, TIL-treated rats showed loss of the typical architecture of the
cardiac muscle fibers with destructed wavy fibers with loss of branching and anastomosing,
with some areas showing focal necrosis with intercellular hemorrhage and multiple dilated
congested blood vessels surrounded by monocellular infiltration with an increased number
of fibroblasts, nuclei of cardiomyocytes appearing with small darkly stained nuclei, areas of
hyaline degeneration, and widening of the endomysium. In contrast, CARV + TIL-treated
rats and RHO + TIL-treated rats showed the normal structure of the myocardium, formed
of branching and anastomosing cardiac muscle fibers with centrally located oval nuclei and
dark oval nuclei of fibroblasts. However, there is a widened endomysium with congested
blood vessels in the RHO + TIL-treated group (Figure 5A–F).
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Figure 4. Quantification of mRNA expression of genes. The graphic presentations of examined genes
were based on qRT-PCR analysis for (A) caspase-3, (B) BAX, (C) B-cell lymphoma-2 (Bcl-2), and
(D) superoxide dismutase (SOD) genes after normalization with GAPDH in different groups. The
values represent means ± standard deviations for six separate rats per treatment. a,b,c,d Values with
different letters are statistically different at p < 0.05.

3.7. Immunohistochemical Analysis of the Protective Effect of RHO and CARV Alone in
TIL-Induced Cardiac Muscle

For the expression of calmodulin in control, CARV, and RHO rats’ cardiac cells, normal
rats show regular expression of calmodulin (brown color). On the contrary, TIL-intoxicated
rats showed a marked increase in calmodulin expression in the form of multiple scattered
immune solid-positive foci. In contrast, CARV + TIL-treated rats and RHO + TIL-treated
rats showed decreased calmodulin expression (Figure 6A–F) for the expression of alpha-
smooth muscle actin (α–SMA) in the cardiac tissue of the control, CARV, and RHO rats’
cardiac cells. The control group revealed the normal expression of α–SMA. Conversely,
TIL-intoxicated rats showed a marked increase in α–SMA expression in the form of solid
immune positivity, while CARV + TIL-treated rats (E) and RHO + TIL-treated rats (F)
showed decreased α–SMA expression (Figure 7A–F).
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Figure 5. A photomicrograph of a longitudinal section of the myocardium of the left ventricle of
control rats (A–C) showing the normal structure of the myocardium, formed of branching and
anastomosing cardiac muscle fibers with centrally located oval nuclei (N) and acidophilic cytoplasm
(C) and delicate connective tissue endomysium (red arrows) with dark oval nuclei of fibroblasts (star),
surrounds the cardiac muscle fibers. (D) TIL-treated rats showed loss of the normal architecture of
the cardiac muscle fibers with destructed wavy fibers with loss of branching and anastomosing, with
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some areas showing focal necrosis (green arrow) with intercellular hemorrhage (arrowhead) and
multiple dilated congested blood vessels (BV) surrounded by monocellular infiltration (CI) with an in-
creased number of fibroblasts (star), nuclei of cardiomyocytes appearing with small darkly stained nu-
clei (N), areas of hyaline degeneration (blue arrow), and widening of endomysium. (E) CARV + TIL-
treated rats and (F) RHO + TIL-treated rats showed a normal structure of the myocardium, formed of
branching and anastomosing cardiac muscle fibers with centrally located oval nuclei (N) and dark
oval nuclei of fibroblasts (star). However, there is still a widened endomysium (red arrow) with
congested blood vessels (BV) in the RHO + TIL-treated group (H&E X400). Scale bar = 50 μm.

 

Figure 6. Immunohistochemical staining of calmodulin on the experimental rats’ cardiac cells (IHC,
×1000). (A–C) Control rats showing normal expression of calmodulin (brown color) (yellow arrow).
(D) TIL-intoxicated rats showed a marked increase in calmodulin expression in multiple scattered foci
of strong immune positivity (yellow arrow). (E) CARV + TIL-treated rats and (F) RHO + TIL-treated
rats showed decreased calmodulin expression (yellow arrow). Scale bar = 50 μm. The level of positive
immunoreactivity of calmodulin (G) was analyzed using a one-way ANOVA followed by Tukey’s
multiple comparisons test. HMGB1 immunohistochemical staining was evaluated in 10 individual
sections. All data are presented as means + SD, a,b,c Values with different letters are statistically
different at p < 0.05.
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Figure 7. Immunohistochemical staining of alpha-smooth muscle actin (α-SMA) in the experimental
rats’ cardiac cells (IHC, ×400). (A–C) Control rats show normal expression of α-SMA (brown color)
(yellow arrow). (D) TIL-intoxicated rats showed a marked increase in α-SMA expression in the
form of solid immune positivity (yellow arrow). (E) CARV + TIL-treated rats and (F) RHO + TIL-
treated rats showed decreased α-SMA expression (yellow arrow). Scale bar = 50 μm. The level of
positive immunoreactivity of α-SMA (G) was analyzed using a one-way ANOVA followed by Tukey’s
multiple comparisons test. HMGB1 immunohistochemical staining was evaluated in 10 individual
sections. All data are presented as means + SD, a,b,c Values with different letters are statistically
different at p < 0.05.
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4. Discussion

This study confirmed RHO’s protective impacts against TIL-induced cardiac injury.
The serum levels of cardiac injury markers, such as lactate dehydrogenase, increased
significantly. Cardiac troponin (cTI) and creatine phosphokinase (CK-MB) showed sig-
nificant weight loss. In addition, genetic, histopathological, and immunohistochemical
alterations were observed in the examined hearts of TIL-receiving rodents [4,37]. However,
the mechanisms of cardiotoxicity caused by macrolides, including TIL, have not been fully
explained in any previously reported trials. One study found that TIL induced adrenaline
production, which could worsen circulatory stress and decrease ventricular function [40].
The parameters mentioned above were ameliorated when CARV or RHO was pretreated in
TIL-treated rats, in line with others [41].

GC-MS analysis was performed to investigate the chemical constituents of the Rhodiola rosea
extract. The results revealed significant amounts of various compounds, including n-Hexadecenoic
acids (26.47%), á-Sitosterol (5.39%), 2-Propenoic acid, 3-phenyl-, methyl ester (5.11%), Linalool
(3.62%), 1,6-Octadien-3-ol, 3,7-dimethyl (3.62%), 7,10-Octadecadienoic acid, methyl ester (2.50%),
9,12-octadecadienoic acid (z,z) (1.60%), and 9-Octadecenoic acid (z)-, methyl ester (1.55%). These
compounds are known for their anti-inflammatory and antioxidant properties [42–44]. N-
hexadecenoic acids, also known as palmitoleic acids, are monounsaturated fatty acids with
multiple bodily functions. They exhibit anti-inflammatory properties and play a role in main-
taining skin health. In terms of metabolism, n-hexadecenoic acids regulate lipid levels in the
body. Additionally, they may improve insulin sensitivity. Furthermore, as signaling molecules,
these fatty acids can influence cellular processes such as gene expression, cell proliferation, and
differentiation [45,46]. á-Sitosterol, a plant sterol found in plants, has various health benefits. It
helps manage cholesterol by reducing its absorption and improving lipid profiles. á-Sitosterol also
possesses anti-inflammatory properties. Additionally, á-Sitosterol has immunomodulatory effects,
boosting immune function [47]. Linalool possesses anti-inflammatory and analgesic properties.
Furthermore, it exhibits antimicrobial activity and antioxidant properties [48].

TIL-induced oxidative tissue damage is associated with elevated ROS, a reduction in
the activities of GSH and CAT [49], and DNA damage [37]. Antioxidants are the first line
of defense against oxidative stress because they neutralize ROS and other free radicals [50].
The current study showed an increase in protein carbonyl (PC), total reactive oxygen
species (ROS), and malondialdehyde (MDA) with an apparent decrease in OGG-1 mRNA
expression, total antioxidant capacity (TAC), and SOD mRNA in the cardiac homogenate of
TIL-treated rats. Our findings and those of Awad et al. [37] reported that lipid peroxidation
and redox dysregulation resulting from TIL have been found to induce cardiac injury.
Pre-administration of RHO increased TAC in cardiac homogenate while lowering oxidative
stress and DNA damage biomarkers if compared with CARV-pretreated rats (standard).
This indicates a crucial function for RHO in controlling cardiac oxidative stress. Previous
research [41,51] aligns with ours, documenting that salidroside has an antioxidant effect on
cardiac damage.

Damage to the structure and physiology of cells due to oxidative stress can affect
things like RNA processing, transcription, translation, the structure and function of the
cell membrane, and metabolism [5]. The enhanced ROS generation from TIL-induced
cellular damage attracts more inflammatory cells and fibroblasts to the wounded tissue
and promotes the release of cytokines like tumor necrosis factor-alpha [5]. TNF-α initiates
the induction of other cytokines, such as IL-1β and interferon-γ (IFN-γ) [52]. IFN-γ is a
pleiotropic cytokine crucial to pro-apoptotic potentials and immune responses [53]. The
commencement of a cascade of pro-inflammatory reactions is the result of a complex
interplay between immune cell activity and IFN-γ, requiring the coordinated integration
of signals from various pathways involving cytokines and pattern recognition receptors
(PRRs) such as interleukins, TNFα, and IFNs [54]. Janus kinases JAK1 and JAK2 are
phosphorylated in response to IFN-γ. In response, the activated JAKs phosphorylate
the dormant STAT1 (signal transducer and activator of transcription) transcription factor
located in the cytoplasm [54]. In our study, TIL treatment significantly showed a rise
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in TNF-α and IL-1β [55], upregulated IFN-γ and COX-2 mRNA expression in cardiac
tissues [55], and a significant decrease in anti-inflammatory IL-10 cytokine [55], leading to
an increase in the inflammatory process. In contrast, co-administration of CARV + TIL, or
RHO + TIL, resulted in a decrease in serum inflammatory cytokines, IFN-γ, and COX-2
mRNA expression in cardiac tissues with an elevation of IL-10, which can be attributed to
the anti-inflammatory effect of RHO. Previous experimental studies reported that RHO has
an anti-inflammatory impact on myocardial ischemia by inhibiting the PI3K/Akt/mTOR
pathway in vivo and the TLR4/NF-κB signaling pathway [51].

The active compounds contained in Rhodiola rosea showed anti-oxidation and anti-
inflammation (inhibition in TNF-α, IL-1β, and IL-6) via the MAPK signaling pathway [56].
Salidroside restores mitochondrial structure and function by preventing the buildup of
reactive oxygen species. Salidroside’s antioxidant and protective effects come from its
ability to selectively inhibit the activation of genes involved in the Mapk7 pathway that
induces oxidative stress. These genes include growth arrest and DNA-damage-inducible 45
a (Gadd45a), mitogen-activated protein kinase 7 (Mapk7), and related RAS viral oncogene
homolog 2 (Rras2) [57]. Also, salidroside activates the Nrf2 signaling pathway [58].

Changes in Ca2+ handling proteins can be attributed to elevated levels of cardiac ROS
in human and animal models of cardiac dysfunction. Diastolic dysfunction is exacerbated
by Ca2+ overload, and Ca2+/calmodulin-dependent protein kinase II (CaMKII) changes
contribute to this problem [59]. However, oxidative stress and intracellular Ca2+ overload,
leading to cardiac failure, may be sustained by a vicious loop generated by abnormal Ca2+

processing in sick myocytes [60,61]. Reduced cardiac systolic potential and an increase in
sudden cardiac mortality may result from excess Ca2+ buildup via calcium transporters.
The involvement of Ca2+/calmodulin-dependent protein kinase II-gamma (CaMKII) in the
etiology of cardiotoxicity is primarily attributable to an increase in cytosolic Ca2+ levels.
Apoptosis is facilitated by CaMKII activation [62]. Here, TIL administration showed signif-
icant upregulation of CaMKII expression by IHC, while co-administration of CARV + TIL,
or RHO + TIL, decreased its expression. RHO can stabilize the cell membrane’s ion pumps
and calcium channels, rebuild the atrial potential in heart failure, inhibit atrial fibrillation,
eliminate ectopic rhythm, and reduce atrial fibrosis. Calcium channel proteins in the heart,
including myocardial sarcoplasmic reticulum Ca2+-ATP Enzyme 2a (SERCA2a), may be
responsible for Rhodiola rosea’s favorable electrogenic effects [63].

In addition, pro-apoptotic (Bax, caspase-3) and anti-apoptotic (Bcl-2) proteins are
significant players in the apoptosis family. Bax activation guarantees cell damage during
apoptosis by creating a pore in the mitochondrial membrane. Proteolytic breakdown of
cellular components and eventual cell death are triggered by the activation of caspase-
3 after the induction of mitochondrial cytochrome-c [32]. Also, the associated proteins,
DNA, oxidative stress, and lipid damage have been reported to be strongly linked to the
incidence of apoptosis [9]. Our results clarified that TIL caused upregulation of caspase-3,
Bax and downregulation of Bcl-2 expression, which reflects the apoptotic role in TIL-
induced cardiomyopathy [37]. Also, several studies documented cardio-toxic effects and
apoptosis in response to TIL toxicity [64]. RHO’s anti-apoptotic action may help preserve
myocardial integrity and reduce myocardial damage because pretreatment with RHO
decreased caspase-3 and Bax gene levels while increasing Bcl-2 expression compared to
CARV pretreatment. Consistent with prior experimental research and our findings [41,58].

Furthermore, α-smooth muscle actin (α-SMA) is the hallmark of mature myofibroblast
expression in cardiac tissues [65]. Numerous cells that resemble fibroblasts are seen in
the myocardium. These interstitial cells are quiescent without injury, but various noxious
stimuli can trigger cardiac fibroblast activation [66]. Myocardial infarction in humans
and animals consistently results in cardiac fibroblasts transforming into α-SMA-positive
myofibroblasts [65]. Myofibroblast activation and deactivation are critical for proper tissue
repair; nevertheless, prolonged or excessive myofibroblast activity can increase stiffness and
cause heart failure [67]. In our work, TIL administration exhibited significant upregulation
of α-SMA expression; conversely, pre-administration of CARV + TIL or RHO + TIL showed
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downregulation of its expression in cardiac tissues by IHC, denoting that RHO has an
anti-fibrotic effect. A recent experimental study by Yang et al. [68] reported that SAL
significantly reduced α-SMA expression in renal fibrosis. This is in line with our findings.

The p38 MAPK pathway strongly influences myocardial fibrosis. Inflammatory cy-
tokines and other stimuli at the receptor level (TGF-R, TLR4) trigger p38 signaling. These
actions will trigger the activation of the upstream activator of the p38 MAPK kinases,
mitogen-activated protein kinase MKK3/6. Cross-talk between p38 and IKK-NFkB sig-
naling drives the pro-fibrotic (collagen 1 and 3 and α-SMA) and pro-inflammatory (IL-1,
IL-6, and TNF-α) gene programs following p38 activation [66]. Molecular studies of how
various cells in the body react to environmental cues should focus on the downstream
signaling cascades that regulate transcription. OGG-1 is a DNA glycosylase that removes
a mutagenic base after it has been damaged by reactive oxygen species (ROS), and its
expression levels can be used to gauge how well RHO protects against the DNA damage
caused by Tilmicosin. Oxo guanine-DNA glycosylase-1 (OGG1), a major DNA glycosylase
that hydrolyzes oxidized-guanine (8-oxo-dG) to guanine, was also found to be at lower
levels during this time. DNA damage was significantly elevated in TIL-induced toxic-
ity, correlated with decreased OGG1 levels. These results thus demonstrated that RHO
treatment protects the heart from TIL toxicity by maintaining OGG1 levels and protecting
mitochondria from DNA damage; this result was in harmony with [69], in which they
showed the maintenance of OGG1 levels and protecting mitochondria from DNA damage.
OGG1 is a vital DNA glycosylase enzyme that plays a crucial role in removing a specific
type of DNA damage produced by 8-OHdG. This implies that OGG1 protects DNA from
damage and reduces the risk of carcinogenesis [70,71]. The findings from our research
support the notion that Ogg1 and 8-OHdG are interconnected and provide evidence for
the antioxidant abilities of RHO and CARV. Pre-treatment with RHO and TIL reduced the
levels of inflammatory cytokines, specifically IFN-γ, COX-2, and mRNA expression in heart
tissues. Additionally, it resulted in an increase in IL-10 levels, which could be due to the
powerful anti-inflammatory effect of RHO. Previous reports cleared the anti-inflammatory
effect of RHO in nonalcoholic fatty liver disease [72,73] and acute lung injury [74]. Also,
Abou-Zeid et al. [75] showed that Moringa oleifera possesses anti-inflammatory properties
that may shield the kidney from damage caused by Til-induced inflammation. Protein,
DNA, and lipid damages leading to apoptosis have been linked to TIL exposure, although
the mechanisms behind TIL-induced cardiotoxicity are yet unknown [76]. Furthermore,
TIL may deplete antioxidant defense mechanisms in treated animals’ livers, kidneys, and
hearts, leading to oxidative stress [77–79]. In previous studies [23,24], TIL injections have
been demonstrated to result in significant tissue damage via oxidative stress and apoptosis;
this knowledge was used to determine the dose employed in the present study [4,28]. When
comparing TIL with the control, RHO, and CARV groups, we find that TIL downregulates
the expression of the anti-apoptotic gene BCL-2 and the antioxidant gene SOD, while
upregulating the expression of the apoptotic gene’s caspase-3 and BAX. Pretreatment with
RHO and CARV alone dramatically reversed the studied genes toward resistance to TIL
in rats. These results were in harmony with others [66–68], confirming the antioxidant,
anti-inflammatory, and anti-apoptotic effects of RHO administration. RHO aids in the
removal and detoxification of external toxins and plays a crucial function in boosting
stressed cells’ antioxidant defense [80].

5. Conclusions

The current study has shown that RHO can mitigate the side effects of TIL on the
heart. These results demonstrate for the first time that RHO is superior to CARV in
preventing cardiac damage caused by TIL toxicity. Cardiac gene expression was also
modified, and inflammatory cytokine levels and antioxidant activity in the blood were both
affected by TIL toxicity. All biochemical and tissue markers that had been changed were
retrieved by pre-administration of RHO. The expression of genes involved in DNA damage,
inflammation, antioxidants, and apoptosis was controlled by RHO with downregulation
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of the inflammatory cytokines’ genes and increased antioxidant and antiapoptotic gene
expression. In contrast to CARV-pretreated animals, cellular immunological reactivity to
calmodulin and α-SMA was decreased. These findings provided further evidence for using
RHO to shield the heart from TIL’s side effects. They opened the door for future research to
look for additional signaling pathways involved in such regulation in organs other than
the heart.

6. Limitations and Future Directions

The study fails to address using an animal model that mimics human cardiac responses
in future experiments. Although no animal model can perfectly mimic human cardiac
responses, pigs and specific dog breeds are often used in research due to their anatomical
and functional similarities to humans. These models provide valuable insights into cardiac
physiology and pathologies. It is important to note that while each model has its benefits
and limitations regarding their resemblance to human cardiac responses, combining differ-
ent models and experimental approaches is necessary to understand the complexities of
human cardiac responses comprehensively.

The study should incorporate hemodynamic measurements to address the current
lack of information. Additionally, further investigations should involve a wide range of age
distributions to allow for more accurate disease staging. It would also be valuable to study
changes in blood pressure and conduct proteome analysis as practical tools for identifying
new proteins associated with various heart diseases and understanding alterations in
heart structure.
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Abstract: Paracetamol (acetaminophen, APAP) is the most common non-prescription analgesic drug
used during pregnancy. The aim of this study was to investigate the effect of vitamin E on acute
APAP toxicity in pregnant rats. Toxicity in the liver, kidney, and brain (hippocampus, cerebellum, and
olfactory bulb) was examined. Twenty pregnant female Wistar rats at gestational day 18 were used.
Pregnant rats were divided into four groups: Control, APAP, E + APAP, and APAP + E. The Control
group was treated with 0.5 mL p.o. corn oil. The APAP group received 3000 mg/kg p.o. APAP.
The E + APAP group received 300 mg/kg p.o. vitamin E one hour before 3000 mg/kg APAP. The
APAP + E group received 3000 mg/kg paracetamol one hour before 300 mg/kg p.o. vitamin E.
Twenty-four hours after the last treatment administration, rats were euthanized and blood, brain,
liver, and kidney samples were collected. Alanine aminotransferase (ALT), aspartate aminotransferase
(AST), blood urea nitrogen (BUN), creatinine levels, uric acid (UA), and superoxide dismutase (SOD)
levels, as well as the relative mRNA expression of Cyp1a4, Cyp2d6, and Nat2, were determined. Acute
APAP treatment upregulated ALT, AST, BUN, and creatinine levels. APAP treatment downregulated
UA and SOD levels. APAP treatment upregulated the relative mRNA expression of Cyp1a4 and
Cyp2d6, but downregulated Nat2 expression. Vitamin E treatment, either before or after APAP
administration, attenuated the toxic effects of APAP. In conclusion, the results showed that an acute
toxic APAP dose in late pregnancy can cause oxidative stress and dysregulation in Cyp isoform
expression, and that vitamin E treatment attenuates these effects.

