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Abstract: This study centered on Zinc oxide nanoparticles capped with Pterocarpus mildbraedii leaf extracts (PmZnONPS)
as a potent antioxidant and anti-inflammatory agent against carbon tetrachloride (CCls) - induced hepatorenal toxicity in rats.
PmZnONPs were characterized by Fourier transform infrared spectroscopy (FTIR), Brunauer—-Emmett—Teller (BET), scanning
electron microscopy (SEM), X-ray diffraction pattern (XRD), and transmission electron microscopy (TEM) techniques. The
FTIR results revealed the presence of various functional groups in PmZnONPs, while the BET showed a surface area of 1.55
mg-2. In vitro, PmZnONPS showed comparable 1,1-diphenyl-2-picrylhydrazyl (DPPH), and 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid (ABTS) radicals scavenging activities as Vitamin C. After that, PmZnONPs (1 and 3
mg/kg) were administered (p.0.) into six groups of rats, using CCls as the toxicant. The obtained results demonstrated that
PmZnONPS significantly prevented CCls-induced elevations of alanine aminotransferase (ALT), aspartate aminotransferase
(AST), gamma-glutamyl transferase (GGT), alkaline phosphatase (ALP), bilirubin (BIL), creatinine, and urea. Moreover,
PmZnONPs restored the levels of plasma uric acid, hepatorenal antioxidant enzymes, including superoxide dismutase,
glutathione peroxidase, glutathione transferase, and glutathione that were significantly decreased by CCls treatment.
Immunohistochemical studies showed that PmZnONPs significantly suppressed the high immunoreactivity of nuclear factor
kappa B (NF-«B), cyclooxygenase-2 (COX-2), and interleukin-6 (I1L-6) arising from CCI4 intoxication. Thus our data hint that
PmZnONPs suppressed CCls-induced toxicity in the liver and kidney of rats via its combined antioxidant and anti-

inflammatory properties.

Keywords: Pterocarpus mildbraedii; green chemistry; inflammation; hepato-renal system;
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1. Introduction

Organ injuries arising from exposure to environmental chemicals have continued to
agitate stakeholders in the public health sector. Due to their involvement in detoxification and
metabolism of xenobiotics, the liver and kidney are among the most vulnerable organs to toxic
challenge [1]. Organ damage has been recognized as one of the factors that complicate clinical
diagnosis and treatment. For example, it had been suggested that underlying liver and kidney
injury impaired the disposition of drugs, and by extension, the attainment of therapeutic doses
of the drugs, thereby increasing the risk of adverse drug reactions in COVID-19 patients [2].
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Under the Toxic Substances Control Act, the United States Environmental Protection
Agency (EPA) has listed several new and existing chemicals for risk appraisal to determine
their toxic threats to human health and the environment. Carbon tetrachloride (CCl4), alongside
methylene chloride, trichloroethylene, perchloroethylene, asbestos, and 1-bromopropane, are
included in this list [3]. CCls4, widely used in the dry-cleaning industry, is also a by-product
during the industrial production of chloromethanes and perchloroethylene [4]. Rodent models
have been used as a fitting and popular model to study CCls-induced hepatorenal toxicity in
hamsters [5], mice [6], and rats [7]. In rodent liver and kidney, the metabolism of CCl, is a
classic example of bioactivation by CYP2E1, a member of the cytochrome P450 superfamily,
to yield the trichloromethyl radical. The trichloromethyl radical can either form phosgene via
oxygenation or cause lipid peroxidation via the formation of fatty acid radicals [8].

Oxido-inflammatory stress has long been associated with the etiology of different liver
and kidney ailments. Deploying a varied feedback sequence, accumulated free radicals could
activate transcription factors such as nuclear factor-kappa B (NF-xB), leading to an
inflammatory response via the recruitment of phagocytic leukocytes and induction of
downstream inflammatory mediators such as COX-2 and IL-6 [9,10]. It is, therefore, logical
that agents capable of blocking these redox and inflammation pathways could attenuate
chemically-induced hepato-renal toxicity.