Keywords: APAP; Cyp1a2; Cyp2d6; Nat2; ALT; AST

1. Introduction

Acetaminophen, also known as paracetamol (N-acetyl-para-aminophenol; APAP), is
an over-the-counter painkiller and antipyretic that is safe when used at the recommended
levels (no more than 4 gm/day) for adults, including pregnant women, as well as children
(no more than 75 mg/kg/day). Self-medication with APAP is commonly used for fever and
pains associated with common upper respiratory infections, e.g., rhinoviruses, influenza
viruses, and many others, including COVID-19, for which it has been widely used during
the pandemic in Jordan [1,2]. APAP overdoses, both accidental and purposeful, are com-
mon and frequently result in hepatotoxicity [3–5]. Nephrotoxicity and neurotoxicity are
less common in APAP overdoses, but can occur independently or concurrently with hepa-
totoxicity [6,7]. Importantly, a previous study showed that APAP is the most common over
the counter (OTC) drug associated with toxicity during pregnancy [8,9], so it is especially
important to examine APAP toxicity under these conditions. Thus, in this study, we used
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pregnant female rats to investigate the effect of an acute toxic dose on toxicity in different
organs during pregnancy.

APAP directly alters hormone-dependent processes in vivo, in vitro, and ex vivo,
thereby affecting neural and reproductive development in both sexes [10]. In rodents,
fetal APAP exposure has been experimentally demonstrated to produce male urogenital
tract reproductive problems, including abnormalities in testicular function, sperm, and
sexual behavior [11–13]. According to several studies, female ovarian development is also
disrupted by APAP, resulting in fewer oocytes, early ovarian insufficiency, and decreased
fertility [14,15]. It has been shown that exposure to fetal APAP alters neurotransmission
in the brain, resulting in changes to cognition, behavior, and movement [16]. The results
of these investigations have demonstrated that the impact of APAP is influenced by the
timing of exposure in relation to particular developmental processes, as well as length of
the exposure. For further information, see [10].

APAP is metabolized in the liver through either phase I or phase II metabolism [17].
Phase II metabolism is the major pathway, starting with UDP-glucuronosyl transferases
(UGT) which conjugate glucuronic acid to APAP to form a glucuronic acid conjugate
(a nontoxic metabolite) [18]. The sulfuric acid conjugate is the second nontoxic metabolite
that is formed by the action of sulfotransferase (SULT). The phase I pathway involves
CYP450 enzymes, including Cyp1a2 and Cyp2d6, that de-acetylate APAP to form N-acetyl-
p-benzoquinone imine (NAPQI) (a toxic metabolite) that is normally detoxified by glu-
tathione (GSH) to form mercaptate conjugates (nontoxic metabolites) at non-toxic APAP
doses [19,20]. Furthermore, since APAP shares structural similarities with endogenous
acetylated products, it decreases N-acetyltransferase 2 (NAT2) function, which has been
shown both in vitro and in vivo [21]. Acute APAP toxicity overproduction of NAPQI
depletes hepatic GSH reserves, resulting in the accumulation of reactive oxygen species
(ROS), oxidative stress, mitochondrial dysfunction, DNA fragmentation, and ultimately,
hepatocyte apoptosis or necrosis [22–24].

Many studies have also reported increased levels of creatinine and blood urea nitrogen
(BUN) after APAP toxicity [25–27]. These outcomes are potential indicators of nephro-
toxicity. Paracetamol-induced nephrotoxicity also results in metabolism of APAP to form
NAPQI and then p-aminophenol (PAP) in the kidney by de-acetylation. PAP converts to
a reactive quinone by the action of prostaglandin endoperoxide synthase [26,28], thereby
resulting in nephrotoxicity.

Although not a common outcome reported for APAP overdose, neurotoxicity might
also result. Several studies have detected the presence of CYP450 enzymes within the brain
that would most likely metabolize APAP to the toxic metabolite NAPQI. These enzymes
are mainly found in the olfactory bulbs, olfactory cortex, hippocampus, cerebellum, and
brain stem [29–31]. APAP metabolism in the brain to the toxic metabolite NAPQI leads
to an increase in Cyp2e1 levels and neuronal cell death [32]. Nevertheless, the currently
available studies on the effects of acute APAP toxicity on the brain are sparse and none of
them have measured CYP450 expression in many brain regions. Other studies have shown
that during APAP toxicity, ROS generation and GSH depletion occurs [33].

The primary purpose of this work was to assess the potential effects of acute APAP
toxicity in pregnant rats. Several measures of toxicity were examined, including the
production of ROS in the liver, kidney, and brain, as well as the expression of CYP450
isozymes in the liver, kidney, and brain. This study also investigated the therapeutic effects
of vitamin E against APAP-induced toxicity in the liver, kidney, and brain in pregnant rats.
Vitamin E (α-tocopherol) is a lipid-soluble small molecule antioxidant that belongs to the
class of tocopherol antioxidants. Vitamin E is the most potent form that can neutralize
reactive nitrogen species (RNS), including nitric oxide (NO), nitrogen dioxide (NO2),
and peroxy-nitrite. Vitamin E has many sources, including common food oils produced
from corn, peanuts, and soybeans [34]. Consequently, we investigated the pre- and post-
treatment protective effects of vitamin E on an acute toxic APAP dose in pregnant rats.
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2. Materials and Methods

2.1. Animals

This study was conducted on 20 female Wistar rats weighing 200 ± 10 g at the start of
the study. Wistar rats were obtained from the Al-Zaytoonah University of Jordan animal
program. The animals were kept in a 12/12 hr light/dark cycle at room temperature
(25 ± 2 ◦C) and humidity (45 ± 5%), with free access to food and water. The animal
protocol (protocol #18/06/2018–2019) for this work was approved by the Animal Care
and Use Committee of Al-Zaytoonah University of Jordan and all work was conducted
in accordance with the Helsinki guidelines for animal research [35] and all applicable
Jordanian governmental rules and guidelines.

2.2. Drugs

APAP powder (UC448) (≥97%) and vitamin E (T3251) (89.0–102.0%) were purchased
from Sigma Aldrich, Burghausen, Germany.

2.3. Experimental Procedure

Twenty female Wistar rats, average weight 200 ± 10 g, were housed in cages alone
after mating. Mating consisted of placing two virgin females and one male together prior to
the end of the daily light cycle. The following morning, each female was examined for the
presence of a vaginal plug. Females were separated after vaginal plug detection and housed
alone. Pregnant females were placed in separate cages and kept on a 12:12 light/dark
cycle. The day after mating was taken as day zero of pregnancy (gestational day zero,
GD0). Abdominal enlargement of female rats was observed on day 16 after mating, which
was taken as a positive indicator of pregnancy. GD19 was chosen to take samples for this
experiment because pregnancy is visually apparent at this stage and GD19 is representative
of late-stage pregnancy in rats, equivalent to the second trimester in humans. On GD17, all
animals were fasted overnight. On GD18, rats were divided into 4 groups (5 rats per group):
Group I (Control) received 0.5 mL p.o. corn oil (vehicle), Group II (APAP) received a single
dose of 3000 mg/kg p.o. APAP dissolved in corn oil, Group III (E + APAP) received a single
dose of 3000 mg/kg p.o. APAP dissolved in corn oil one hour after 300 mg/kg p.o. vitamin
E dissolved in corn oil, and Group IV (APAP + E) received a single dose of 3000 mg/kg p.o.
APAP dissolved in corn oil one hour before 300 mg/kg p.o. vitamin E dissolved in corn
oil. All groups were euthanized twenty-four hours after the treatments (GD19). Blood was
collected in heparinized tubes and stored at −20 ◦C, and the brain, kidney, and liver were
collected and snap frozen for further analysis. High doses of APAP were used to ensure
toxicity in liver, kidney, and brain, as shown by previous studies [36–38]. Additionally,
high doses of vitamin E were used to measure pre- and post-treatment protective effects as
reported previously [39–41].

2.4. Blood Biochemistry: Hepatotoxicity

Blood samples (around 1 mL) were taken from the aorta of each rat, collected in
heparinized tubes, and were centrifuged at 4000 rpm for 10 min. Plasma was obtained
from the samples using a calibrated micropipette and stored at −20 ◦C until subsequent
analysis for the levels of ALT, AST, serum creatinine (SCr), and BUN.

2.4.1. Alanine Aminotransferase (ALT)

ALT analyses were conducted using the manual procedure of the Biolabo ALT analysis
kit (REF#80027, Biolabo S.A.S., Les Hautes Rives, France). A reduction in absorbance
in the samples is due to the conversion of NADH to NAD+ and is proportional to ALT
activity in the specimen. The absorbance was measured at 340 nm after 1, 2, and 3 min.
The absorbance at each time point was subtracted from the previous measurement (e.g.,
the value for time-point 2 minus the value for time-point 1, and the value for time-point
3 minus the value for time-point 2). The absolute values of these two measurements were
averaged and converted to a measure of absorbance rates (ΔAbs/min). ALT levels were
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calculated using the following equation by comparing the absorbance in the sample to the
absorbance in a calibration standard:

ALT levels (IU/L) =
Sample Absorbance(Δabs/min)

Standard Absorbance(Δabs/min)
× standard concentration

2.4.2. Aspartate Aminotransferase (AST)

AST analyses were conducted using the manual procedure of the Biolabo AST analysis
kit (REF#80025, Biolabo S.A.S., Les Hautes Rives, France). Decreases in absorbance in the
sample reflect the conversion of NADH to NAD+ and are proportional to AST activity in
the sample. The absorbance was measured at 340 nm after 1, 2, and 3 min. The absorbance
for each time point was subtracted from the previous measurement (e.g., the value for
time-point 2 minus the value for time-point 1, and the value for time-point 3 minus the
value for time-point 2). The absolute values of these two measurements were averaged and
converted to a measure of absorbance rates (ΔAbs/min). The AST levels were calculated
using the following equation by comparing the absorbance in the sample to the absorbance
in a calibration standard:

AST levels (IU/L) =
Sample Absorbance(Δabs/min)

Standard Absorbance(Δabs/min)
× standard concentration

2.5. Blood Biochemistry: Nephrotoxicity
2.5.1. Serum Creatinine (SCr)

Serum creatinine analyses were conducted using the manual procedure of the Bioloabo
creatinine kinetic method kit (REF#80107, Biolabo S.A.S., Les Hautes Rives, France). Creati-
nine levels were measured by an analysis of the absorbance reduction. Creatinine reacts
with picrate to form a colored complex in alkaline solution. Creatinine levels were mea-
sured at 490 nm at 30 (A1) and 150 (A2) seconds. Serum creatinine levels were calculated
using the following equation:

Serum Creatine levels (mg/dL) =
Sample Absorbance(A2 − A1)

Standard Absorbance(A2 − A1)
× standard concentration

2.5.2. Blood Urea Nitrogen (BUN)

BUN levels were analyzed using the manual procedure of the Biolabo urea kit
(REF#80221, Biolabo S.A.S., Les Hautes Rives, France). BUN analyses depend on the
hydrolysis of urea to ammonium ions and carbon dioxide by the action of urease. The
ammonium ions form chloride and salicylate complexes that are blue-green in color, which
correlate with the urea concentration in the specimen. The absorbance is determined at
600 nm. BUN levels were calculated using the following equation:

Serum BUN levels (mg/dL) =
Sample Absorbance

Standard Absorbance
× standard concentration

2.6. Brain Tissue Harvesting

Twenty-four hours after treatments, rats were euthanized by diethyl ether (#673811,
Sigma Aldrich, Burghausen, Germany) overdose and decapitated using a guillotine. Brains
were extracted and frozen in liquid nitrogen prior to storage at −80 ◦C. Using a cryostat
set to −20 ◦C, tissue samples from the olfactory bulbs, hippocampus, and cerebellum
were anatomically identified and dissected according to the rat brain atlas of Paxinos and
Watson [42]. Samples were divided for analysis by quantitative polymerase chain reaction
(qPCR) for mRNA, uric acid levels, and superoxide dismutase inhibition. All samples were
frozen until later analysis.
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2.7. Tissue Preparation

Kidney, liver, olfactory bulb, hippocampus, and cerebellum tissue samples were
isolated and washed with ice-cold isotonic saline (0.9%) and then stored at −80 ◦C until
later processing. Tissue samples were homogenized in 50 mM phosphate buffer (PH = 7.4)
using an electronic homogenizer polytron PT1200 Kinematica AG®, Eschbach, Germany)
to prepare 10% (w/v) homogenates. After centrifugation, supernatants were isolated and
aliquots were separated into Eppendorf tubes and stored at −80 ◦C until assays were
conducted for PCR, superoxide dismutase (SOD), and uric acid (UA) measurements.

2.8. Antioxidant Status
2.8.1. Uric Acid (UA)

UA levels in liver, kidney, and brain samples were detected using the Biosystem uric
acid kit (REF#80351, Biosystem®, Barcelona, Spain). The kit forms a colored complex
(red color) that can be measured at 520 nm. Uric acid levels were calculated using the
following equation:

Uric acid levels (mg/L) =
Sample Absorbance

Standard Absorbance
× standard concentration

2.8.2. Superoxide Dismutase (SOD)

SOD activities in liver, kidney, and brain samples were detected using the Abcam
superoxide dismutase activity kit (ab65354; Abcam, Cambridge, UK). Analyses of SOD
activity depend on a rection with the tetrazolium salt WST-1 that produces a water-soluble
formazan dye upon reduction with a superoxide anion. The activity is determined as the
difference between the activity of the sample and control (blank) samples. Blanks 1, 2, and 3,
as well as the samples, were prepared according to Table 1.

Table 1. Components of the working solutions in SOD activity procedure.

Component Sample (μL) Blank 1 (μL) Blank 2 (μL) Blank 3 (μL)

Sample solution 20 0 20 0

ddH2O 0 20 0 20

WST working
solution 200 200 200 200

Enzyme
working solution 20 20 0 0

Dilution Buffer 0 0 20 20

The absorbance was measured at 450 nm. SOD activity, expressed as % inhibition, was
calculated using the following equation:

% SOD Inhibition =
[{Absorbance(Blank 1)− Absorbance(Blank 3)} − {Absorbance(sample)− Absorbance(Blank 2)}]

[{Absorbance(Blank 1)− Absorbance(Blank 3)}] × 100

2.9. Real-Time, Quantitative PCR

Total RNA was isolated from the tissue samples using the Thermo Scientific, GeneJet
RNA Purification Kit (cat# K0732) according to the manufacturer’s protocol. Ten micro-
grams of total RNA from each sample was used for cDNA synthesis. Reverse transcription
(RT) was conducted using a Thermo Scientific verso cDNA synthesis kit (cat#AB1453B)
according to the manufacturer’s protocol. RNA and cDNA concentrations were measured
using a Nanodrop Quawell DNA/Protein Analyzer (Thermo Fisher Scientific, Sunnyvale,
CA, USA). cDNA samples were diluted to a total concentration of 100 ng/μL, and 1 μL of
each diluted cDNA sample was used for a quantitative real-time polymerase chain reaction
(qRT-PCR) according to the manufacturer’s protocol. qRT-PCR was performed using a
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reaction mixture of TAKARA Cyber Green as a fluorescent dye (TP Green Premix Ex Taq II),
a 1/20 volume of cDNA as a template, and the appropriate primers for the genes of interest.
A threshold cycle number (CT) for each sample was obtained from an iCycler thermal cycler
(Bio-Rad Laboratories, München, Germany) and used to compare the relative amount of
target mRNA in experimental groups with those of controls, using the 2−ΔΔCT method [43].
Each sample was run in triplicate. To calculate ΔCT, the mean CT value for the control gene
(GAPDH) was subtracted from the mean CT value of the gene of interest. The ΔCT values
for group C were then averaged and subtracted from ΔCT for each measurement from the
experimental groups to obtain ΔΔCT. The relative fold changes from the control were then
expressed by calculating 2−ΔΔCT for each sample.

2.10. Statistical Analysis

Graphpad Prism 9.0 software was used for statistical analyses. The results were ex-
pressed as means ± standard deviation (SD). Values between groups were compared using
a one-way ANOVA followed by Tukey post hoc tests to determine statistical significance
between individual means.

3. Results

3.1. Blood Biochemistry: Hepatotoxicity

The hepatic function was assessed by measuring the levels of ALT and AST.

3.1.1. Alanine Aminotransferase (ALT)

APAP increased the ALT levels compared to the control group. Either pre-treatment or
post-treatment administration of vitamin E attenuated this effect of APAP (Figure 1A). This
effect was confirmed by a one-way ANOVA showing a significant main effect of treatment
(F (3, 16) = 57.37, p < 0.0001). Tukey multiple comparisons showed a significant elevation
in ALT after treatment with 3000 mg/kg p.o. APAP in comparison to the control group,
while pre-treatment and post-treatment vitamin E administration prevented this increase.
These results indicate that single dose of APAP caused liver toxicity and vitamin E reversed
this effect.

Figure 1. Blood biochemistry showing hepatotoxicity and nephrotoxicity after a single acute APAP
(3000 mg/kg) administration and vitamin E (300 mg/kg) treatment (means ± SEM): (A) ALT levels,
(B) AST levels, (C) SCr levels, and (D) BUN levels (****: p < 0.0001, n = 5 for each group). Individual
data points are shown in the figure.

107



Toxics 2023, 11, 368

3.1.2. Aspartate Aminotransferase (AST)

APAP (3000 mg/kg p.o.) increased AST levels compared to the control group, while
pre-treatment or post-treatment administration with vitamin E attenuated this effect
(Figure 1B). This effect was confirmed by a one-way ANOVA showing a significant main
effect of treatment (F (3, 15) = 261.8, p < 0.0001). Tukey multiple comparisons showed a
significant elevation in AST after treatment with 3000 mg/kg p.o. compared to the control
group, while pre-treatment or post-treatment vitamin E administration prevented this
increase. These results indicate that APAP administration caused lever toxicity and vitamin
E reversed this effect.

3.2. Blood Biochemistry: Nephrotoxicity

The kidney function was assessed by measuring the levels of creatinine and BUN.

3.2.1. Serum Creatinine (SCr)

APAP (3000 mg/kg) increased SCr levels compared to the control group, while pre-
treatment or post-treatment administration of vitamin E attenuated this effect (Figure 1C).
This effect was confirmed by a one-way ANOVA showing a significant main effect of
treatment (F (3, 16) = 331.4, p < 0.0001). Tukey multiple comparisons showed a significant
elevation in SCr after treatment with 3000 mg/kg p.o. in comparison to the control group,
while pre-treatment or post-treatment vitamin E administration prevented this increase.
These results suggest that APAP caused nephrotoxicity and vitamin E reversed this effect.

3.2.2. Blood Urea Nitrogen (BUN)

APAP (3000 mg/kg) increased BUN levels compared to the control group, while pre-
treatment or post-treatment administration of vitamin E attenuated this effect (Figure 1D). This
effect was confirmed by a one-way ANOVA showing a significant main effect of treatment
(F (3, 16) = 75.45, p < 0.0001). Tukey multiple comparisons showed a significant elevation in
BUN after treatment with 3000 mg/kg p.o. APAP in comparison to the control group, while
pre-treatment or post-treatment administration of vitamin E prevented this increase. These
results suggest that APAP caused nephrotoxicity and vitamin E reversed this effect.

3.3. Antioxidant Status

The results for the determination of uric acid (UA) and superoxide dismutase (SOD)
activities in liver, kidney, and brain samples are shown below.