Recently, adopting eco-friendly protocols to synthesize a wide range of nanoparticles
and hybrid materials has become more popular [11]. Our previous studies reported the
synthesis of nanocellulose from cotton seeds [12] and the preparation of a vermiculite-cellulose
bionanocomposite using green synthesis protocols [13]. Likewise, Zinc oxide nanoparticles
synthesized from plant metabolites showed antimicrobial [14], mosquitocidal [15], and
anticancer [16] activities. In this study, we have used leaves from the medicinal plant
Pterocarpus mildbraedii, as the reducing agent in the synthesis of Zinc oxide nanoparticles
(PmZnONPs). Previously, the potency of P. mildbraedii extract to alleviate chemically-
induced hepatotoxicity in rats via anti-apoptotic mechanisms and repression of inflammatory
stress responses has been reported in our laboratories [17,18]. Hence this study sought to
elucidate the mechanisms of the therapeutic efficacy of nanosized Zinc oxide capped with P.
mildbraedii (PmZnONPs) through a comprehensive assessment of blood chemistry, hepato-
renal antioxidant defense markers, and expressions of inflammatory proteins NF-xB, COX-2,
and IL-6.

2. Materials and Methods

Pterocarpus mildbraedii leaves obtained from a local market were identified at the
Department of Biological Sciences, Redeemers University, Ede, Osun State, Nigeria. 1,1-
Diphenyl-B-picrylhydrazyl (DPPH), 2,2'-azinobis(3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS), methanol, ZnO, NaOH, thiobarbituric acid (TBA), and trichloroacetic acid were
purchased from Sigma-Aldrich (St. Louis, MO, United States). Other chemicals used were of
analytical grade.

2.1. Preparation of Pterocarpus mildbraedii extract.

Pterocarpus mildbraedii leaves (100 g) were extracted with methanol in a soxhlet
extractor for 6 h. Excess methanol was removed from the extract in a rotary evaporator. The
extract obtained was dried in an oven at 50°C for 12 h.
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2.2. Synthesis of PmZnONPs.

Pterocarpus mildbraedii extract was used in preparing PmZnONPs. Briefly, 0.5 M ZnO
was prepared in NaOH solution (0.1 M) and warmed slightly at 700C under continuous stirring
for 30 min. Approximately 2.0 g of Pterocarpus mildbraedii extract was added to 50.0 mL of
0.5 M ZnO and stirred continuously at 70 °C for 3 h. The mixture was cooled to room
temperature, filtered, washed severally with water, and filtrate dried overnight in the oven at
105°C.

2.3. Characterization of PmZnONPs.

The functional groups in PmZnONPs were determined using Fourier transform infrared
(FTIR; Perkin Elmer, spectrum RXI 83303). A particle sizing instrument (Malvern,
Mastersizer 2000) was used to determine the particle size (PS), while surface morphological
characteristics were confirmed using a transmission electron microscope (TEM, Hitachi H-
7500) and scanning electron microscope (FE-SEM, Hitachi SU-8020). The Brunauer-Emmett—
Teller (BET) surface area was determined using a physisorption instrument (Micromeritics
Instrument Corp, ASAP 2460), and an X-ray diffraction pattern was acquired on a Rigoku
SmartLab with Cu Ka radiation (A = 1.5406 A) operating at 40 kV and 150 mA over a 20 range
of 5-90°.

2.4. In vitro antioxidant assays.

The antioxidant potential of PmZnONPS was evaluated by determining its DPPH and
ABTS radicals scavenging abilities. The DPPH assay was performed as previously described
[19]. Briefly, 1 mL was added to samples of PmZnONPs, and Vitamin C was prepared in
triplicates at concentrations of between 50 — 500 ug/mL. The reaction mixture was then
incubated in the dark for 30 min, and the absorbance was determined at 517 nm. The %
antioxidant activity was estimated against the control. For the determination of ABTS radical
scavenging ability, an equimolar volume of ABTS (7 mM) and potassium persulfate (2.45 mM)
was prepared, kept in the dark for 24 h, and diluted in methanol. Subsequently, 20 pL of
PmZnONPs and Vitamin C (50 — 500 pg/mL) were incubated with 2 mL of ABTS+ solution
at 30 °C for 10 min, and absorbance was read at 734 nm. The % ABTS scavenging activity was
calculated against the control [20].