3.3.1. Uric Acid (UA)

APAP (3000 mg/kg p.o.) decreased UA concentrations in the liver and kidney com-
pared to the control group, while pre-treatment or post-treatment vitamin E administration
attenuated this effect (Figures 2A and 2B, respectively). These effects were confirmed by a
one-way ANOVA, which showed the main effect of treatment in the liver (F (3, 16) = 11.95,
p = 0.0002) and the kidney (F (3, 16) = 20.65, p < 0.0001). Tukey multiple comparison
tests showed a significant decrease in UA after treatment with 3000 mg/kg p.o. APAP
in comparison to the control group, while pre-treatment and post-treatment vitamin E
administration prevented this increase. In addition, APAP decreased UA concentrations
in the hippocampus and cerebellum compared to the control group (Figures 2C and 2D,
respectively). This effect was confirmed by a one-way ANOVA, which showed significant
main effects of treatment in the hippocampus (F (3, 16) = 3.555, p = 0.0383) and the cere-
bellum (F (3, 16) = 3.347, p = 0.0456). Tukey multiple comparisons showed a significant
decrease in UA after treatment with 3000 mg/kg p.o. APAP in comparison to the control
group. These decreases were very modest and comparisons to the vitamin E-treated groups
did not demonstrate a significant difference from APAP treatment alone. However, in the
olfactory bulbs APAP decreased the UA concentration compared to the control group. This
effect was more obvious than the changes seen in the other brain regions and pre-treatment
or post-treatment administration of vitamin E significantly attenuated this effect (Figure 2E).
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This effect was confirmed by a one-way ANOVA, which showed the significant main effect
of treatment (F (3, 16) = 50.49, p < 0.0001). Tukey multiple comparisons showed a significant
decrease in UA after treatment with 3000 mg/kg p.o. APAP in comparison to the control
group, while vitamin E administration prevented this decrease.

Figure 2. UA levels in different organs and brain regions after a single acute APAP (3000 mg/kg)
administration and vitamin E (300 mg/kg) treatment (means ± SEM): (A) liver, (B) kidney,
(C) hippocampus, (D) cerebellum, and (E) olfactory bulbs (*: p < 0.05, **: p < 0.01, ***: p < 0.001,
****: p < 0.0001, n = 5 for each group). Individual data points are shown in the figure.

3.3.2. Superoxide Dismutase (SOD)

APAP (3000 mg/kg p.o.) decreased the SOD concentration in the liver, kidneys,
hippocampus, cerebellum, and olfactory bulb compared to the control group, while pre-
treatment or post-treatment vitamin E administration attenuated this effect (Figures 3A, 3B,
3C, 3D and 3E, respectively). These effects were confirmed by a one-way ANOVA, which
showed the significant main effects of treatment in the liver (F (3, 16) = 65.34, p < 0.0001),
the kidneys (F (3, 16) = 52.65, p < 0.0001), the hippocampus (F (3, 16) = 41.10, p < 0.0001),
the cerebellum (F (3, 16) = 52.11, p < 0.0001), and the olfactory bulb (F (3, 16) = 31.28,
p < 0.0001). Tukey multiple comparisons showed a significant decrease in SOD concentra-
tion after treatment with 3000 mg/kg p.o. APAP in comparison to the control group, while
vitamin E administration eliminated or reduced this decrease in all organs/brain regions
that were compared.

Figure 3. SOD inhibition (%) in different organs and brain regions after a single acute APAP
(3000 mg/kg) administration and vitamin E (300 mg/kg) treatment (mean ± SEM): (A) liver,
(B) kidney, (C) hippocampus, (D) cerebellum, and (E) olfactory bulbs (****: p < 0.0001, n = 5 for
each group). Individual data points are shown in the figure.
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3.4. Real-Time Quantitative PCR Results:

The results for determination of the relative expressions of Cyp1a4, Cyp2d6, and Nat2
mRNA in liver, kidney, and brain samples are shown below.

3.4.1. Cyp1a4

APAP (3000 mg/kg p.o.) increased the relative Cyp1a4 expression in the liver, kidneys,
and hippocampus compared to the control group, while pre-treatment or post-treatment
vitamin E attenuated this effect (Figure 4A,B and Figure 3C, respectively). These effects
were confirmed by a one-way ANOVA, showing the main effects of treatment in the liver
(F (3, 17) = 10.54, p = 0.0004), the kidney (F (3, 16) = 6.063, p = 0.0059), and the hippocampus
(F (3, 17) = 21.86, p < 0.0001). Tukey multiple comparisons found significant increases in
the relative Cyp1a4 expression after treatment with 3000 mg/kg p.o. APAP in comparison
to the control group, while pre-treatment and post-treatment vitamin E administration
prevented these increases. However, the relative Cyp1a4 expression in the cerebellum was
not significantly different (Figure 4D), although it did show a similar pattern.

Figure 4. Relative Cyp1a4 mRNA expression in different organs and brain regions after single acute
APAP (3000 mg/kg) administration and vitamin E (300 mg/kg) treatment (mean ± SEM): (A) liver,
(B) kidney, (C) hippocampus, and (D) cerebellum (*: p < 0.05, **: p < 0.01, ****: p < 0.0001, n = 5 for
each group). Individual data points are shown in the figure.

3.4.2. Cyp2d6

APAP (3000 mg/kg p.o.) increased the relative Cyp2d6 expression in the liver, kidneys,
and hippocampus compared to the control group. Vitamin E pre-treatment attenuated
this effect in the liver and the hippocampus, while vitamin E post-treatment attenuated
this effect in the hippocampus (Figures 5A, 5B and 5C, respectively). These effects were
confirmed by a one-way ANOVA, which found the main effects of treatment in the liver
(F (3, 17) = 6.41, p = 0.0042), the kidney (F (3, 16) = 4.84, p= 0.0139), and the hippocampus
(F (3, 16) = 8.11, p < 0.0016). Tukey multiple comparison tests found significant increases in
the relative Cyp2d6 expression after treatment with 3000 mg/kg p.o. APAP in comparison
to the control group. Pre-treatment vitamin E administration prevented this increase in
the liver, while pre-treatment and post-treatment vitamin E administration prevented this
increase in the hippocampus. However, the relative Cyp2d6 expression in the cerebellum
was not significantly affected by the treatments (Figure 5D).
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Figure 5. Relative Cyp2d6 mRNA expression in different organs and brain regions after single acute
APAP (3000 mg/kg) administration and vitamin E (300 mg/kg) treatment (mean ± SEM): (A) liver,
(B) kidney, (C) hippocampus, and (D) cerebellum (*: p < 0.05, **: p < 0.01, n = 5 for each group).
Individual data points are shown in the figure.

3.4.3. Nat2

APAP (3000 mg/kg p.o.) decreased the relative Nat2 expression in the liver, hippocam-
pus, and cerebellum compared to the control group, while pre-treatment or post-treatment
vitamin E attenuated this effect in the liver and the cerebellum (Figures 6A, 6C and 6D, re-
spectively). These effects were confirmed by a one-way ANOVA, showing the main effects
of treatment in the liver (F (3, 17) = 11.29, p = 0.0003), the hippocampus (F (3, 16) = 4.38,
p= 0.0198), and the cerebellum (F (3, 16) = 8.36, p = 0.0014). Tukey multiple compari-
son tests found significant decreases in the relative Nat2 expression after treatment with
3000 mg/kg p.o APAP in comparison to control group, while pre-treatment and post-
treatment vitamin E administration in the liver and the cerebellum normalized the Nat2
levels. A similar pattern was observed in the hippocampus, but the post hoc comparisons
did not find significant differences. The relative Nat2 expression in the kidney was not
significantly different between treatment groups (Figure 6B).

Figure 6. Relative Nat2 mRNA expression in different organs and brain regions after a single acute
APAP (3000 mg/kg) administration and vitamin E (300 mg/kg) treatment (mean ± SEM): (A) liver,
(B) kidney, (C) hippocampus, and (D) cerebellum (*: p < 0.05, **: p < 0.01, ***: p < 0.001, n = 5 for each
group). Individual data points are shown in the figure.
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4. Discussion

This study examined acute APAP toxicity in the liver, kidney, and brain. These
studies focused on pregnant rats, since APAP is the most commonly used analgesic during
pregnancy. Moreover, this study investigated the potential benefits of prophylactic and
therapeutic vitamin E treatment for preventing APAP-induced hepatic, renal, and neural
toxicity. Acute APAP poisoning is frequently linked to hepatic and, to a lesser extent,
renal inflammation, which occurs primarily as a result of cellular oxidative stress and
pro-inflammatory immunological responses [44]. Our results showed that the levels of
ALT and AST were significantly increased in the APAP-treated group in comparison to the
control group, indicating that APAP induced hepatic injury. These results are consistent
with a previous study that found a significant elevation in ALT and AST levels after
administration of 750 mg/kg APAP to male rats [45]. Another study also showed that
3000 mg/kg p.o. APAP increased the levels of ALT and AST in male rats [46]. This
elevation was explained by impaired transport function in hepatocytes, resulting in leakage
of the plasma membrane, thereby increasing enzyme levels in the serum [45]. In order to
investigate the in vivo protective effects of vitamin E, ALT and AST levels were determined
in the present study and a significant improvement in both biochemical parameters were
observed after either pre-treatment or post-treatment with vitamin E. Similarly, a previous
study showed a restoration in ALT and AST levels after treatment with 50 mg/kg vitamin
E for 6 weeks before treatment with 3000 mg/kg p.o. APAP [47].

In this study, the levels of creatinine and BUN were significantly increased in rats
treated with APAP compared to the control group, indicative of kidney injury. These results
agree with observations in previous studies that showed that levels of serum creatinine
and BUN were elevated 24 h after administration of 1000 mg/kg i.p. APAP to male
rats [48,49]. Moreover, similar to the observations here, in pregnant female rats, elevated
creatinine and BUN levels were reduced by vitamin E administration either pre-treatment
or post-treatment. Similarly, a previous study in mice also showed that pretreatment with
30 mg/kg p.o. vitamin E before 900 mg/kg i.p. APAP restored the creatinine and BUN
levels to normal [50].

APAP produced other evidence of hepatic, renal, and neural (hippocampus, cerebel-
lum, and olfactory bulb) toxicity as shown by a significant decline in UA and SOD levels,
suggesting the presence of oxidative stress. Similar results were reported in a previous
study, which examined the level of oxidative biomarkers such as catalase and SOD in
rat kidneys following administration of 750 mg/kg/day APAP for 7 days [51]. Further-
more, another study found reduced hepatic antioxidant markers after administration of
2 g/kg p.o. APAP to mice in terms of catalase and SOD functions [52]. Other studies have
demonstrated significant reductions in catalase and SOD in the entire brain of male mice
after administration of 600 mg/kg i.p. APAP [53,54].

To investigate the protective effects of vitamin E treatment, given either before or after
APAP in pregnant female rats, the present study examined uric acid and SOD levels in
the liver, kidney, hippocampus, cerebellum, and olfactory bulb. Vitamin E attenuated the
harmful effects of acute APAP administration on hepatic, renal, and neural (hippocampus
and cerebellum) toxicity, as shown by the measures of oxidative stress. Moreover, significant
improvements in uric acid and SOD levels were shown in the liver, kidney, hippocampus,
cerebellum, and olfactory bulb after vitamin E treatment. This is consistent with one study
showing that pretreatment with 30 mg/kg p.o. vitamin E before 900 mg/kg i.p APAP in
BALB/c mice of both sexes restored the antioxidant status to normal levels [50].

APAP causes acute toxicity primarily through the metabolism of APAP to NAPQI by
CYP enzymes. APAP is metabolized by the CYP isoforms Cyp2e1, Cyp1a4, and Cyp2d6 [55–57].
An additional pathway for APAP-induced acute toxicity is through deacetylation of APAP
by N-deacetylase enzymes to PAP, which is a toxic metabolite [58]. Following the pro-
duction of PAP, it can be reconverted into APAP by NAT2 [59]. In the present study, the
relative mRNA expressions of Cyp1a4, Cyp2d6, and Nat2 were measured. A single dose of
3000 mg/kg p.o. APAP to pregnant female rats upregulated the relative mRNA expressions
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of Cyp1a4 and Cyp2d6, while the expression of Nat2 was reduced in all organs except in the
kidney. Nat2 RNA expression is low in the kidney compared to the liver and even lower
in female kidneys compared to male kidneys, which might make detecting reductions in
Nat2 expression in the kidney more difficult [60]. More studies are warranted to evaluate
this finding. These changes in enzyme expression are consistent with previous studies
that reported that the relative mRNA expressions of some CYP isoforms are upregulated
after a single oral dose of APAP [44,61]. The present study showed that pre-treatment or
post-treatment vitamin E administration attenuated CYP mRNA dysregulation caused
by APAP. This result is in line with several reports on the protective effects of vitamin E
through effects that normalize CYP isoform function and/or expression [62–64].

The present study examined pregnant female subjects because APAP is commonly
used by pregnant women, and APAP overdose occurs at a fairly high rate, perhaps because
users perceive it to be relatively safe drug. The present study expanded upon our knowl-
edge of the mechanisms underlying APAP overdoses, both in terms of the role of alterations
in the expression of metabolizing enzymes and the effects on measures of neurotoxicity.
The present study did not examine non-pregnant female rats or male rats, so it is difficult
to say whether pregnancy or sex influences the toxicity of APAP or the protective effects
of vitamin E. Comparisons across previous studies do not provide answers because the
conditions (dose and treatment regimens and other factors) differ substantially between
studies. Thus, answers to these questions will require further, specific study. It should also
be noted that the effects of these drugs on in utero toxicity were not explored here but given
the findings here on toxicity in pregnant dams, in utero toxicity might be of some concern,
and, at the very least, worthy of study as well.

There are a few additional limitations to this study. In future studies, a positive control
group treated with N-acetyl cysteine (NAC), the standard treatment for acetaminophen
toxicity [50], should be added to the experimental design in order to compare it to the
efficacy of vitamin E. This would be an important comparison for evaluation of vitamin E
as an alternative for NAC, which has a high rate of serious anaphylaxis associated with
its use [65]. A study by Şener, Şehirli and Ayanoğlu-Dülger [50] showed that NAC was
more efficacious than vitamin E, but it remains to be seen whether that was due to the
treatment parameters used in that single-dose study. Other parameters of the experiment
certainly need additional examination, including the time between exposure and treatment.
The present study also showed that pre-treatment with vitamin E reduces APAP toxicity,
which should also be investigated, particularly in the context of APAP use in pregnancy.
The present studies investigated such pre-treatments under a limited set of circumstances.
Future studies should address potential prophylactic uses of vitamin E under more clini-
cally relevant circumstances. Another limitation involves additional investigations of the
underlying mechanism, including the effect of APAP on Cyp2e1, which is also involved in
acetaminophen detoxification. Vitamin E effects on post APAP toxicity survival should also
be evaluated. More studies are warranted in order to address these limitations. Addition-
ally, future research should be focused on the effect of acute APAP doses and vitamin E
treatment on fetal survival and health.

In summary, this study clearly demonstrated the toxic effects of an acute oral dose
of APAP in pregnant female rats. This addresses an important limitation of previous
studies that have not addressed overdose in pregnant females. Furthermore, the toxic
effects of APAP were shown in the liver and kidney, and for the first time in the brain
(cerebellum, hippocampus, and olfactory bulbs). APAP-induced toxic effects were shown
for oxidative stress biomarkers, including SOD and UA. Additionally, and for the first time,
we showed the effects of APAP on the expression of minor metabolic enzymes, often not
examined in toxicity studies, that could contribute to the production of toxic metabolites
after APAP administration. Moreover, the many outcomes detailed in the current study
reveal the protective effect of vitamin E treatment, either when given prophylactically or
after exposure to an acute toxic dose of APAP. These actions of vitamin E protected against
hepatotoxicity, nephrotoxicity, and neurotoxicity. The potential for prophylactic use of
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vitamin E may be especially worthy of future investigation as it would limit the negatives
effects associated with APAP use and might potentially prevent the toxic effects before
they occur.
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Abstract: Paclitaxel is a chemotherapeutic agent used to treat a wide range of malignant tumors.
Although it has anti-tumoral properties, paclitaxel also shows significant adverse effects on the
peripheral nervous system, causing peripheral neuropathy. Paclitaxel has previously been shown to
exert direct neurotoxic effects on primary DRG neurons. However, little is known about paclitaxel’s
effects on non-neuronal DRG cells. They provide mechanical and metabolic support and influence
neuronal signaling. In the present study, paclitaxel effects on primary DRG non-neuronal cells
were analyzed and their concentration or/and time dependence investigated. DRGs of Wister rats
(6–8 weeks old) were isolated, and non-neuronal cell populations were separated by the density
gradient centrifugation method. Different concentrations of Paclitaxel (0.01 μM–10 μM) were tested
on cell viability by MTT assay, cell death by lactate dehydrogenase (LDH) assay, and propidium iodide
(PI) assay, as well as cell proliferation by Bromodeoxyuridine (BrdU) assay at 24 h, 48 h, and 72 h post-
treatment. Furthermore, phenotypic effects have been investigated by using immunofluorescence
techniques. Paclitaxel exhibited several toxicological effects on non-neuronal cells, including a
reduction in cell viability, an increase in cell death, and an inhibition of cell proliferation. These effects
were concentration- and time-dependent. Cellular and nuclear changes such as shrinkage, swelling
of cell bodies, nuclear condensation, chromatin fragmentation, retraction, and a loss in processes
were observed. Paclitaxel showed adverse effects on primary DRG non-neuronal cells, which might
have adverse functional consequences on sensory neurons of the DRG, asking for consideration in
the management of peripheral neuropathy.

Keywords: peripheral neuropathy; DRG non-neuronal cells; paclitaxel; MTT assay; LDH assay;
BrdU assay

1. Introduction

Many chemotherapeutic agents may trigger chemotherapy-induced peripheral neu-
ropathy (CIPN), which manifests as tingling, numbness, and burning pain in both hands
and feet [1]. The high incidence of CIPN [2] frequently results in dose reduction or the dis-
continuation of chemotherapy regimens [2–4]. Additionally, CIPN symptoms can continue
for a very long time after chemotherapy, significantly lowering patients’ quality of life [5].

Sensory neurons are more vulnerable to the toxic effects of anticancer drugs, and
patients with CIPN typically experience more sensory symptoms than those in the motor
or autonomic systems [6,7]. Chemotherapeutic drugs cause toxicity in myelin sheaths
(myelopathy), sensory cell bodies (neuronopathy), and axonal compartments (axonopa-
thy) in the DRG by affecting ion channels, microtubules, mitochondria, and associated
capillaries [7,8]. DRG explants have thus been demonstrated to be a good, simple, and well-
accepted model for studying peripheral neuropathy caused by antineoplastic agents [9–11].
Peripheral sensory (somatic) neurons can easily be reached by chemotherapy drugs as they
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are located outside the central nervous system without a brain–blood barrier and show
strong vascularization due to fenestrated capillaries [12]. Additionally, chemotherapeutic
drugs accumulate more in the sensory ganglia than in the peripheral nerves [13,14]. DRG ex-
plants’ ability to outgrow neurites in vitro, as well as their response to toxic substances with
neurite shortening, make them a reliable model in drug neurotoxicity assessment [9,15–17].

Primary DRG cultures consist of a diverse population of cells, including differenti-
ated sensory post-mitotic neuronal cells (neurons) and proliferative non-neuronal cells
(Satellite glial cells (SGCs), Schwann cells (SCs), and other glial cells) [18–21]. In parallel
to the valuable impact of neurons, DRG non-neuronal cells are increasingly recognized
as important in the development and maintenance of neuropathic pain [22,23]. SGCs, for
instance, provide mechanical and metabolic support for neurons by forming an envelope
surrounding their cell bodies [14,24]. Therefore, they closely monitor neuronal functions
and interact with neurons using both diffusible (e.g., the paracrine release of glial modula-
tors) and non-diffusive mechanisms (e.g., gap junctions) [25–28]. After nerve injury, SGCs
become activated and contribute to the development of neuropathic pain [22,29]. SCs aid
in myelinating axons, eliminate cellular debris [30], and play an important role in the out-
growth and guidance of re-growing peripheral axons [31]. SCs not only physically support
the long axons, but they also have several growth factors that nourish and myelinate the
large associated axons [32–34].

Paclitaxel is one of a wide range of commonly used chemotherapeutic agents. Al-
though it has anti-tumoral properties, it also has significant adverse effects on the peripheral
nervous system, causing peripheral neuropathy [2,17,35,36]. Paclitaxel shows neurotoxic
effects on DRG neurons, including a significant reduction in neurite length and an increase
in neuronal cell bodies at different investigated time points, as reported earlier [17,37].
The effects of paclitaxel on neuronal survival and neurite length in the DRG are shown
to be dose- and time-dependent [17,37,38]. However, little is known about the effects of
paclitaxel on primary DRG non-neuronal cells. The question is still open as to whether
similar paclitaxel toxicity in primary DRG non-neuronal cells exists.

Previous research measured the process areas of non-neuronal cells of the DRG inside
the mixed culture of neuronal and non-neuronal cells after 24 h of exposure to paclitaxel and
found a decrease in the process areas of the non-neuronal cells [39]. In addition, paclitaxel
has been shown to reduce cell viability and change the phenotype of SCs isolated from the
sciatic nerve at 24 h and 48 h [31]. A recent study also investigated the impact of paclitaxel
on the viability and proliferation of SGCs and found no effect on viability but a decrease
in cell proliferation [14]. However, more research is needed to fully understand paclitaxel
toxicity in the entire culture of non-neuronal cells (SCs, SGCs, and other glial cells). These
outcomes may shed more light on the potential functional consequences of paclitaxel on
primary DRG sensory neurons and the therapeutic interventions for peripheral neuropathy.

Therefore, the aim of this study was to investigate the effects of paclitaxel on pri-
mary DRG non-neuronal cells and determine the time course of those changes. DRG
non-neuronal cells were isolated and treated with different concentrations of paclitaxel at
different time points. Effects on viability, morphology, and proliferation were analyzed.
We applied approaches such as the MTT assay to study cell viability [40], the lactate dehy-
drogenase (LDH) assay [41], and the propidium iodide (PI) assay to study cell death [42],
as well as Bromodeoxyuridine (BrdU), to study cell proliferation [43]. These approaches
are frequently employed in related studies [14,44–46]. We hypothesized that paclitaxel
exposure would have severe toxic effects on DRG non-neuronal cells, which might be dose-
or/and time-dependent.
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2. Materials and Methods

2.1. Ethics Statement

All research involving animal material was carried out in accordance with the ethics pol-
icy and the policy on animal use in neuroscience research as outlined in Directive 2010/63/EU
of the European Parliament and of the Council of the European Union on the protection of
animals used for scientific purposes and was approved by local authorities for laboratory
animal care and use (State of Saxony-Anhalt, Germany, permission number: I11M27).

2.2. Materials

Paclitaxel was used and administered into culture media in accordance with the
treatment protocol (Taxol equivalent, Invitrogen, cat No. P3456-5 mg, Schwerte, Germany).
Dimethyl sulfoxide (DMSO, Sigma–Aldrich, cat. No. D4540-500 mL, Lyon, France) was
used to dissolve paclitaxel to obtain stock solutions of 1 mM and stored at −20 ◦C.

2.3. Isolation and Preparation of Primary DRG Co-Culture

DRG tissues were isolated from Wister rats aged 6–8 weeks. Rats were deeply anes-
thetized before scarification by isoflurane (Florene, 100% (v/v), 250 mL, Abcam, cat No. B506,
France). Under aseptic conditions, the vertebral column was isolated, and all surrounding
muscle, fat, and soft tissue were carefully removed. The spinal cord was exposed, and after
that, DRGs were located, removed, and collected from intervertebral foramina on both
sides in a sterile dish containing 3 mL of Hanks balanced salt solutions without Mg2+/Ca2+

(HBSS, Invitrogen, REF. 24020-091, Schwerte, Germany) (Figure S1). The culture of non-
neuronal cells was conducted in accordance with a previously published protocol [47],
with some modifications. In brief, isolated DRGs were enzymatically digested in the first
enzymatic solution containing 60 U/mL papain (Sigma–Aldrich, cat No. P4762-100 mg,
St. Louis, MO, USA), 3 μL of 80 mg/mL saturated sodium hydrogen carbonate solution
(NaHCO3, Merck, cat No. k22399729, Darmstadt, Germany), and 0.6 mg/mL L-Cysteine
(L-Cys, Sigma–Aldrich, Cat No. C7352-25 g, St. Louis, MO, USA) dissolved in 1.5 mL of
HBSS without Mg2+/Ca2+. DRGs were then incubated for 15 min in a 37 ◦C water bath
before being incubated in the second solution containing 4 mg/mL collagenase type II
solution (CLS2, Sigma–Aldrich, Cat No. C6885-1 gm, St. Louis, MO, USA) and 4.6 mg/mL
dispase type II (Dispase II, Sigma–Aldrich, Cat No. D4693-1 gm, St. Louis, MO, USA)
solution in 3 mL HBSS without Mg2+/Ca2+. The DRGs were gently mixed with collagenase
solution and incubated for an additional 15 min at 37 ◦C.

The resulting cell suspension underwent a one-minute centrifugation at 200 g. Af-
ter carefully aspirating the collagenase solution, the DRGs were triturated 10–15 times
with 1 mL of F12 medium (1X, Invitrogen, REF.11765-054, Schwerte, Germany) supple-
mented with 10 % of heat-inactivated Fetal Bovine Serum (FBS, Invitrogen, REF. 10270-106,
Schwerte, Germany) and 1 % of 0.1 mg/mL streptomycin/penicillin (Sigma–Aldrich, cat
No. P4333/100 mL, Darmstadt, Germany) by using 1000 μL pipette tips till the cell suspen-
sion became cloudy.

2.4. Seeding and Growth of Primary DRG Co-Culture

Circular coverslips were pre-coated for at least 1 h or overnight at 4 ◦C with 2 mg/mL
Poly-D-lysine (PDL, Sigma–Aldrich, cat No. P6407, St. Louis, MO, USA) and 0.2 mg/mL
laminin (Sigma–Aldrich, cat No. L2020-1 mg, St. Louis, MO, USA), then washed once
with dist. H2O and added directly before seeding cells in the culture medium. DRGs
(50,000 cells) co-cultured in 50 μL culture medium were then pre-seeded on the coated
coverslips for 2 h in an incubator at 37 ◦C and with 5% CO2. One mL of warm culture
medium adjusted to pH 7.4 was gently added to cells per well and maintained at 37 ◦C
with 5% CO2. Growth and morphology of co-cultivation of neurons and non-neurons were
observed after 24 h, 72 h, 7 days, and 10 days (Figure 1a).
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Figure 1. Morphological features and treatment protocol of primary DRG co-culture. (a) Repre-
sentative images show the morphology and growth of DRG co-culture at different time points,
blue arrows indicate neuronal populations, while red arrows indicate different subpopulations
of DRG non-neuronal cells, Scale bar = 50 μm. (b) Treatment protocol for studying the effects of
paclitaxel on DRG co-culture viability by using MTT assays at 24 h, 48 h, and 72 h post-treatment.

2.5. Effects on Cell Viability of Primary DRG Co-Culture (MTT Assay)

DRG co-cultured cells (5 × 104 cells/well) were treated 8 days after seeding with different
concentrations of paclitaxel (0.01–10 μM) at 24 h, 48 h, and 72 h post-treatment in 96 well
plates to study the effects on cell viability (Figure 1b). Four concentrations were then chosen
that were as close to clinically applied doses as possible. Furthermore, the selected paclitaxel
concentrations are in line with earlier reports from the literature [37–39,48–51]. Cell viability
(%) was measured at 24 h, 48 h, and 72 h post-treatment using MTT assay. Four hours
prior to the end of the experiments at various time points, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide solution (MTT, Invitrogen, cat. No M6494, 5 mg/mL, Eugene,
OR, USA) was added. After an additional 4 h of incubation, the MTT solution was removed
from the cells, and formazan crystals were dissolved in 100 μL of DMSO. Absorbance
values were determined at two wavelengths (540 nm and 720 nm) by a microplate reader
(SynergyTMMx, BioTek Instruments, Winooski, VT, USA) after another 20 min. Co-cultures
maintained in standard media without paclitaxel were used as the control group. To rule
out any effects of the solvent on cell viability, controls had DMSO at the same highest
concentration (0.1%) as those used in other groups. For each treatment, three technical
replicas were used in three biologically independent experiments.

2.6. Separation of Primary DRG Non-Neuronal Cells

To separate non-neuronal cells, density gradient centrifugation was applied by using
bovine serum albumin (BSA, Sigma Aldrich, cat No.A7906-10 G, St. Louis, MO, USA) (15%
(w/v) BSA solution) for purification [52]. The DRGs were triturated 10–15 times in 1 mL
of high-glucose Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen; Ref. 41965-039;
Schwerte, Germany) supplemented with 10 % FBS. Non-neuronal cells were separated from
the DRG mixed culture by centrifuging single-cell suspensions through a 15% (w/v) BSA
solution in DMEM. One milliliter of cell suspension was added to three milliliters of 15%
BSA solution in a 15 mL conical tube and centrifuged at 300 g for 8 min at room temperature
(RT) (Figure S1b). Thereafter, the layer of non-neuronal cells was carefully transferred to
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a 15 mL conical tube by using 1000 μL pipette tips. Then, 1 mL of warmed F12 medium
supplemented with 10% FBS and 1% of 0.1 mg/mL streptomycin/penicillin was added, and
the DRG non-neurons were suspended. A 40 μm cell strainer (SARSTEDT, cat. no. D-51588,
Schwerte, Germany) was then used to filter the cell suspension to remove cell debris and
undigested tissue fragments.

2.7. Seeding and Growth of Primary DRG Non-Neuronal Cells

Sterilized 12 mm circular coverslips were used, and they were washed and dried once
with dist. H2O. 50,000 cells resuspended in 50 μL culture medium were then pre-seeded
on the sterilized coverslips for 2 h in an incubator at 37 ◦C and with 5% CO2. One mL of
warm culture medium adjusted to pH 7.4 was gently added to the cells, which were then
preserved at 37 ◦C with 5% CO2. Growth and morphology of DRG non-neuronal cells were
observed after 24 h, 48 h, 72 h, 96 h, and 7, 10 days.

2.8. Effects of Paclitaxel on DRG Non-Neuronal Cells
2.8.1. Cell Viability (MTT Assay)

In 96 well plates, non-neuronal cells (15 × 103 cells/well) were seeded for 7 days,
followed by treatment with four different concentrations of paclitaxel (0.01 μM, 0.1 μM,
1 μM, and 10 μM) at three different time points: 24 h, 48 h, and 72 h post treatment
(Figure 2a). The effects of paclitaxel on the cell viability of non-neuronal cells were measured
by MTT assay, as described above in Section 2.5.

2.8.2. Determination of Cytotoxicity (LDH Assay)

In 24 well plates, DRG non-neuronal cells (7 × 103 cells/well) were seeded in
DMEM/F12 free phenol red medium (1X, Gibco, REF.21041-025, Schwerte, Germany)
supplemented with 10 % inactivated FBS and 1% of 0.1 mg/mL streptomycin/penicillin
for 7 days, followed by treatment with four different concentrations of paclitaxel (0.01 μM,
0.1 μM, 1 μM, and 10 μM) prepared in culture media supplemented with 1% FBS at different
time points: 24 h, 48 h, and 72 h post treatment (Figure 2b). Additional wells were filled
without cells for culture media control (blank). For determination of maximum LDH release
(positive LDH control, 100 % cell death), 1:10 of the LDH lysis kit (LDH, Sigma Aldrich,
cat. No. TOX7, St. Louis, MO, USA) was added to some wells and incubated for 45 min.
According to the manufacturer’s instructions, culture media samples from cells or controls
at certain time points were transferred to 1.5 mL tubes and then centrifuged at 250× g for
4 min to pellet cells. Afterward, 40 μL of the supernatant of different samples was added in
5 replicates to a clean flat-bottom 96-well plate and proceeded with enzymatic analysis. The
LDH assay mixture was prepared at the time of use by adding 20 μL per well. The plates
were covered with aluminum foil for light protection and incubated at room temperature
for 30 min. The reaction was then stopped by adding 6 μL of 1 N Hydrochloric acid (HCl,
Sigma Aldrich, cat. No. H9892, St. Louis, MO, USA) to each well. Absorbance values
of samples were measured at a wavelength of 490 nm and the background absorbance
of multi-well plates at 690 nm. Background absorbance values were subtracted from the
primary wavelength measurements (490 nm). Finally, all controls, samples, and maximal
measurements were normalized with blank measurements. Then the percent of cytotoxicity
was calculated according to the below equation [53].

% Cell death =
(sample absorbance value − mean control value)
(mean complete kill result − mean control value)

× 100
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Figure 2. Various treatment protocols investigate the effects of different paclitaxel concentrations on
primary DRG non-neuronal cells after 24 h, 48 h, and 72 h of the application. (a) The MTT assay was
used for cell viability determination; (b) the LDH assay for cytotoxicity measurements; (c) the BrdU
assay was used to detect cell proliferation; (d) treatment protocol for studying the effects of paclitaxel
on cellular morphology through immunofluorescence staining; (e) detection of cell death by using
the PI assay.
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2.8.3. Detection of Cell Proliferation by BrdU Assay

To investigate the effects of paclitaxel on cell proliferation, DRG non-neuronal cells
(7 × 103 cells/well) were seeded on 12 mm sterile coverslips in a 24 well plate, cultured
for 7 days, and treated with various concentrations of paclitaxel at different time windows.
Four μL of 0.01 mM 5-bromo-2′-deoxyuridine (BrdU, Sigma Aldrich, cat No. B5002-1G,
St. Louis, MO, USA) was added to each well 16 h before fixation (Figure 2c). Cells
were either immediately subjected to immunofluorescence or stored in 0.02 M PBS at
4 ◦C pending further use after fixation with 4% paraformaldehyde (PFA, AppliChem, cat
No. 141451.1211, Darmstadt, Germany) for 15 min at room temperature. For labeling,
non-specific bindings were blocked with normal goat serum (NGS, Sigma–Aldrich, cat.
No. G9023-10 mL, Taufkirchen, Germany, 1:20) in 0.02 M PBS/0.3% (v/v) plus triton
X-100 for 30 min. Thereafter, cells were washed three times with 0.02 M PBS for ten
minutes each and incubated with a monoclonal mouse anti-BrdU antibody (Dako, cat.
No. M0744-1 mL, Glostrup, Denmark, 1:200) overnight. Coverslips were then incubated
with the goat anti-mouse Alexa Fluor® 488 conjugated secondary antibody (Life Tech-
nologies, cat. no. 2066710, Darmstadt, Germany, 1:200) for 1 h washed three times with
PBS/triton for ten minutes. By using DAPI (4′,6-Diamin-2-phenylindol, Sigma–Aldrich,
Munich, Germany, cat No. D9542), nuclei were visualized, and coverslips were mounted
with DAKO fluorescence mounting medium (DAKO, Agilent Technologies, Inc., Santa
Clara, CA 95051, USA). A confocal laser scanning microscope (Leica DMi8, Wetzlar, Ger-
many) was used to take photomicrographs from five to eight randomly chosen areas.
BrdU-positive cells were manually counted with Image J’s multipoint tool (version 1.46r,
National Institutes of Health, Laboratory for Optical and Computational Instrumentation,
University of Wisconsin, Madison, WI, USA), and the percentage of proliferating cells was
determined by dividing the number of BrdU+ cells by the total number of DAPI-stained
nuclei. To obtain the data, three independent experiments were conducted.

2.8.4. Determination of Paclitaxel Effects on Cellular Morphology

To study the effects of paclitaxel on the morphology of DRG non-neuronal cells, cells
(7 × 103 cells/well) were seeded on 12 mm sterile coverslips in a 24 well plate, cultured for
7 days to allow nearly all cells to proliferate, and then treated with various concentrations
of paclitaxel at different time windows (Figure 2d). After fixation, the immunofluorescence
staining procedure was followed as described in Section 2.8.3. Chicken anti-vimentin
polyclonal primary antibody (Abcam, cat No. ab24525, Cambridge, UK, 1:1000) combined
with goat anti-chicken IgY Alexa Fluor® 488 conjugated (Invitrogen, REF. A11039-0.5 mL,
Eugene, OR, USA, 1:200) as secondary antibody was used for labeling the cytoskele-
ton of non-neuronal cells. Then the procedure is completed as previously described in
Section 2.8.3. Images were taken with a Leica confocal laser scanning microscope (Leica
DMi8, Wetzlar, Germany), and five to eight areas were randomly captured per coverslip in
three independent experiments.

2.8.5. Analysis of Apoptosis by Assessment of Nuclear Morphology

DRG non-neuronal cells were stained with the DNA dye DAPI to visualize nuclear
morphology. The percentage of apoptosis (early and late apoptosis) was quantitated by
scoring the percentage of apoptotic cells in the adherent cell population. Stained nuclei
with a uniform and regular morphology were scored manually as healthy and viable cells.
Cells with condensed, fragmented, or blubber nuclei were scored as apoptotic cells. The
total number of nuclei in non-neuronal cells was counted automatically using Fiji software
(https://imagej.net/Fiji/Downloads). After converting DAPI images into 8-bit gray scale
images, the threshold of nuclei was adjusted manually, and the separation of attached
nuclei was performed by applying a binary watershed. Finally, the analyzing particles
option was applied, and the total number of nuclei was determined per image (Figure S2).
Photomicrographs were captured using a Leica (DMi8, Wetzlar, Germany) confocal laser
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scanning microscope, and five to eight areas were recorded per each coverslip randomly in
three independent experiments.

2.8.6. Detection of Cell Death by Propidium Iodide Staining

For detection of degenerating non-neuronal nuclei of dead cells by late apoptosis or
necrosis, cells (7 × 103 cells/well) were seeded on 12 mm sterile coverslips in a 24 well plate,
cultured for 7 days, and then treated with various concentrations of paclitaxel at 24 h, 48 h,
and 72 h after treatment. Then, 5 μg/mL propidium iodide (PI, Merk, cat No. 537059-50 mg,
Darmstadt, Germany) was added 2 h before fixation. Afterwards, cells were washed three
times with PBS and then fixed with 4% PFA for 15 min (Figure 2e). Coverslips were washed
three times with PBS/triton and incubated with DAPI. All stained slides were washed with
aqua distilled water before being covered with a DAKO fluorescence mounting medium.
Images were captured using a Leica (DMi8, Wetzlar, Germany) confocal laser scanning
microscope, and five to eight areas were recorded per each coverslip randomly in three
independent experiments. For the detection of PI-labeled dead cells, monochromatic light
at 543 nm and an emission bandpass filter of 585–615 nm was used. PI-positive cells were
counted manually using the multipoint tool of Image J software version v1.46r.

2.9. Statistical Analysis

GraphPad Prism 8.0.1 for Windows (GraphPad Software, La Jolla, CA, USA,
www.graphpad.com, accessed on 22 May 2023) was used for data analysis and visual-
ization. All the data were checked for normality using the Kolmogorov–Smirnov test.
Statistics were performed using a one-way ANOVA (analysis of variance) followed by a
Bonferroni post-test, with significance set at p < 0.05. All tests had an alpha level of 0.05.

3. Results

3.1. Characterization of Primary DRG Co-Culture

The growth of DRG co-culture was checked at different timelines (1, 3, 7, and 10 days)
by a light microscope. DRG co-culture is a heterogeneous population of neuronal and
non-neuronal cells. DRG neurons were characterized by refractile and bright cell bodies,
and three different subpopulations were observed according to the size of their somata
(small, ≤599 μm2; medium, 600–1199 μm2 and large, 1200–1300 μm2), which represented
67%, 31%, and 2% of neurons in culture, respectively [37]. Additionally, three different
subpopulations of DRG non-neuronal cells were observed in the culture (SCs, SGCs, and
fibroblasts) (Figure 1a).

3.2. Effects of Paclitaxel on Viability of Primary DRG Co-Culture by MTT Assay

DRG co-cultures (neurons and non-neuronal cells) were treated with different concen-
trations of paclitaxel for 24 h, 48 h, and 72 h post-treatment. At 24 h post-treatment, the
four different concentrations of paclitaxel showed no significant effects on the viability of
DRG co-culture in comparison with the control group (p > 0.05) (Figure 3a). However, all
paclitaxel concentrations demonstrated a significant suppression in the viability of cells in
DRG co-culture compared to the control group at 48 h and 72 h post-treatment (p < 0.0001)
(Figure 3b,c).

3.3. Characterization of Primary DRG Non-Neuronal Cells

DRG non-neuronal cells were examined under a light microscope at different time
points (1, 2, 3, 4, 7, and 10 days) to analyze their growth and morphology. DRG non-
neuronal cells are divided into three different subpopulations. The first population are SCs,
which represent the majority of DRG non-neuronal cells [20,21]. They are distinguished
by a single, small, spindle-shaped nucleus. These cells have a thin layer of cytoplasm
surrounding the nucleus and bipolar cell bodies with long, thin projections or processes
extending from each side. These long processes can either form a dense bundle of fibers
or travel in a single thread of fibers away from the cell body (Figure 4). The population of
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SGCs shows small, round, and flat cell bodies with wide cytoplasmic projections (Figure 4).
These cells play a crucial role in the formation of an enveloping layer around DRG neurons
for protection and metabolism. Lastly, fibroblasts are found under SCs with a large flat cell
body and are pyramidal in shape with multipolar wide projections that are not associated
with any other fibers. These cells are secretory active and form the connective tissue that
supports cells in the culture (Figure 4).