2.5. Animal model and care.

Thirty-six male Wistar rats (8 weeks old) weighing between 160 and 190 g obtained
from the Redeemer's University Animal House Facility, Osun State, Nigeria, were used for this
investigation. The rats were housed in stainless cages placed in a well-ventilated vivarium at
temperatures maintained at 25 (x 2) °C, under standard laboratory conditions of a 12 h/12 h
light/dark cycle. The male Wistar rats were fed on a commercial pelleted diet (Ladokun Feeds,
Ibadan, Nigeria) and allowed unfettered access to drinking water. Animal care and
experimental etiquette were executed according to the approved guidelines set by the
Redeemer's University Committee on Ethics for Scientific Research. The code for this study
was RUN/BCH/17/7121.
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2.6. Experimental design.

Following the duration of acclimatization, the rats were randomly assigned into six
groups, each group consisting of six rats. Details of treatment groups consist of the following:

*Group I — control rats received saline once daily.

*Group II- received PmZnONPs (1 mg/kg, p.o) once daily.

*Group III- received PmZnONPs (3 mg/kg, p.0) once daily.

*Group V- CCl4 (1 ml/kg, p.o) solution containing olive oil (1:1 v/v) once daily.

*Group V- PmZnONPs (1 mg/kg, p.o) + CCls (1 ml/kg, p.o) once daily.

*Group VI- PmZnONPs (3 mg/kg, p.o) + CCls (1 ml/kg, p.o) once daily.

CCls was administered concurrently with PmZnONPs for 7 days, as previously reported
[21]. The doses of 1 mg/kg and 3 mg/kg PmZnONPs used in this study were based on the
suggestion that doses of ZnONPs (< 5 mg/ kg) could have beneficial effects in rats [22]. At the
end of administration for 7 days, the male Wistar rats were sacrificed after 24 h of the last
treatment via cervical dislocation. After that, the blood was withdrawn via cardiac puncture,
centrifuged at 3000 g for 10 min, and stored at -20°C. Subsequently, the liver and kidney tissues
were cleaned free of adhering tissues and rinsed with ice-cold 0.25 M sucrose solution, blotted
with clean tissue paper, and homogenized in phosphate buffer (0.1 M, pH 7.4). Homogenates
were centrifuged at 10,000 g for 20 min to obtain the post mitochondrial fraction. The
supernatant was collected and used for the various biochemical measurements.

2.7. Plasma clinical parameters.

Plasma concentrations of aspartate aminotransferase (AST), alanine aminotransferase
(ALT), Alkaline Phosphatase (ALP), Lactate dehydrogenase (LDH), gamma-glutamyl
transferase (GGT), albumin, total cholesterol, urea, and creatinine using commercially
available diagnostic kits (Randox Lab. Limited) as reported in previous studies. The amount of
potassium was determined by a precipitate technique using sodium tetraphenyl boron [23],
while the presence of sodium ion was determined as described earlier [24].

2.8. Assessment of oxidative stress hiomarkers.

Liver and kidney samples from control, PmZnONPs, and CCls-treated rats were
homogenized in 50 mM Tris-HCI buffer (pH 7.4) containing 1.15% potassium chloride. The
homogenate was subsequently centrifuged at 12,000 g for 15 min at 40C, and the supernatant
was used for biochemical assays. Hepatic and renal protein concentration was determined using
bovine serum albumin as standard as previously described [25]. Superoxide dismutase (SOD)
activity was assayed using epinephrine as the substrate [26], while catalase (CAT) activity was
assayed using hydrogen peroxide as the substrate [27]. The levels of reduced glutathione (GSH)
and glutathione peroxidase (GPx) were assayed at 412 nm, according to previously described
methods [28, 29]. Glutathione-S-transferase (GST) activity was assayed, as reported earlier
[30]. Malondialdehyde (MDA) level, an index of lipid peroxidation (LPO), was determined
using a previously reported procedure [31].