Figure 3. Effects of different paclitaxel concentrations on viability (%) of DRG co-culture at 24 h, 48 h,
and 72 h post-treatment by MTT assay. (a) No significant effect on viability was found in co-cultures
compared to controls at 24 h post-treatment (p > 0.05). (b) 48 h, and (c) 72 h post-treatment, paclitaxel
displayed a significant reduction in the viability of cells compared to the control (**** p < 0.0001).
The asterisks depict statistically significant results regarding the respective measurement indicated
with the bar. Values are served as the mean ± SEM of three independent experiments performed in
triplicate. ns, non-significant.

 

Figure 4. Representative phase contrast images show the morphology and growth of primary DRG
non-neuronal cells at various time points. Blue arrows indicate Schwann cells, red arrows satellite
glial cells, and black arrows represent fibroblasts, Scale bar = 50 μm.
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3.4. Effects of Paclitaxel on Primary DRG Non-Neuronal Cells
3.4.1. Cell Viability (MTT Assay)

DRG non-neuronal cells were exposed to various concentrations of paclitaxel for 24 h,
48 h, and 72 h post-treatment. Only 10 μM of paclitaxel showed a significant reduction
in the viability of cells compared to the control group at 24 h post-treatment (p < 0.05)
(Figure 5a). While, at 48 h and 72 h post-treatment, different paclitaxel concentrations
showed a significant reduction in the viability of non-neuronal cells compared to the
untreated control group (p < 0.05) (Figure 5b,c). At 72 h post-treatment, the effects of
paclitaxel on the viability of non-neuronal cells were clearly concentration-dependent
(Figure S3a). Notably, the effects of 10 μM paclitaxel on the viability of non-neuronal cells
were only time- but not concentration-dependent (Figure S3b).
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Figure 5. Effects of different concentrations of paclitaxel on the viability (%) of DRG non-neuronal
cultures at 24 h, 48 h, and 72 h post-treatment by using MTT assay. (a) 10 μM of paclitaxel was
the only concentration that showed a significant effect on the viability of DRG non-neuronal cells
compared to control at 24 h post-treatment (* p < 0.05). (b,c), Different concentrations of paclitaxel
elucidated a significant reduction in the viability of cells compared to the control at 48 h and 72 h
post-treatment (*** p < 0.001, **** p < 0.0001). The asterisk denotes significant results regarding
the respective measurement indicated with the bar. Values are served as mean ± SEM of three
independent experiments performed in triplicate, ns: non-significant.

3.4.2. Determination of Cytotoxicity (LDH Assay)

The treatment of DRG non-neuronal cells with different paclitaxel concentrations
(0.01 μM, 0.1 μM, 1 μM, and 10 μM) resulted in a significant increase in the number of
damaged or dead cells that was proportional to the amount of LDH released in the cell
culture media compared to non-treated cells (p < 0.0001) at 24 h after treatment (Figure 6a).
After 48 h of treatment, the cytotoxicity of the four concentrations of paclitaxel increased
remarkably compared to the control (p < 0.0001) (Figure 6b). The increase in the number
of dead cells in response to the exposure of non-neuronal cells to paclitaxel continued in
comparison to the control group (p < 0.0001) at 72 h post-treatment (Figure 6c). It was
obvious that the effects of different paclitaxel concentrations on cytotoxicity were dose-
dependent at only 72 h post-treatment (Figure S4a). Furthermore, a considerable difference
was observed between different investigated time points for all applied concentrations,
indicating time-dependent effects (Figure S4b).
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Figure 6. Effects of different concentrations of paclitaxel on cytotoxicity of DRG non-neuronal
cultures using lactate dehydrogenase (LDH) assay. Levels of released LDH were quantified at (a) 24 h,
(b) 48 h, and (c) 72 h post-treatment and showed a significant increase in LDH release that was
proportional to the number of dead or damaged cells compared to the control group (**** p < 0.0001).
+ve Control represents the maximum release of LDH after 100% cell death. The asterisks denote
significant results regarding the respective measurement indicated with the bar. Values are given as
the mean ± SEM of three independent experiments conducted in 15 replicates.

3.4.3. Cell Proliferation by BrdU Assay

The percentage of BrdU immunoreactive cells was determined in non-neuronal cells
after exposure to various concentrations of paclitaxel at 24 h, 48 h, and 72 h post-treatment.
At all investigated time points, a significantly lower number of BrdU-positive cells was
found in treated cultures with different paclitaxel concentrations compared to the vehicle
control group (p < 0.0001) (Figure 7a–d). As no significant difference was detected be-
tween different paclitaxel concentrations, no concentration-dependent effect was assumed
(Figure S5a). In contrast, a significant difference between different timelines for all applied
concentrations of paclitaxel was found, revealing a time-dependency of anti-proliferative
effects (Figure S5b).

Figure 7. Cont.
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Figure 7. Effects of different concentrations of paclitaxel on cell proliferation of DRG non-neuronal
cells using BrdU assay. (a) Representative immunofluorescence images of different non-neuronal
cells treated with 0.01 μM, 0.1 μM, 1 μM, and 10 μM paclitaxel at 24 h, 48 h, and 72 h post-treatment
show proliferating cells labeled with BrdU antibody (green) and all nuclei stained with DAPI (blue).
5–8 areas were recorded randomly per each coverslip; Scale bar = 75 μm. Bar charts demonstrated
a significant decrease in the rate of cell proliferation after treatment compared to the control group
(**** p < 0.0001) at (b) 24 h, (c) 48 h, and (d) 72 h post-treatment. The asterisks denote signifi-
cant results regarding the respective measurement indicated with the bar. Values served as the
mean ± SEM of three independent experiments performed in 15 replicates.

3.4.4. Cellular Morphological Changes

Except for 0.01 μM, all applied paclitaxel concentrations showed hallmarks of cell
death and a variety of toxic alterations to the morphology of non-neuronal cells, including
cell shrinkage, swollen cell bodies, or reductions in the length of processes. Additionally,
other morphologic changes were observed in nuclei, such as nuclear fragmentation and
chromatin condensation (Figure 8). The number of viable DRG non-neuronal cells was
significantly reduced (p < 0.05) compared to the control group at all time windows (Figure 8).

 

Figure 8. Effects of various paclitaxel concentrations on cellular morphology at different investigated
time points using immunofluorescence staining. Representative microphotographs demonstrate cells
stained with vimentin antibody (green) and nuclei counterstained with DAPI (blue). Paclitaxel (0.1 μM,
1 μM, and 10 μM) strongly affected the cell morphology of non-neuronal cells including shrinkage of
cells’ bodies (red arrows) and retraction of processes (white arrows). In addition, some cells treated
with 10 μM paclitaxel were swelling (yellow arrows). Additionally, nuclear changes were observed,
such as nuclear fragmentation (indicated by an asterisk in the inlet) and condensation. Five to eight
regions were recorded randomly per coverslip by fluorescence microscopy. Scale bar = 75 μm.
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3.4.5. Analysis of Changes in Nuclear Morphology

The effects of paclitaxel on nuclear morphology were investigated 24 h, 48 h, and
72 h after treatment. Paclitaxel induces nuclear fragmentation and condensation, which
are hallmarks of apoptosis (Figure 9a). Different paclitaxel concentrations revealed a
substantially increased number of apoptotic cells when compared to the control group
(p < 0.05) at all investigated time points (Figure 9b–d). There was a significant difference
between paclitaxel concentrations, indicating concentration dependence at the various time
points studied (Figure S6a). Moreover, there was a significant difference between different
investigated time windows, particularly between 24 h and 48 h for all paclitaxel concen-
trations, indicating a time dependence for the effects of different paclitaxel concentrations
(Figure S6b).

 

Figure 9. Effects of different concentrations of paclitaxel on nuclear morphology of DRG non-neuronal
cells were analyzed by DAPI staining to detect % of apoptosis. (a) Representative images show DAPI-
stained nuclei of non-neuronal cells of the control group (left) or 1 μM paclitaxel group (right) at
48 h post-treatment, Scale bar = 75 μm. White arrows indicate healthy and uniformly stained nuclei,
whereas red arrows identify apoptotic nuclei. (b–d) A significant increase in % of apoptotic cells with
fragmented or condensed nuclei was observed in different cultures treated with various paclitaxel
concentrations (0.01 μM, 0.1 μM, 1 μM, and 10 μM) in comparison with the control group (** p < 0.01,
*** p < 0.001, **** p < 0.0001). Data represented as mean ± SEM. The experiments were performed at
least three independent times with n = 15 replicas. The asterisk denotes significant results regarding
the respective measurement indicated with the bar graphs.
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3.4.6. Detection of Cell Death by Propidium Iodide Staining

To detect degenerating non-neuronal cells with late apoptosis and necrosis, combined
staining with PI and DAPI was performed. Dead cells showed pycnotic highly condensed or
fragmented nuclei in bright pink, while live cells showed normal nuclei with homogenously
distributed chromatin and regular morphology (Figure 10a). Except for 0.01 μM at 48 h
post-treatment, all treated groups at all time points showed an apparent increase in the
ratio of positive PI cells when compared to their corresponding untreated control group
(p < 0.05) (Figure 10b–d). The presence of dead cells also increased with increasing paclitaxel
concentrations when compared to the control, confirming a concentration dependency at
different investigated time points (Figure S7a). Furthermore, a time-dependent increase in
the ratio of cell death to DRG non-neuronal cells was observed except for 0.01 μM paclitaxel
at 48 h (Figure S7a).

Figure 10. Effects of different paclitaxel concentrations on cell death of DRG non-neuronal cells
by using PI assay. (a) Representative immunofluorescent fields show the amount of damaged non-
neuronal cells (PI-positive) in treated groups compared to control fields. The white arrows represent
degenerating cells (bright pink nuclei), Scale bar = 75 μm. At 24 h (b), 48 h (c), and 72 h (d) post-
treatment, all concentrations of paclitaxel led to a massive increase in the number of dead cells
compared to the control group (* p < 0.05, *** p < 0.001, **** p < 0.0001), except for 0.01 μM paclitaxel
concentration at 48 h (p > 0.05). Values served as mean ± SEM, and the experiments were carried out
three times independently with n = 15 replicas. The asterisk denotes significant results regarding the
respective measurement indicated with the bar graphs, ns: non-significant.
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4. Discussion

Primary DRG non-neuronal cells play a crucial role in supporting DRG neurons [22,31].
Previous studies investigated the toxic effects of paclitaxel on Primary DRG neurons, but
little is known about the toxicity of paclitaxel on non-neuronal cells. Furthermore, the time
course and concentration-dependency of paclitaxel’s toxic effects on non-neuronal cells
attracted little attention. To address these aspects, a more comprehensive approach using
a variety of techniques, time points, and concentrations was chosen to demonstrate the
effects of paclitaxel on DRG non-neuronal cell culture in vitro.

Paclitaxel exhibited several toxicological effects on primary DRG non-neuronal cells,
including a decrease in cell viability, an increase in cell death, inhibition of cell proliferation,
and cellular and nuclear changes, all of which were concentration- and time-dependent.
Our findings on DRG SCs are consistent with previous research that studied paclitaxel
effects on viability in a model of isolated SCs from the sciatic nerve [31]. These effects
were attributed to paclitaxel’s fast and strong mechanism of action on primary DRG
non-neuronal cells, as these cells are non-transformed and proliferating cells. Therefore,
paclitaxel selectively induces the death of transformed cells, possibly by arresting the cell
cycle at G1 as well as G2/M phases [54–58].

Our results also revealed that paclitaxel significantly reduced the proliferation rate
of DRG non-neuronal cells at various investigated timelines regardless of the applied
concentration, but this suppression increased in a time-dependent manner. These findings
expand the data of previous research, which reported a decrease in cell proliferation of
SGCs of DRG after 24 h of treatment with 1 μM and 5 μM paclitaxel [14]. The authors
postulated a paclitaxel stabilizing effect on microtubules by binding to beta-tubulin units,
which disrupts microtubule dynamics [58]. As a result, mitosis was arrested between
metaphase and anaphase (G2/M phase), suggesting a mitotic block and proliferation
inhibition [57–59].

The majority of anticancer drugs have been shown to induce apoptosis in vulnerable
cells [60–62]. Cellular and nuclear changes induced by anticancer drugs are very common
and involve shrinkage of cell bodies, nuclear condensation, and chromatin fragmenta-
tion [54–56]. As shown here, the response to paclitaxel seems similar in primary DRG
non-neuronal cells and affects all cellular subtypes.

Interestingly, we found that the percentage of apoptotic cells in DRG non-neuronal
cell culture detected by DAPI staining at different investigated time points was higher
when compared to the proportion of dead cells determined by the PI assay. This seeming
discrepancy can be explained as DAPI staining detects cells in the early and late stages of
apoptosis based on their nuclear morphology [63], but PI labels late apoptotic and dead
cells with damaged cell membranes [64].

Furthermore, retraction and loss or shortening of processes increased strongly with
the duration of treatment. These results add to the time- and concentration-dependency
of paclitaxel effects and support previous research that reported a loss or shortening
of processes in non-neuronal cells, however, in primary DRG co-culture after 24 h of
exposure to paclitaxel [31,39]. These effects are comparable to those found in sensory
neurons [17,37,65], implying the strong toxicity of paclitaxel on DRG non-neuronal cells,
which might have adverse functional consequences for DRG sensory neurons.

Dose- and time-dependent pharmacokinetics have been reported more frequently for
anticancer drugs than for other medications [66–70]. Our findings revealed that the effects of
paclitaxel on Primary DRG non-neuronal cell culture are concentration- and time-dependent.
Previous studies also reported similar findings on primary DRG neuronal and non-neuronal
cells [14,17,39]. Low concentrations of paclitaxel (0.01–0.1 μM) were reported to suppress
microtubule dynamics and inhibit mitotic spindle formation, resulting in a cell cycle arrest
at the G2/M phase [55]. Considerably, low concentrations of paclitaxel showed no effect
on the overall architecture of the microtubule cytoskeleton (Jordan et al., 1993), as noticed
with 0.01 μM paclitaxel in the current study. In contrast, higher doses of paclitaxel were
found to cause massive microtubule damage [59,71,72] and activate kinase pathways such
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as JNK/SAPK and p34 (cdc2) pathways [73–76], all of which are associated with paclitaxel-
induced apoptosis [57]. It is important to note that apoptosis induced by these pathways is
not dependent on mitotic arrest at higher concentrations, suggesting that it may occur in
cells at any phase of the cell cycle [55]. This interpretation is consistent with our data that
0.01 μM paclitaxel did not exhibit a significant toxic effect on the morphology of primary
DRG non-neuronal cells, whereas the higher concentrations (1 and 10 μM) did.

In the current study, the effect of paclitaxel on the cell viability of primary DRG co-
culture by MTT assay was time-dependent and modulated by the presence of neuronal and
non-neuronal cells in primary DRG culture. For example, the toxic effects of paclitaxel on
the viability of non-neuronal cells alone were apparent earlier, at 24 h post-treatment, while
a significant reduction appeared at 72 h after treatment in DRG neuronal cells [17]. However,
in primary DRG co-cultures containing neuronal and non-neuronal cells, the effect was
present 48 h post-treatment. A possible explanation might be that non-neuronal cells are
more susceptible and sensitive to paclitaxel treatment when compared to neurons. As a
result, paclitaxel’s effects on non-neuronal cells become more apparent because they are
actively growing, whereas post mitotic neurons need longer to respond to cell death [77,78].
Importantly, the effects of paclitaxel on the viability of primary DRG co-culture appeared at
48 h, not 24 h post-treatment, implying that there are cell-cell interactions between neurons
and non-neuronal cells and modulating signaling pathways that impact the paclitaxel
toxicity in the co-culture. Furthermore, the fate of cells after paclitaxel treatment might be
affected by both paclitaxel concentrations and exposure time [51,59].

Neuronal function studies showed that neurons are not the only cell type that con-
tributes to neuronal signaling. In the CNS, non-neuronal cells such as astrocytes, oligo-
dendrocytes, and microglia all play important roles in influencing neuronal activity via
interactions between neuronal cells and both glial cells and SGCs [79–82]. Non-neuronal
glial cells and macrophages were shown to play critical roles in neuronal excitability mod-
ulation as well as in nutrition, structural, and maintenance functions [83,84]. In addition,
they become activated following peripheral nerve injury or chronic inflammation and are
involved in controlling neuronal excitability [85]. An interesting structural feature of the
sensory ganglia is that the somata of sensory neurons do not form synaptic contacts with
one another [86]. Additionally, neuronal cell bodies are enwrapped by SGCs inside the
ganglia to form a structural and functional unit [27]. This specific structural arrangement
stands for the communication between neurons and SGCs and is a determinant of somatic
activity, as recently reported [82]. Changes in communication after injury are critical for
understanding the development of abnormal ectopic discharges in somata that influence
afferent signaling [28]. As a result, interactions between DRG neurons and glia and the
activation of signaling pathways are believed to play an important role in the management
of peripheral neuropathy [82].

5. Conclusions

Paclitaxel showed a set of toxicological effects on primary DRG non-neuronal cells that
included a reduction in cell viability, an increase in cell death, inhibition of cell proliferation,
and morphological changes. The effects of paclitaxel on primary DRG non-neuronal cells
are concentration- and time- dependent. Given the crucial role of primary DRG non-
neuronal cells in supporting DRG neurons and in the development and maintenance
of neuropathic pain, the described adverse effects of paclitaxel on DRG non-neuronal
cells might have functional consequences for sensory neurons in the DRG and should be
considered in the management of peripheral neuropathy. Future research should investigate
the potential negative effects of paclitaxel on signaling pathways and interactions between
DRG neuronal and non-neuronal cells.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/toxics11070581/s1, Figure S1: (a) DRG isolation from
6–8 weeks old Wister rats, and (b) extraction and purification of DRG non-neuronal cells by using the
density gradient centrifugation method; Figure S2: Representative example of automatic counting of
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nuclei of non-neuronal cells by the FIJI program for the control group; Figure S3: Effects of different
concentrations of paclitaxel on the viability of DRG non-neuronal cells at different investigated time
points using the MTT assay; Figure S4: Effects of different concentrations of paclitaxel on the percent-
age of cytotoxicity of DRG non-neuronal cells at different investigated time windows using the LDH
assay; Figure S5: Effects of different concentrations of paclitaxel on the rate of cell proliferation of
DRG non-neuronal cells at 24 h, 48 h, and 72 h post-treatment using BrdU assay; Figure S6: Effects of
different concentrations of paclitaxel on nuclear morphology (% apoptosis) of DRG non-neuronal cells
at 24 h, 48 h, and 72 h post-treatment by DAPI staining; Figure S7: Effects of different concentrations
of paclitaxel on the ratio of PI+ of DRG non-neuronal cells at 24 h, 48 h, and 72 h post-treatment by
propidium iodide assay.
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Abstract: Metronidazole is the primary antimicrobial drug for treating acute and chronic vaginal
pathogens during pregnancy; however, there has been insufficient research on placental disorders,
early pregnancy loss, and preterm birth. Here, the potential activity of metronidazole on pregnancy
outcomes was investigated. 130 mg/kg body weight of metronidazole was orally given individually
to pregnant rats on gestation days 0–7, 7–14, and 0–20. Pregnancy outcome evaluations were carried
out on gestation day 20. It was demonstrated that metronidazole could induce maternal and fetal
hepatotoxicity. There is a significant increase in the activities of maternal hepatic enzymes (ALT, AST,
and ALP), total cholesterol, and triglycerides compared with the control. These biochemical findings
were evidenced by maternal and fetal liver histopathological alterations. Furthermore, metronidazole
caused a significant decrease in the number of implantation sites and fetal viability, whereas it caused
an increase in fetal lethality and the number of fetal resorptions. In addition, a significant decrease in
fetal weight, placental weight, and placental diameter was estimated. Macroscopical examination
revealed placental discoloration and hypotrophy in the labyrinth zone and the degeneration of the
basal zone. The fetal defects are related to exencephaly, visceral hernias, and tail defects. These
findings suggest that the administration of metroniazole during gestation interferes with embryonic
implantation and fetal organogenesis and enhances placental pathology. We can also conclude that
metronidazole has potential maternal and fetal risks and is unsafe during pregnancy. Additionally, it
should be strictly advised and prescribed, and further consideration should be given to the associated
health risks.

Keywords: metronidazole; pregnancy; embryos; preterm birth; birth defects; placenta

1. Introduction

Females are among the most vulnerable to being infected with vaginitis caused by
parasites or pathologies related to childbirth and the care of women giving birth [1].
Intentionally or unintentionally, women rely broadly on medication or pharmaceutical
therapy to treat protozoal and/or bacterial infections during pregnancy or when not
pregnant [2].

Pregnancy evaluation focuses on the maternal and/or fetal implications of drug use.
Furthermore, embryos/fetuses are more susceptible in pregnant females treated with
medications [3]. Perinatal exposure to drugs leads to abnormal intrauterine embryo/fetus
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development manifested by growth delay, organ deterioration, and fetal resorption or
death [4]. These drugs can penetrate the placental membrane’s maternal-fetal barrier and
disrupt normal fetal development [5].

Metronidazole is an antibiotic drug synthesized by actinobacteria and proteobacterial
genera and is used to cure Bacteroides infections and certain parasitic illnesses [6]. It has
been an effective prescribed medication against human vaginitis infections in gynecology
and obstetrics such as Trichomonas vaginalis, Entamoeba histolytica, and Giardia lamblia for
many years. The metronidazole-available doses are injectable, intravenous, vaginally, and
rectally [7].

Various literature reports that metronidazole has therapeutic effects; however, its safety
during pregnancy has not been fully confirmed [8,9]. Concerns have been raised about
the potential side effects of treating pregnant women with metronidazole [10]. According
to the Food and Drug Administration (FDA), metronidazole is classified as having a
category B risk for damaging fetuses, but its use still provokes divided opinion among
physicians. [11]. In this classification, harmful action is evident in the first trimester of the
gestation period [12]. The majority do not advocate it during the first trimester, while in
the second and third trimesters it is justified only in cases where alternative therapy is
unsuccessful [13].

Toxicological studies demonstrated that metronidazole is bioavailable and can be
distributed in body fluids [14] and extend across the maternal-fetal barrier into the em-
bryo/fetus circulation and amniotic fluid [15]. Through this potential effect, developmental
retardation, deformed organs, and fetal death can be observed. Furthermore, metronidazole
administration can directly influence fetogenesis independent of maternal toxicity [16].

Metronidazole is considered to have broad toxicological prospects compared to most
xenobiotics due to its biotransformation in the liver through oxidation, hydroxylation,
and conjugation of metronidazole glucuronide [17]. Moreover, a cumulative number
of studies on animals and humans indicated an association of metronidazole with the
disturbance of alanine aminotransaminase (ALT), aspartate aminotransaminase (AST),
alkaline phosphatase (ALP), total cholesterol (TC), and triglyceride (TG), which are factors
involved in hepatotoxicity [18]. Metronidazole also enhances steatosis-related early-stage
hepatocarcinogenesis and induces liver tumors through increased hepatic neoplasms [19].

Experimental research showed that metronidazole can induce post-implantation em-
bryo lethality in rats [20]. Others declared a probable relationship between the adminis-
tration of vaginal metronidazole and hydrocephaly during pregnancy [21]. In addition,
Shennan et al. [22] reported that metronidazole therapy might increase the chance of
preterm birth and/or abortions during pregnancy.

Previous published meta-analyses answered whether metronidazole exposure during
the first trimester of pregnancy is associated with an increased teratogenic risk in humans.
The outcome under consideration was the occurrence of birth defects in live-born infants.
It was concluded that metronidazole does not appear to be associated with an increased
teratogenic risk [23]. On the other hand, other meta-analysis data do not confirm the
efficacy of metronidazole in reducing the risk of preterm birth and associated delivery
outcomes [24]. Hence, further research is required to confirm the effect of high doses and a
short duration of metronidazole treatment on preterm birth among the high-risk group.

Consequently, in addition to maternal toxicity, it is evident that metronidazole has
the potential to disrupt the normal intrauterine development of the embryo/fetus. So,
the present study and the body of literature were planned to investigate methodically
the effect of metronidazole during different trimesters and the whole pregnancy on fetal
development in pregnant rats.

2. Materials and Methods

2.1. Metronidazole Drug

Metronidazole (Flagyl®, 500 mg per capsule) was purchased from Sanofi global bio-
pharmaceutical company, a Saudi Arabian branch (Jouf, Saudi Arabian). The dose prepared
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for the current study was calculated (130 mg/kg) according to [2] and was dissolved in a
physiological saline solution.

2.2. Animal Care and Use

All procedures of the present study were carried out in compliance with standards,
rules of Institutional Ethics Use and the Care Committee of Laboratory Animals at Jouf
University. This study was conducted on sexually mature and experimentally naïve female
rats weighing about 160–180 g at the beginning of the experiment. Female rats were kept in
cages with free access to conventional drinking water and food at 25 ± 2 ◦C. The relative
humidity levels were maintained at 50 ± 5%.

2.3. Determination of the Estrous Cycle

Every morning, vaginal smears were obtained for vaginal cytology to identify the
phases of the oestrous cycle. Proestrus is characterized by a predominance of nucleated
epithelial cells and a small proportion of cornified epithelial cells. During the estrus phase,
cornified squamous epithelial cells will predominate. Leukocytes and cornified squamous
epithelial cells are present during the metestrus phase. In the diestrus phase, leukocytes
will be the predominant cell type [25].

2.4. Mating and Pregnancy Snippets

After two weeks of adaptation, females with three consecutive regular oestrous cycles
were caged with a proven fertile male (2 females: 1 male). The next morning, to check if
sperm were present, vaginal smears were taken. The appearance of spermatozoa in vaginal
smears or the existence of a vaginal plug was regarded as the onset of gestation [26].

2.5. Experimental Design

The timed pregnant females were arbitrarily divided into four groups, (10 females/each).
The control group (GC): pregnant rats received 0.5 mL of physiological saline solution
from day zero through the twentieth day of gestation. The first experimental group
(GMI): pregnant rats treated with metronidazole from day zero through the seventh day of
gestation. The second experimental group (GMII): pregnant rats received metronidazole
from day zero through the fourteenth day of pregnancy. The third experimental group
(GMIII): pregnant females received metronidazole from day zero through the twentieth
day of gestation. Metronidazole was given orally by gavage at a daily dosage of 130 mg/kg
body weight in 0.5 mL of physiological saline solution after confirmation of mating.

2.6. Narrative Toxicological Signs of Dams

The perinatal screening of pregnant female rats was reviewed to determine whether
metronidazole treatment induces vaginal bleeding. In addition, a gross analysis of the
maternal toxicity of pregnant females from all groups was monitored throughout the
pregnancy trimesters. Preterm births, spontaneous abortions, and maternal deaths before
the 20th day of gestation (via cesarean section) were also screened during the period
of pregnancy.

3. Pregnancy Outcomes Evaluation

3.1. Dissection Procedure of Pregnant Rats

On the 20th day of gestation (9:00 a.m.), all pregnant rats from each group were intra-
muscularly anesthetized with (80 mg/kg ketamine hydrochloride and 6 mg/kg xylazine
intramuscularly) and then euthanized and dissected under a dissecting stereomicroscope.
Dissection procedures are performed on a black background and performed as quickly
as possible to maintain the viability of the samples. After a transverse incision of the
abdomen with scissors, the gravid uterine horns were carefully exposed and excised with
forceps by cutting at the cervix and along the mesometrium. At necropsy, the fetuses
were pulled out, aseptically detached, and removed from the uterus with the attached and
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intact placenta and yolk sac. The placenta discs were secluded from the uterine wall. After
that, the isolated placenta and fetuses were externally washed with 70% ethanol, air-dried,
and individually weighed. The uterine horns were inspected to estimate the number and
location of implantation sites, fetal resorptions (early or late), fetal death, and viable fetuses.
Fetal viability was evaluated by the presence or absence of fetal size, fetal movement, skin
coloration, and fetal developmental stage. The uteri of females that cannot be easily seen or
noticed to be pregnant can be inspected by staining the uterine horns with 10% ammonium
sulfide [27].

3.2. Macroscopical Evaluation
3.2.1. Fetus and Placenta

The crown-rump length of each fetus was measured. Thereafter, the collected fetuses
were inspected for the skull, eyes, ears, limbs, and tail to carry out a possible systematic
inquiry and identify the existence of the malformations of external morphology. Macro-
scopically, at necropsy, the placenta was also individually evaluated for abnormal or
distinctive attributes or aspects in anatomy and pathology, and an image was acquired
using a dissecting stereomicroscope.

3.2.2. Blood and Serum Biochemistry

The blood samples were placed in a 1.5 mL anticoagulation centrifuge tube for one
hour and then centrifuged at 4 ◦C and 10,000× g rpm for 10 min to obtain the serum.
Alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase
(ALP), total protein (TP), total cholesterol (TC), triglyceride (TG), high-density lipoprotein
cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) assay kits (Min-
dray, Shenzhen, China) were removed from the refrigerator at 4 ◦C and tested by a fully
automated biochemical analyzer.

3.2.3. Histopathological Analysis

The largest lobe of the weighed liver was soaked in 4% paraformaldehyde, dehydrated
with a certain gradient of ethanol, embedded in paraffin, and stained with hematoxylin-
eosin (HE) at a thickness of 4 μm. Microscopy examined histopathology to assess the extent
of liver injury in all sections [28].

4. Statistical Analysis

Statistical data analysis package for science (Origin 2019b SPSS—version 23) for Win-
dows was applied. To analyze differences among all treatments, the one-way analysis of
variance (ANOVA) is followed by Duncan’s test for the difference between groups. The
data were expressed as the mean and standard deviation (mean ± standard deviations
(SDs)) at p ≤ 0.05.

5. Results

5.1. Maternal Toxicity

Observational findings evaluated the safety of metronidazole administration, and the
statistical analysis showed no significant results during the three trimesters. Pregnant rats
of the three groups (GC, GMI, GMII, and GMIII) did not display any evident symptoms
of maternal toxicity or undesirable behavior. No maternal mortality or morbidity was
noticed among the pregnant rats during the pregnancy period. Regarding vaginal bleeding,
most pregnant rats did not exhibit it, starting around GD 0–7th, 7–14th, or 0–20th days.
Furthermore, no clinical signs of hemorrhage were observed in gravid uteri in treated
females at necropsy compared with controls. No changes in skin and fur, eyes, and mucous
membranes, respiratory and digestive distress, behavior patterns, or coma were observed
in the pregnant females. Furthermore, no gross pathological changes were monitored at
necropsy in the tissues and organs of surviving rats.
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5.2. Preterm Birth and Abortion

Statistically, there were no preterm births among all pregnant female rats treated with
metronidazole in any trimester compared to pregnant female rats without metronidazole
treatment. Furthermore, no significant abortion was observed among metronidazole-
treated pregnant female rats.

5.3. Maternal Body Weight

Excluding the dead rats, the females in the experimental and control groups showed a
steady body weight during the days of the experimental period.

5.4. Liver Coefficients

Compared with the control group, the differences in liver coefficients in the GI and GII
experimental groups of rats were not statistically significant, while the difference in liver
coefficients in the GIII experimental group was significantly decreased (p ≤ 0.05, Figure 1).

 

*

Figure 1. Liver coefficient of pregnant rats (n = 10.) * Significant differences with respect to the control
group (GC) p ≤ 0.05.

6. Indices of Pregnancy Outcomes

6.1. Gross Gravid Uterine Horns

Each gravid uterine horn contains multiple healthy fetuses, each within its own
separate yolk sac and attached to the uterus via the umbilical cord and a discoid placenta
(Figure 2a,b). The number of implanted fetuses per gravid uterine horn decreased compared
with the control group. On the other hand, there was an increase in resorbed fetuses in
the uterine horns of females in groups I and II (Arrow, Figure 2c,d) and group III (Arrow,
Figure 2e). Furthermore, group III uterine horns suffered from complete fetal resorption
and appeared as resorbed implantation sites (Arrowhead, Figure 2f).

6.2. Day 0–7 Experiment Findings

In this group, there was a significant decrease in both the number of implantation sites
and the number of viable fetuses compared to the control group (p ≤ 0.05, Table 1). On the
other hand, the number of resorption sites was significantly increased compared with the
control group. The fetal body weight and crown-rump length were not significantly affected
in this treated group compared to the ad libitum control group (p ≤ 0.05, Table 1). No
significant difference was observed in the number of dead fetuses in metronidazole-treated
rats compared to the control group (p ≤ 0.05, Table 1).
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Figure 2. The whole mount of gravid uterine horns from pregnant rats was sacrificed on the 20th day
of gestation. (a,b) The control group with full-term fetuses. (c) group I (day 0–7) show missed and
resorbed fetuses (arrows). (d) Group II (day 7–14) shows resorbed fetuses (arrows) and intrauterine
growth retardation of fetuses (arrows). (e) Group III (day 0–20) show resorbed fetuses (arrows) and
dead and retarded fetuses. (f) Postimplantation loss (arrowheads).

Table 1. Pregnancy outcomes of female rats treated with metronidazole at different gestation periods
and sacrificed on the 20th day of gestation.

Parameters
Experimental Groups

GC GMI GMII GMIII

Number of litters 10 10 10 10

Number of fetuses 132.3 77.80 68.20 60.80

Number of implantation sites/litter 13.50 ± 1.25 8.75 ± 0.95 * 8.69 ± 0.85 * 7.28 ± 0.95 *

Number of resorption sites/litter 0.27 ± 0.015 0.97 ± 0.013 * 1.21 ± 0.002 * 1.42 ± 0.002 *

Number of dead fetuses/litter 0.00 0.00 0.66 ± 0.04 * 0.78 ± 0.04 *

Number of live fetuses/litter 13.23 ± 0.57 7.78 ± 1.30 * 6.82 ± 1.30 * 6.08 ± 1.30 *

Fetal body weight (g) 5.02 ± 0.130 4.89 ± 0.300 3.52 ± 0.167 * 2.99 ± 0.090 *

Crown-Rump Length (mm) 40.01 ± 1.42 39.20 ± 2.21 26.32 ± 1.12 * 21.50 ± 1.23 *

Values are expressed as mean ± standard deviation (mean ±SD) n= 10/group. * The values are significantly
different at p ≤ 0.05 (ANOVA) with Duncan’s multiple range test.

142



Toxics 2023, 11, 303

6.3. Day 7–14 Experiment Findings

The statistical analysis of pregnancy outcomes showed a significant decrease in both
the number of implantation sites and the number of viable fetuses compared to the control
group (p ≤ 0.05, Table 1). While the number of resorptions and dead fetuses significantly
increased compared to the control group (p ≤ 0.05, Table 1). Concerning the fetal growth
parameters, metronidazole produced a significant reduction in fetal body weight, and
crown-rump length (p ≤ 0.05, Table 1).

6.4. Day 0–20 Experiment Findings

The results of the whole pregnancy period (day 0–20) treatment with metronidazole
showed a significant decrease in the mean number of implantation sites and the number of
live fetuses (p ≤ 0.05, Table 1) compared to the control group. A significant decrease in fetal
body weight and fetal crown-rump length was observed compared to the control group
(p ≤ 0.05, Table 1). The total number of fetuses per group was significantly decreased in all
treated groups during the pregnancy trimesters compared to the corresponding control
group (p ≤ 0.05, Table 1).

6.5. Placenta Weight and Diameter

Compared with the control group, the differences in placenta weight and diameter in
the GII and GIII experimental groups of rats were significantly decreased compared with
the control group (p ≤ 0.05, Figure 3). While no significant difference was observed in the
GI compared with the control group (p ≤ 0.05, Figure 3).

 

Figure 3. Evaluation of placental parameters (weights and diameters) in the treated pregnant rats
with metronidazole. Values are expressed as mean ± standard deviation (M ± SD) n = 10/group.
* The values are significantly different at p ≤ 0.05 (ANOVA) with Duncan’s multiple range test.
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6.6. Placental Morphology and Anatomy

Normally, in the frontal view, the fetal surface of the placenta facing the fetus wherein
enters the umbilicus appears as a dark red zone due to the high vascularization of the
labyrinth (L, Figure 4a), called the chorionic plate (H, Figure 4a). The adjacent zone appears
yellow, representing the junctional zone. The fetal surface placenta comprises the fetus and
is composed of three compartments, encompassing the yolk sac, chorionic plate, labyrinth,
and junctional zone. While the maternal surface includes the decidua and is called the
basal plate (Arrow, Figure 4a). As shown in Figure 4a and compared with the normal
rat placentas, the GI placenta showed normal architecture with three compartments: the
chorionic zone (H, Figure 4b), the labyrinth zone (L, Figure 4b), and the maternal decidua
basalis (Arrow, Figure 4b). However, the labyrinth zone shows discoloration and adherence
of the umbilical cord to the chorionic surface (L, Figure 4b). The GII placentas exhibited
hypotrophy with disrupted structures such as the labyrinth (L, Figure 4c) and decreased
thickness of the decidual basal layer that lacked differentiation (Arrow, Figure 4c). On the
other hand, the placentas in the GIII appeared more hypotrophic with decreased diameter
and thickness compared with control placentas (Figure 4d). In addition, the degeneration
of the decidual basal layer (Arrow, Figure 4d).

Figure 4. Photomacrographs of the frontal view of placental morphologies in control and pregnant
rats treated with metronidazole at different gestation periods. (a) Normal control, red-colored
labyrinth (L), thick basal decidua (B). (b) Group I indicate discoloration of the labyrinth (L) and
adherence of the umbilical cord (*) to the chorionic surface (H). (c) Group II indicates placental
hypotrophy, and thin basal decidua (arrow). (d) Group III indicates reduced placenta and placental
hypotrophy, necrosis, and the disappearance of basal decidua (arrow).
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6.7. Gross Morphology of Fetal Abnormalities
6.7.1. Fetal Growth

Figure 5 demonstrates the gross morphological abnormalities of fetuses. These results
showed that metronidazole resulted in intrauterine growth retardation or restriction at
20 days of gestation, indicating that metronidazole can be implicated in fetal development.
The hematoma was recorded to occur more frequently among the treated groups compared
with the control groups.

 

Figure 5. Photomacrographs of the whole mount of twentieth-day-old rat fetuses of pregnant rats
treated with metronidazole at different gestation periods showing various morphological intrauterine
growth restrictions (IUGR). (a) In the control group, the fetuses appeared healthy and normal.
(b1, b2) Group I, (c1, c2) Group II, and (d1, d2) Group III. Notice growth retardation (*), dead fetus
(arrowhead), partially resorbed fetuses (arrows), and hematomas (H).

6.7.2. Major Congenital Anomalies

Congenital anomalies were observed more frequently in GMIII compared with the
GMI, GMII, and GC control groups (Figure 6). Such that, treatment with metronidazole
during the three trimesters (day 0–20) produced morphological anomalies in 20-day-old
fetuses compared with control fetuses (Figure 6a). The major congenital malformations
were exencephaly anomalies, visceral hernias, and tail defects (Figure 6b–d).

6.7.3. Blood Chemistry

Compared with the control group, the GIII experimental group caused significant
alterations in liver functions (p ≤ 0.05, Figure 7). The GIII group caused a significant
increase in levels of ALT, AST, ALP, and total protein compared with the control group
(p ≤ 0.05, Figure 7). Furthermore, compared with the control group, triglycerides (TG, lipid
index), total cholesterol, and HDL-C only increased in the GIII group (p ≤ 0.05, Table 2).
There is no significant alteration in the activity of LDL-C compared with the control group
(p ≤ 0.05, Table 2).
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Figure 6. The major external and visceral morphological anomalies of pregnant rats treated with
metronidazole during the 0–20th days of the gestational period. (a) control group, (b) show tail
defects (arrow), (c) show visceral hernia (arrow), and (d) indicate exencephaly (arrow).

Table 2. Effect of metronidazole on lipid profile in pregnant albino rats.

Lipid Index
Groups

GC GMI GMII GMIII

TC (mg/dL) 81.51 ± 5.11 82.61 ± 6.12 85.43 ± 4.22 131.42 ± 7.12 *

TG (mg/dL) 89.14 ± 6.31 88.33 ± 5.67 87.86 ± 5.17 166.8 ± 10.31 *

HDL (mg/dL) 37.33 ± 3.22 40.21 ± 4.01 42.62 ± 3.15 35.04 ± 2.09

LDL (mg/dL) 16.24 ± 3.46 17.88 ± 1.96 18.21 ± 1.77 31.22 ± 2.41 *
Values are expressed as the mean ± standard deviation (mean ± SD). (n = 10). * Significant difference with respect
to the control group at p ≤ 0.05 (ANOVA) with Duncan’s multiple range test.
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Figure 7. Effect of metronidazole on the serum liver function index of pregnant albino rats. Values are
expressed as mean ± standard deviation (mean ± SD) n = 10/group. * The values are significantly
different at p ≤ 0.05 (ANOVA) with Duncan’s multiple range test.

6.8. Hepatic Histopathology
6.8.1. Maternal Hepatotoxicity

Histological examination illustrates that the maternal liver displays a normal architec-
ture of hepatocytes with a distinct mitotic index in the liver (Figure 8a). The histological
analysis of the maternal liver showed different degrees of histopathological alterations in
all experimental groups compared with the control group (Figure 8). In contrast to the
control group, increased severity of ground parenchyma was observed in the GII and GIII
groups (Figure 8e–h). The liver in the GII group showed mild inflammatory cell infiltrates
and blood vessel congestion (Figure 8e,f). The liver tissue of rats in the GIII group showed
the disappearance of the hepatic cord, swollen hepatocytes, broken cells, and pyknosis of
hepatocytic nuclei (Figure 8g,h). Compared with the control group, the GI group had less
liver damage (Figure 8c,d).

6.8.2. Fetal Hepatotoxicity

Histological examination illustrates that the normal fetal liver is mostly comprised of
hepatic cords and sinusoids at this stage of development. The hepatic cords are composed
of primarily and largely undifferentiated hepatoblasts (Figure 9a,b). RBCs are found within
the vessels. Most of the hematopoietic cell population is of the erythroid lineage and can
be identified by the intense, hyperchromatic nuclei (Figure 9a,b). The architecture of the
liver in the GI tract is nearly identical to that seen in the normal fetal liver (Figure 9c,d).
Whereas GII showed disruptions in the hepatic organization of hepatocytes, defective
hepatocyte maturation, and abnormal hepatic cord arrangements (Figure 9e,f). In the
liver tissue sections of GIII, hepatocytes are small, round, and loose and associated with
disruptions in hepatic architecture and cell morphology observable on stained liver tissue
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sections (Figure 9g,h). The liver parenchyma appears looser and less organized. In addition,
megakaryocytes are present (Figure 9g,h).

Figure 8. Photomicrograph of maternal rats’ liver. (a,b) Normal control group. (c,d) treated females
at (0–7th dpc). (e,f) treated female at (7–14th dpc). (g,h) treated female at (0–20th dpc). Notice the
portal space (PS), portal vein (PV), central vein (CV), hepatocytes (HC, arrows) of hepatic strands (H),
and hepatic sinusoids (HS). H&E.
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Figure 9. Photomicrographs of fetal liver tissue sections of metronidazole-maternally treated mice.
(a,b) Normal control group, (c,d) treated female at (0–7th dpc), (e,f) treated female at (7–14th dpc),
and (g–j) treated female at (0–20th dpc). Notice the central vein (CV), hepatic cords (HC), hepatic
sinusoids (HS), circulate nucleated erythrocytes, mature hemopoietic cells (arrows), megakaryocytes
(K), and hemorrhage (G). H&E. ((a,c,e,g) = Scale 100 μm) ((b,d,f,h–j) = Scale 50 μm).

7. Discussion

Metronidazole is the primary antimicrobial drug for treating acute and chronic vagi-
nal pathogens during the gestation period; however, the limited literature on placental
disorders and pregnancy outcomes has not been as sufficient as required. Furthermore, the
placenta is crucial for fetal development and pregnancy success. So, in this study, we have
attempted to confirm the in-utero effects of metronidazole given to pregnant rats on the
observable disorders of the placenta along with pregnancy outcomes.

The findings showed that metronidazole induced discernible lesions in the placenta
and had detrimental effects on the consequences of conception disturbances in the normal
gestational consistency. The reduction in the number of live fetuses observed in the
present results was consistent with several reports. Consequently, there is a relationship
between metronidazole administration during pregnancy and low fetal weight, the number
of implantation sites, fetal viability, and congenital anomalies among the outcomes of
pregnant female rats.

The crown-rump length, embryonic resorption or death, number of implantation sites,
and embryonic morphology are indicators of great significance in reproductive toxicology
during the embryonic development [29]. In pregnant rats of GMI, GMII, and GMIII, a
decrease in the number of live fetuses and a reduction in the implantation sites may indicate
that metronidazole is implicated in the pre-implantation and/or post-implantation pro-
cesses [2]. In addition, a decrease in fetal viability may be attributed to the expelling effect
of metronidazole on the blastocyst after fertilization or its potential cytotoxicity on oocyte
liberation [30]. The evidence indicates that metronidazole can interfere with morphogenic
pathways, inducing malformations and developmental toxicity such as adduction and
transversions of GC-CG DNA [31]. It is also worth noting that metronidazole disrupts
apoptosis and the proliferation of cell migration and maturation, causing embryonic de-
fects [21]. Moreover, several studies point out that perinatal exposure to metronidazole
increases intrauterine fetal growth restriction and malformation occurrence, referring to
its mutagenic and teratogenic potency [32]. In this context, fetal resorption, death, and

149



Toxics 2023, 11, 303

teratogenicity malformations could be strictly explained by the cytotoxicity and/or geno-
toxicity of metronidazole, which is in agreement with its suggestion of its ability to induce
genotoxic effects on embryonic cells [33].

According to Talapatra et al. [34], metronidazole induces micronucleus and binucleus
formation and increases the number of chromosome aberrations due to its genotoxic,
cytogenetic, and carcinogenic damage. Likewise, Roy et al. [35] found that metronidazole’s
genotoxicity may be due to the sensitization of bone marrow cells. In addition, Menendez
et al. [36] indicated that metronidazole hydroxy metabolite, in rat hepatocytes, produced an
increase in micronuclei and DNA breaks. As such, several available reports indicated that
apoptosis or necrosis reflects DNA damage such as variation of bases, single-strand breaks,
and crossing between DNA-protein or DNA-DNA, finally resulting in early embryonic
defects [37]. It has been indicated that metronidazole also causes an increase in isochromatic
and chromatid breaks [30]. Hence, we could establish that such degenerative damages
and deleterious effects of metronidazole are implicated to a great extent in morphological
defects and teratogenicity.

Indeed, intracellular metabolic conversion plays an important role in the cytotoxic
activity of metronidazole. The reduced metronidazole binds to the DNA, enhancing the
destabilization of helix strands and consequent DNA breakage [38]. Furthermore, the
toxicity of metronidazole may result from its derivative, the thiamin analogue [39], or from
free radical-mediated damage generated during metronidazole metabolism, which causes
cell death [40]. The precise mechanism of action of metronidazole is unclear; however,
the reduced form of metronidazole and free radicals can interact with DNA, leading to
inhibition of DNA synthesis and DNA degradation, leading to cellular death [41].

Whatever the disruptor, an in utero placental lesion may cause prenatal growth
retardation, early pregnancy loss, and increase the risk for fetal disorders through the
placenta–organ axis [42]. In the present results, metronidazole produced placental hypotro-
phy associated with a decrease in placental weight and a reduction in the placental basal
zone compared with the control. The collective findings from the present study suggest
that the intrauterine fetal growth disorders and pronounced teratogenicity may be due to
the disruption of normal placental morphology due to the toxic effects of metronidazole
after metabolic reduction. In addition, defects in placental architecture may include the
histopathology of placental zones. These also include placental blood disorders, ensuring
that metronidazole implicates angiogenesis during early placental development [43].

Indeed, intrauterine embryonic lethality or viability emerges from labyrinth defects as
a prominent interface of placental disorders. Many studies supported the idea that there
is a direct relationship between the labyrinth and fetal development [44]. Micropatho-
logically, the decrease in placental weight observed in the present finding refers to the
apoptosis, necrosis, and degeneration of trophoblasts due to placental damage induced by
metronidazole [45]. Furthermore, the placenta discoloration, adhesion of the yolk sac on
the chorionic surface of the placenta, and reduction in the labyrinth zone noticed macro-
scopically in the present findings might be due to placental necrosis in the trophoblasts of
the labyrinth zone [46]. In the present results, there is an increase in intrauterine growth
restriction (IUGR), indicating placental apoptosis that may be due to the mutagenic activity
of metronidazole [47]. DNA damage, arrest of the cell cycle in trophoblasts, and diminished
spongiotrophoblast proliferation may interpret the reduction in diameter in the labyrinth
zone and basal zone, which is consistent with metronidazole cytotoxicity [48]. Furthermore,
we can explain that a reduction in placenta size and placenta weight is attributed to the
growth suppression of the labyrinth zone, the retardation of the development of the basal
zone, and the cystic deterioration of glycogen cells induced by metronidazole [49].

The liver coefficients of pregnant rats in the GIII experimental group were significantly
reduced. It indicates that the liver is one of the target organs for metronidazole, so the prac-
tical clinical significance needs further investigation in combination with blood biochemical
indices and pathological sections.
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After gavage, metronidazole is digested and absorbed by the gastrointestinal tract, me-
tabolized in the liver, and the metabolites (hydroxy metronidazole) are excreted through the
kidneys. The serum biochemical findings can further detect liver damage [50]. Elevations in
the levels of ALP, ALT, AST, and total protein are a sign of liver damage. The levels of total
protein can reflect protein synthesis ability and immunity [51]. The liver is an important
organ for metabolism and is the main site of fat and protein metabolism [52]. TC, TG, LDL-
C, and HDL-C indicators are associated with dyslipidemia [53]. Therefore, biochemical
parameters are determined in the present study using data obtained from the liver. Based
on the present findings, the GIII group increased the levels of ALT, AST, and ALP, and the
changes were more evident with an increase in the experimental period (0–20th dpc). In
general, increases in serum concentration levels of ALT, AST, ALP, and TP are biological
markers of hepatic damage [54]. The effect on the liver, a pivotal organ of metabolic home-
ostasis, is reflected in the levels of AST [55]. Total protein is one of the important indicators
of biochemical detection that plays an immune role during the administration of toxic
substances (xenobiotics). Therefore, the simultaneous elevation in TP levels often indicates
the presence of toxicity in the body [56]. This suggests that metronidazole may cause
hepatocellular damage and abnormal liver metabolic function. The GIII caused elevations
of hepatic function indicators, and their elevation often indicates excessive protein intake
or abnormal hepatic metabolism [57]. Studies have reported that liver dysfunction often
leads to disturbances in lipid metabolism, resulting in increased serum TG [58]. The same
results were observed in the GIII; thus, it was assumed that metronidazole may have an
increased risk of liver dysfunction and abnormal lipid metabolism.

8. Conclusions

The developmental defects observed in present findings disclose the potency of metron-
idazole administration on pregnancy outcomes and have pathological effects on the placen-
tal development of pregnant female rats. Furthermore, the toxic effects of metronidazole
are evidenced by a significant intrauterine fetal growth restriction and teratogenicity. In
addition, metronidazole causes significant impacts on the maternal liver in pregnant rats
at GIII and affects their lipid metabolism. The toxicity was also extended to the fetal
liver, mainly by the maternal-fetal-placental vectors. Compared with the control group, all
experimental groups showed varying degrees of histopathological alterations, including
hepatocyte damage and increased inflammatory cells. Hepatic histopathology showed
that the GIII group had the most severe liver tissue damage compared with the GI and
GII groups. These findings were consistent with the biochemical index findings. So, from
the presently established findings, we can conclude that metronidazole administration is
unsafe during gestation for dams and fetuses and should be strictly advised and prescribed
for its use and prescription. Additionally, further consideration should be given to the
associated health risks.
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Abstract: Xylazine abuse is emerging globally, while the identification of xylazine lethal cases poses
a great challenge in clinical and forensic practice. The non-specific symptoms delay the diagnosis
and treatment of xylazine poisoning, the pathological changes and lethal concentration of xylazine
in body fluid and organs of fatal xylazine poisoning cases are seldom reported and the other toxins
detected in such cases complicate the role of xylazine in the cause of death. Therefore, we carefully
reviewed related updated information on xylazine, summarized the knowledge from clinical and
forensic perspectives and can thus provide a reference in such cases and throw light on further study
in the field of xylazine poisoning.

Keywords: xylazine poisoning; clinical practice; forensic practice; characteristics; future challenge

1. Introduction

Xylazine is a strong agonist of α2 adrenergic receptors that could decrease the release
of norepinephrine and dopamine from the brain and thus form a sedative effect [1]. In
veterinary practice, it can achieve the required sedative effect used alone or combined with
other narcotic drugs including ketamine [2]. The good sedative effect has made it popular
in veterinary practice worldwide since the United States introduced it in the 1960s [3].
Generally, it is only legally available for animals with a veterinary prescription, so it is not
listed as a controlled substance all over the world [4].

Xylazine can depress the central nervous system and respiratory functions, resulting
in bradycardia, hypotension, and transient hyperglycemia; therefore, it has never been
approved for human use [5,6]. Indeed, xylazine poisoning in humans was a rare thing at
first, whereas, recently, xylazine has been emerging as a street drug [7]. At first, xylazine
was used in drug-facilitated crimes such as sexual assault and robbery, but now it is more
common in various street drugs across the US and is associated with drug overdose [5–8].

During the last 5 years, the incidence of xylazine involved in drug-related deaths in
West Virginia increased by more than six-fold [9]. The increase in xylazine participation
in rural states indicated the widespread and emerging public legal issues concerning the
misuse and abuse of xylazine in the United States [9]. Recently, a xylazine-related death
was first reported in Europe [10]. Indeed, xylazine poisoning is emerging in clinical and
forensic practice; whereas most of them are case reports and they are often combined
with other toxins or drugs, the pathological changes in xylazine poisoning cases have
seldom been reported [10–15]. Therefore, the lethal concentration of xylazine in blood and
other organs is far from identified and the underlying mechanism in the cause of death in
xylazine-related deaths needs further study to be demonstrated.
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To provide reference on xylazine poisoning, we carefully reviewed the latest updated
information on it. Blood and urine were easy to acquire in clinical and forensic practice
and the concentration of other drugs and toxins in these samples was well established in
previous studies. Therefore, we not only summarized the symptoms of the victims in such
cases, but also collected the blood and urine concentrations of xylazine in those cases. The
articles involved in the present review were published before November 2023 on PubMed
and CNKI. Xylazine was a constant keyword, and poisoning was added to focus on clinical
and forensic interest. All the reported concentrations of xylazine were converted in ng/mL
or ng/g to make a comparison.

2. Xylazine, Structures and Pharmacokinetics

2.1. Xylazine, Structures and Usage

Xylazine is a strong agonist of α2 adrenergic receptors, with a chemical name 2-(2,6-
dimethylanilino)-5,6-dihydro-4h-1,3-thiazine. Its molecular formula is C12H16N2S with
a 220.33 relative molecular mass. The chemical structure of xylazine is very similar to
phenothiazines, tricyclic antidepressants and clonidine [16]. Since it was approved in 1960s,
following comprehensive research including into its synthesis process, pharmacological
properties, etc., its good sedative effect in veterinary practice has made it popular. It is
provided in the form of hydrochloride in a solution containing 20 or 100 mg/mL, indicated
by a free base. The routine administration of xylazine is intramuscular, intra-venous
or subcutaneous; the intramuscular and subcutaneous injection of xylazine is absorbed
quickly in equines. The dosages of xylazine vary from 0.55 to 8.8 mg/kg intramuscularly or
1.1 mg/kg a pound intravenously [17]. This dose could provide analgesia of 15 to 30 min
and sedation of 1 to 2 h [18]. Generally, pharmacokinetics information about xylazine in
humans is absent.

2.2. Pharmacokinetics

The intramuscular or subcutaneous injection of xylazine is absorbed quickly [19]. It
produces a fast onset of action with a short duration. In addition, the intensity and duration
of sedative or analgesic effects are proportional to the dose of drug used, and species also
plays a role in the process of sedative effects [20]. An ordinary dose in a sheep can keep
the animal quiet and asleep for 1~2 h, with analgesia for 15~30 min [18]. Cattle are the
most sensitive animals to xylazine, and it is reported that the dose of xylazine used in
cattle amounts to 1/10 of that in horses or dogs to achieve the same sedative or analgesic
level [20].

The pharmacokinetic parameters of xylazine have been confirmed in various animal
species [21]. Generally, the absorbance, metabolism and elimination of xylazine is quite
rapid. It absorbs and spreads so quickly that the brain and kidney had the highest concen-
tration of xylazine in organs a few minutes post-intravenous administration. The sedative
effect can appear within 5 min and lasts up to 4 h [22,23]. The routine dose of xylazine
in animals was 0.5–5.0 mg/kg. The highest concentration of xylazine in plasma occurs
0.2~0.3 h after intramuscular administration of 0.6–1.4 mg/kg in large animals such as
sheep [24]. It was reported that less than 1% of the drug is excreted unchanged in the urine
in the cow and about 8% in the rat [20].

3. Analytic Aspects

The past decade has provided an important impetus for LC-MS/MS technology and
research. Due to the rather high selectivity and sensitivity of LC-MS/MS, better perfor-
mance than other technology and reliable results it is a perfect method that can achieve the
goal of various applications [25–27]. LC-MS/MS was successfully applied in pharmacology
and toxicology cases and became an important instrument that cannot be ignored [25].
For one thing, pharmacology is the basis for drug monitoring and finding the correct
treatment strategy for patients. Furthermore, LC-MS/MS are the most crucial instrument
configurations used for drug identification and illicit drug screening in toxicology and
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forensic practice and research, providing enormous support to related legal practice. It is
no wonder that LC-MS/MS play a critical role in the identification of xylazine.

In 2018, Krongvorakul et al. first established a LC-MS/MS method to detect xylazine
in the serum and urine of the victims in drug-facilitated crimes and confirmed the concen-
tration of serum (0.057 μg/mL) at 6 h and urine (0.294 μg/mL) at 8 h after she drank the
drink [8]. In 2021, Xu et al. used LC-MS/MS to detect xylazine in the blood of 12 victims in
a poisoning case; the minimum detection limit was 0.02 ng/mL and xylazine displayed a
good linear relationship in the range of 0.1~200 ng/mL while the correlation coefficient
R2 = 0.9978 and the blood concentration of xylazine in the victims ranged from 9.6 to
139.5 ng/mL [28]. In 2023, Yao et al. used LC-MS/MS to detect the potential drugs in
10 victims’ consumption of beef and venison; xylazine was detected in the blood and urine
of the victims and rather high concentrations of xylazine were detected in the cooked beef
and venison [29].

To better understand the current stage in the analysis method of xylazine, we identified
several biological analysis methods of xylazine used in the past 10 years and summarize
them in Table 1 [28–31]. LC-MS/MS, SPE-HPLC/MS/MS and UPLC-QTOF/MS were the
validated methods in the detection of xylazine. Serum, blood and urine were common
biological samples in the identification of xylazine as shown in Table 1. The LODa of the
reported method was largely affected by the matrix, sample preparation and detection
method. With the technology development of MS, the detection method revealed little
difference in the identification of xylazine.

Table 1. Some analytic methods of xylazine and metabolites (DMA) used in biological samples.

Analysis
Matrix
(mL)

Sample
Preparation

Sample
LODa
ng/mL

Linear
Range
ng/mL

Author, Publication
Year

Xylazine LC-MS/MS 1.0
2.0 g

Liquid—liquid
extraction

Blood, urine,
beef, venison

Blood 2.5,
urine, 2.5,

Meat
2.5 μg/kg

1.0~300.0 Yao et al. 2023, [29]

LC-MS/MS 1.0 Liquid—liquid
extraction Blood 0.02 0.1~200 Xu et al. 2023, [28]

LC-MS/MS 0.5 Liquid—liquid
extraction Serum, Urine Serum, 1,

Urine 1
Blood 10~750,
Urine 10~750

Krongvorakul et al.
2018, [8]

SPE-
HPLC/MS/MS 1.0 SPE Blood, Urine Blood 0.4,

Urine 0.3
Blood 2~2000,
Urine 2~2000 Liu et al. 2017, [30]

UPLC-
QTOF/MS 1.0 Liquid—liquid

extraction Blood, Urine Blood 0.4,
Urine 0.3

Blood 2~2000,
Urine 2~2000 Gao et al. 2015, [31]

DMA SPE-
HPLC/MS/MS 1.0 SPE Blood, Urine Blood 0.4,

Urine 0.3
Blood 2~2000,
Urine 2~2000 Liu et al. 2017, [30]

UPLC-
QTOF/MS 1.0 Liquid—liquid

extraction Blood, Urine Blood 0.5,
Urine 0.3

Blood
10~4000,

Urine
10~4000

Gao et al. 2015, [31]

Matrix (mL): minimal sample size.

Blood and urine were common in the identification of xylazine in forensic practice.
However, other organs such as the liver were rarely involved in such cases, and pre- and
postmortem organ distributions of xylazine were seldom involved. Due to the occurrence
of food poisoning, the left food was also an ideal sample in such cases to confirm the
existence of xylazine.

Table 1 also indicates that the sample preparation of the validated methods was a
traditional liquid–liquid extraction, which required large amounts of organic solvent and a
complicated operation. The procedures of most methods were time-consuming, qualitative
instead of quantitative, and needed a rather large sample size, and thus most of them were
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not suitable for the rapid detection of xylazine for clinical and forensic purposes. To date,
few studies have centered on the tissue distribution of xylazine in the forensic perspective.

Although xylazine is emerging as an adulterant and is most commonly associated
with other drugs including fentanyl, the metabolic pathways and major metabolites in
humans who suffered from xylazine poisoning are absent. In 2015, Gao et al. estab-
lished a UPLC-QTOF/MS method to detect the concentrations of xylazine and 2,6-xylidine
(DMA) in the blood and urine [31]. In 2019, Cui et al. used the liquid chromatography-
quadruped/orbitrap mass spectrometry method to explore the metabolites of xylazine
in human urine and concluded that the hydroxylated products, oxidation products, S-
oxidation products, etc., were the main metabolites of xylazine, which corresponds to
the results of rat urine, rat liver microsomes, and horse urine [32]. The rather similar
metabolites of xylazine in human urine in Chinese and Caucasian humans indicated the
common metabolic pathways and major metabolites in different populations [33]. Previ-
ous studies also confirmed that xylazine undergoes phase I metabolic reactions such as
hydroxylation, oxidation, N-dealkylation, and S-oxidation in the human body, and the
hydroxylated metabolites then act on glucuronic acid and sulfuric acid to produce phase II
metabolic reactions [32–34]. The main metabolite of xylazine, DMA, was a useful biomarker
for post-poisoning surveillance.

4. Clinical and Forensic Aspect of Xylazine Poisoning

4.1. Characteristics of Xylazine Poisoning

To identify the characteristics of xylazine poisoning cases in clinical and forensic
practice, we searched “Xylazine poisoning” in PubMed and CNKI, excluded the cases
without humans involved, and identified 20 papers which included more than 160 cases;
the related information is summarized in Tables 2 and 3 [8,10,11,13,15,28–30,34–45]. As
shown in Table 2, most of the involved cases were accidental; however, homicide and
suicide were also seen in the xylazine poisoning cases. It was reported that it may occur in
persons who accidentally ate meat that was injected with xylazine, and due to the rather
small dose of xylazine, the victim may be rescued [28,29]. This was associated with mass
poisoning incidents, and it may occur in homicide cases. In 2023, Xu et al. reported that
a criminal purchased xylazine on the internet and poisoned the breakfast in a hotel; the
scene investigation revealed that the criminal had been fired a few ago and he did this for
revenge. Recently, injection was a common exposure of xylazine in the USA, and it was also
combined with fentanyl or heroin in those illicit drug overdoses [3,4]. However, inhalation
was a new approach in the exposure of xylazine and it may become popular as necrotizing
skin ulceration has followed the injection. This related skin injury is different from the
wound common in injection drug users and can occur at or away from the injection site
regardless of the exposure route [3,4].

Table 2. Xylazine poisoning cases in clinic and forensic practice without autopsy details.

Authors and
Publication Year

Age/Sex Cause
Exposure
Route

Primary
Symptoms

Time Interval
between Oral
and Symptom

Drug
Concentration

Yao et al. 2023, [29] Unknown,
5 victims Accident Oral Drowsiness,

hypokalemia
15–40 min
Mean 25 min

Blood
4.8–11.3 ng/mL,
Urine
6.7–218.1 ng/mL,
Cooked beef
440.0 μg/kg

Unknown,
5 victims Accident Oral

Dry mouth,
dizziness,
drowsiness

30–60 min
Mean 45 min

Blood
8.6–46.8 ng/mL,
Venison
193.0 μg/kg
Cooked venison
5.0 mg/kg

Xu et al. 2023, [28] Unknown,
12 victims Homicide Oral Dizzy Unknown 9.6~139.5
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Table 2. Cont.

Authors and
Publication Year

Age/Sex Cause
Exposure
Route

Primary
Symptoms

Time Interval
between Oral
and Symptom

Drug
Concentration

Gill EL et al. 2023, [34] 8/M Unknown Unknown

loss of
consciousness,
hypopneic with
pinpoint pupils,
headache

Unknown Xylazine and
fentanyl positive

Krongvorakul et al.
2018, [8] 73/F homicide Oral Coma,

bradycardia Unknown
Gastric content,
positive.
Serum, negative

71/F homicide Oral Coma,
bradycardia Unknown

Urine,
0.294 μg/mL
Serum,
0.0057 μg/mL

76/M homicide Oral Coma,
bradycardia Unknown Urine,

0.533 μg/mL

Liu et al. 2017, [30] unknown Accident Oral Unknown Unknown

Peripheral blood
xylazine and 2,6-
Dimethylaniline
positive

Forrester MB. 2016, [35] 76 victims, 41M,
33F, mean age 37

49 uninten-
tional, 24 were
intentional,
1 misuse;
1 adverse
reaction,
1 unknown

39 injection,
21 ingestion,
12 dermal route,
11 ocular route,
2 inhalation,
and 2 unknown,
9 multiple.

Drowsiness/lethargy
[36], Bradycardia
[15], Hypotension
[8], Hypertension
[7]
Puncture/wound
[6], Slurred
speech [6], Coma
[5], Ocular
irritation/pain
[5], Respiratory
depression [4]

Unknown Positive

Wang et al. 2014, [36] Unknown, 1 male,
4 females Suicide Oral Unknown Unknown 200–1000 mg,

one death

Hou et al. 2013, [37] Unknown, more
than 50 victims Accident Oral Unknown Unknown

Peripheral blood,
cooked meat
xylazine positive

Meyer et al. 2013 [38] 14/M Accident Injection Coma,
bradycardia Unknown

Plasma 0.3 mg/L
of xylazine and
0.1 mg/L of
ketamine

Zhang et al. 2010, [39] 31/M Accident Inhaled Dyspnea Unknown Unknown

Liu et al. 2007, [40] 19/M Accident Oral Coma, 35.5 ◦C,
bradycardia Unknown

Urine 582 mg/L
of ketamine,
448 mg/L of
norketamine,
745 mg/L of
phenobarbital,
and 762 mg/L of
xylazine

Velez et al. 2006, [13] 38/M Accident
Unintentional
irrigation of
both eyes

Bradycardia,
hypotension to
90/60 mm Hg,
consciousness
impairment,

2 h Unknown

Xia et al. 2006, [41]
7 victims, 1 male,
6 females,
28–48 years old

homicide Oral

Dizziness,
drowsiness,
palpitations,
impaired
consciousness

0.5–2 h Heart blood
12.86 μg/mL

Elejalde et al.2003, [42] 18/M Suicide inhaled

Blood pressure
90/60 mmHg,
heart rate 45 bpm,
disorientation,
dysarthria,
dysmetria, ataxia,
sinus bradycardia

Unknown
urine for common
toxins was
negative
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Table 2. Cont.

Authors and
Publication Year

Age/Sex Cause
Exposure
Route

Primary
Symptoms

Time Interval
between Oral
and Symptom

Drug
Concentration

Capraro et al. 2001, [15] 16/M Suicide inhaled Coma,
bradycardia Unknown

Blood
0.54 μg/mL
perhaps 3 mg of
dose

Samanta et al. 1990, [43] 19/M Accident Injection 80/60 mm Hg,
small pupils 30 min Unknown

Table 3. Xylazine poisoning cases in forensic practice with forensic autopsy.

Authors and
Publication

Year
Age/Sex Cause

Exposure
Route

Primary
Symptoms

Time
Interval
between
Oral and
Symptom

Time
Interval
between
Oral and

Death

Autopsy
and

Pathology
Findings

Postmortem
Sampled

Time

Postmortem
Drug

Concentration
ng/mL

Rock et al.
2023, [10] 43/F Suicide Injection Unknown Unknown Unknown

Recent
puncture

wounds to
the groin

Unknown Blood 38
Urine 135

Zhang et al.
2021, [44] 49/F Homicide Injection Dizzy 30 min Less than

10.5 h

Bleeding
point is

seen in the
conjunc-

tiva,
bleeding

was
observed

on the
injection

site of right
thigh

Unknown
Heart blood 2.4

Injection site
positive

Moore et al.
2003, [45] 42/M Suicide injection Unknown Unknown Unknown Unknown Unknown

Heart blood
2300 ng/mL,
peripheral

blood 2900, Bile
6300, Kidney
7.8 mg/kg,

Liver
6.1 mg/kg,

Urine 10

Poklis et al.
1985, [12] 36/M Suicide Injection Unknown Unknown Within 4 h

Injection
sites on

antecubital
fossa,

congested
edematous

lung

Unknown

Blood 200,
Brain

0.4 mg/kg,
Kidney

0.6 mg/kg,
Liver

0.9 mg/kg,
Lung

1.1 mg/kg,
Adipose

0.05 mg/kg,
Urine 7000

Coma, bradycardia and hypotension were the primary symptoms in xylazine poison-
ing cases and they may occur within 30 min and last for several days. Hypokalemia and
small pupils were also reported. The time interval between xylazine exposure and the
primary symptom in Table 2 was as soon as 15 min or as late as 2 h, and due to the unavail-
able information on the time interval between xylazine exposure and sample collected, the
association link between clinical characteristics and blood or urine concentrations was hard
to build. The signs and symptoms of xylazine poisoning are common to various disease
states and/or toxicological exposures; therefore, xylazine cannot be detected rapidly in real
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time and can be a barrier to treatment, and should be added to the differential diagnosis if
a toxicological cause is suspected.

Generally, central nervous system depression was common in such cases and respira-
tory depression was reported in people taking xylazine; the underlying mechanism may be
attributed to the increase in the occurrence of respiratory depression induced by opioids. It
is a common view that naloxone does work on respiratory depression caused by opioid
whereas it does little to xylazine-induced respiratory depression [3,4]. However, xylazine
poisoning may mimic an opioid overdose, and due to the prevalence of opioid overdoses,
naloxone is still needed in such cases. Additional therapeutic support is required even
if naloxone administration has been given. This additional therapeutic support includes
keeping control of the airways, supplemental oxygen, and other treatment as needed. To
date, there are still no approved drugs that can reverse the effect of xylazine in humans [3,4].

To date, the characteristics of xylazine poisoning have been so obscure that even
experienced physicians may make incorrect diagnoses. However, some signs should arouse
the attention of clinicians to the possibility of xylazine poisoning. When skin ulcers are
seen without known reasons or naloxone has little effect on opioid overdose patients, or
people who eat cooked beef and meat purchased from the same shop show coma and
bradycardia, the clinicians should keep in mind the possibility of xylazine poisoning
to make an early diagnosis. Once confirmed, oxygen-inhaling, naloxone therapy and
symptomatic treatments were needed.

4.2. Characteristics in Xylazine-Related Death Cases

Generally, pure xylazine overdose death cases were uncommon in forensic practice.
Although numerous studies indicated the increasing incidence of xylazine in forensic prac-
tice, most of them just focused on the detection method of xylazine and other characteristics
of xylazine-related deaths and the pathological changes in such cases were rarely reported.
The reasons may be the non-specific pathological changes in such cases, and xylazine
contributes little to the cause of death in most of cases. Table 3 summarizes the forensic
autopsy cases of xylazine overdose death. All the involved cases were homicide or suicide,
and injection was the only exposure. The groin, right thigh and antecubital fossa were the
injection sites; the bleeding injection site, bleeding point in the conjunctiva and congested
edematous lung were non-specific and were also seen in other causes of death.

Although Sibbesen et al. retrospectively studied 3292 drug deaths from 2019 to 2021 in
West Virginia and identified 117 cases involving xylazine, they found that xylazine-related
death always involved other drugs such as opioids, stimulants, benzodiazepines, and
antidepressants/antipsychotics. It also indicated that liver diseases were more common
in xylazine-related deaths. Injection was still the leading exposure of xylazine in xylazine-
related deaths. Other exposure routes include snorting, smoking; oral and inhaling were
also reported.

Skin ulcers are a primary health problem in chronic xylazine users that arouse public
attention. These skin ulcers can occur far from the injection site, which could distinguish
them from other chronic drug users. The underlying mechanisms were attributed to the
oxygenation response to xylazine intoxication of the skin, and the chronic use of xylazine
may limit the mobility of the limbs and lead to amputation in severe cases [9,46–50]. Gener-
ally, the injection site in such cases should be examined carefully and distinguished from
iatrogenic injection injuries. Therefore, it is critical to emphasize the scene investigation,
case history and toxicological test results.

4.3. Mechanism of Xylazine-Related Death

In 2007, the abuse of xylazine in humans was first reported in Puerto Rico [51,52].
Since then, xylazine abuse has been recorded in other states (mainly in the Northeast), as
well as an increasing number of drug-related deaths [53]. It was confirmed as a fentanyl
adulterant as it prolonged the duration of fentanyl effects and increased the duration of
brain hypoxia [51]. When used with opioids, xylazine has a synergistic effect and it could
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increase the level of brain hypoxia that may increase the risk of overdose or death [54].
Bradycardia, a depressed central nervous system, and hypotension were the most common
side effects associated with human xylazine poisoning. To date, there is no clear definition
of xylazine toxic in humans and the lethal concentrations of xylazine in humans have been
absent. The role of xylazine in xylazine-related death is far from confirmed as xylazine and
fentanyl were the common findings in such cases. The toxic mechanism of xylazine and the
combination of xylazine and fentanyl still need further study to be confirmed.

4.4. Blood and Urine
Xylazine Concentrations

The exact contribution of xylazine to the process of death is still unknown, although its
pharmacological effects were reported to enhance the respiratory and central nervous sys-
tem depressive effects of other substances. The toxicity and lethal concentrations of xylazine
are still unclear and there is considerable overlap in the blood concentration in patients
who suffered xylazine poisoning and xylazine overdose death cases [1]. It is reported that
the blood concentration of xylazine ranged from 5 to 49 ng/mL in xylazine overdose death
cases, whereas blood or plasma concentrations ranging from 30 to 460 ng/mL were also de-
tected in non-lethal xylazine overdose cases [1]. The concentration of xylazine summarized
in Tables 2 and 3 showed that the blood concentration of xylazine can reach 540 ng/mL
in non-lethal xylazine overdose cases. Although there is not a significant difference in
xylazine concentrations in the number of co-intoxicants, rather higher concentrations of
xylazine were seen in decedents who took only one other drug compared to those who
took more drugs. Indeed, xylazine plays an important role in the death mechanisms of
other co-intoxicants.

Table 3 also shows that the blood concentration of xylazine in homicide cases was
higher than in suicide cases, and was much higher in pure xylazine poisoning cases
compared to combined with other toxics. To date, only a homicide case was reported and
xylazine was the only reported toxic; whether the type of death and the cause of death had
a role in the concentration of xylazine in different samples still needs further study. The
blood concentration of xylazine was the lowest in most cases, while the urine concentration
of xylazine was much higher. The urine concentration of xylazine can reach 533 ng/mL
even in non-lethal xylazine overdose cases. The concentration of xylazine in the heart
blood was lower than in the peripheral blood; considering the existence of postmortem
redistribution in toxic overdose death cases, the heart blood may not be the most suitable
sample in such cases. And due to the existence of putrefaction and autolysis, blood samples
may be unable to be collected.

4.5. Alternative Samples

The organ and fluid distribution of xylazine in xylazine overdose death cases has
rarely been reported in forensic practice. To date, only two research articles published
the organ distribution of xylazine in xylazine overdose death cases with paradoxical re-
sults. In 1985, Poklis et al. reported that a 36-year-old male injected xylazine to commit
suicide and the organ concentration of xylazine was as follows: lung (1100 ng/mL), liver
(900 ng/mL), kidney (600 ng/mL), brain (400 ng/mL) [11]. In 2003, Moore et al. reported
that a 42-year-old male injected xylazine to commit suicide and the concentration of xy-
lazine in the kidney (780 ng/mL) was higher than in the liver (610 ng/mL) [45]. This may
be attributed to the intake dose of xylazine as the intake dose of other drugs revealed the
distribution characteristics in vivo are different in various lethal doses. Due to the existence
of postmortem dispersion and other factors, the postmortem redistribution of xylazine was
an inevitable phenomenon.

The affected factors included diffusion distance, postmortem gavage time and dose. It
is prone to disperse into tissues and organs close to the gastrointestinal tract, whereas it did
have some impact on the heart blood, bile, and peripheral blood, and never affected the
brain and muscles. Therefore, to identify the concentration of xylazine in forensic practice,
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not only the routine examination materials in forensic toxicological practice such as the
heart blood, liver and stomach content should be collected, but also the less affected tissues
and organs such as the brain and muscle should be taken for examination.

When it comes to the xylazine overdose death cases whose exposure route was in-
jection, the injection site was the ideal sample for the detection of xylazine. Therefore, it
should be carefully examined, taken fixed in formalin for histopathological examination
and taken stored at −80 ◦C for subsequent analysis. Generally, the routine sample for the
detection of xylazine was not identified in forensic practice, and it still needs further study
to confirm the ideal sample in such cases.

4.6. Other Drugs or Toxins in Such Cases

It has been reported that in almost all xylazine deaths, 98.3%, the patient also took
fentanyl, and most of the decedents were young white men [9]. Previous studies have
documented this high fentanyl prevalence, consistent with the identification of xylazine as
a fentanyl adulterant [46–50]. Xylazine is increasingly involved in drug overdose decedents
that ingest more toxicants, and xylazine abuse is an emerging public health problem [46–50].

It has been reported that drug or alcohol abuse history increases the incidence of
xylazine-related death [9]. Xylazine-related deaths are more common in individuals who
take more than two drugs, including xylazine. In 2022, Sibbesen et al. retrospectively
reviewed 3292 drug deaths in West Virginia from 2019 to mid-2021, identified the charac-
teristics of xylazine-related death, found that approximately 90% of the xylazine-related
decedents took more than three drugs, and that 40% of the xylazine-related decedents
had taken more than five drugs [9]. Opioids, stimulants, benzodiazepines, and antide-
pressants/antipsychotics are commonly associated with xylazine-related deaths. Fentanyl
analogues, heroin and other opioids are found in about a quarter of xylazine-related deaths
and nearly one in five of non-xylazine deaths.

Few studies focus on the interaction between xylazine and fentanyl. In 2023, Smith
et al. used C57BL/6 mice which were 42 days of age to quantify the lethal effects of fentanyl
and xylazine, found that 56 mg/kg fentanyl administration could shift the LD50 of xylazine
from 157.2 mg/kg to 32.0 mg/kg and 100 mg/kg xylazine administration could shift the
LD50 of fentanyl from 131.3 mg/kg to 1.27 mg/kg, suggesting the synergistic manner
in their interaction and that the combination of them can lead to more rapid death than
alone [54]. Choi et al. used adult male Long–Evans rats that weighed 450 ± 50 g to evaluate
the neuro effects of xylazine alone or combined with fentanyl and heroin and found that
xylazine alone not only can decrease temperature and locomotor activity, but also prolong
the lower oxygen levels in the brain [55].

The existence of other drugs complicates the role of xylazine in xylazine-related
death in forensic practice. The concentration of other drugs may be far from the lethal
concentration, but xylazine may enhance the toxic effect of them, and result in unexpected
death. However, few studies focused on the interactions between them, and other drugs
may affect the metabolism of xylazine, which needs further study.

5. Future Challenges

Due to the characteristics of xylazine and the influence of the internet, xylazine abuse
is increasing in clinical and forensic practice, and the identification of such cases is still a
challenge. Therefore, we summarized the updated information about xylazine and xylazine
poisoning cases and thus provide a reference and give advice on future research.

Firstly, we summarized the characteristics of xylazine poisoning cases in clinical and
forensic practice and thus provided reference in clinical and forensic practice. Secondly, the
detecting method of xylazine and samples (tissues and liquid) were also listed to update
toxic information about xylazine and thus throw light on further study. Thirdly, other drugs
or toxicants may also be detected in xylazine poisoning cases, which may complicate such
cases in clinical and forensic practice and need further study to make clear their interactions.
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Lastly, the frequency of illicit drug users who use xylazine has exceeded the scope
of accidental drug outbreaks. It is speculated that it may be attributed to the spread of
internet usage in illicit drug users, and the ease of obtaining the drug from the internet. It is
a common view that xylazine can be used as a veterinary anesthetic. The over-the-counter
availability and low price of xylazine provides the victims with a convenient way to obtain
it. Therefore, public health agencies should consider focus on the education of xylazine
poisoning and monitor the real-time information on xylazine poisoning [56].

6. Conclusions

Above all, although we update the latest information about xylazine poisoning, the
exact lethal concentration of xylazine is still vague; many factors, such as the age of the
victim, pre-existing morbidity and co-exposure, complicate the critical role of xylazine
in xylazine poisoning cases. Therefore, the concentration of xylazine and its role in the
symptoms of xylazine poisoning cases still need further study to confirm. Furthermore,
the combined drugs in xylazine-related poisoning cases complicate the role of xylazine
in clinical and forensic practice and the interaction between xylazine and other drugs
was seldom involved in the present studies. And lastly, the organ distribution and toxic
mechanism of xylazine poisoning still needs further study to be confirmed and we hope
more clinical and forensic pathologists and toxicologists can join us and make it clear.
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