2.9. Estimation of inflammatory markers, COX-2, IL-6, and NF-«B.

Hepatic tissues were fixed in neutral formalin solution (10%) and embedded in paraffin
wax before being sectioned (thickness, 5 um). After deparaffinization of the sections in xylene

and rehydration with graded alcohol, antigen retrieval was performed with 10 mM citrate buffer
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at 95-100 oC for 25 min. The peroxidase activity was quenched in 3% H202/methanol
solution. The sections were subsequently blocked in goat serum followed by overnight
incubation at 4 °C in the rabbit anti-COX-2, IL-6, and NF-kB primary antibodies (St. John's
Laboratory, UK). Subsequently, the slides were washed with tris buffer saline and then
incubated with horseradish peroxidase-labeled anti-rabbit monoclonal secondary antibodies.
Immune complexes were visualized using 0.05% 3, 3-diaminobenzidine, and the slides were
examined under a light microscope (Leica DM 500, Germany). The images were captured
using a digital camera (Leica Biosystems, UK) attached to the microscope. Protein expressions
were quantified as integrated optical density as determined by the freely available Image J
software.

2.10. Statistical analyses.

Statistical analyses were done using ordinary one-way analysis of variance (ANOVA)
to compare the experimental groups followed by Tukey posthoc test using GraphPad Prism 8
software (GraphPad Software, La Jolla, California, USA). Values of P < 0.05 were considered
significant. The data expression adopted was mean = SD (n = 6).

3. Results and Discussion

3.1. Characterization of PmZnONPs.

The FTIR, PS, TEM, SEM, and BET characterizations of PmZnONPS are depicted in
Figure 1. The FTIR spectrum of PmZnONPs uncovered absorption bands around 500 - 4000
cm ! (Figure 1A).

55 B

RUNDI1E / RUNPG | Encein Adel | Sample C tiem "0 3 10 100 1000

particle size( pm)

H00)

(o1

Intensity (a.u.)

——(102)
o)
(103)

=
FZ;

f

0

i L

=

10 20 30 40 50 60 70 80 90
2 Theta (deg.)

Figure 1. Characterization of Zinc Oxide nanoparticles synthesized from P. mildbraedii (PmZnONPs) (A) FTIR
spectra; (B) Particle size distribution; (C) TEM image; (D) SEM pattern; (E) XRD pattern.

PmZnONPS contains Pterocarpus mildbraedii leaf extract. The chemical composition
is unknown but contains a mixture of molecules since the extract is from a plant source.
However, the vibrational frequencies from the FTIR spectrum suggest the presence of certain
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functional groups from the constituent chemical composition of the Pterocarpus mildbraedii
extract that may have contributed to the bio-properties exhibited by PmZnONPs in this study.
The peak at 3454.62 cm™ was attributed to the O-H vibrational frequency of alcohol, while
peaks at 2920.32 and 2850.88 cm™ were ascribed to the stretching frequencies of C-H of alkane.
C=0 stretch of carbonyl group was seen at 1774.57 and 1639.55 cm™, while the peaks at
1444.73 and 1384.94 cm™ were attributed to -OH bending vibration of alcohol. The peak seen
at 1161.19 cm™ was attributed to the C-O stretch, while the peak at 596.02 cm™* was assigned
to the Zn-O frequency. The peak observed at 879 cm™ may be due to the vibrational frequency
of C=C bending. The particle size is shown in Figure 1B, while the TEM micrograph shown in
Figure 1C revealed spherical-like structures with a size of 200 nm. Further micrographs
obtained by SEM in Figure 1D showed the particles of PmZnONPs as homogenous and
granular. The BET surface area was found to be 1.55 mg. The XRD of PmZnONPS in Figure
1E showed the development of hexagonal wurtzite phases, as previously reported [32]. The
XRD signal peak of PmZnONPs revealed significant broadening, which may be attributed to
its nanoscale size.

3.2. In vitro antioxidant activities of PmZnONPs.

Figure 2 shows the DPPH, and ABTS radical scavenging activities of PmZnONPs in
comparison with the standard antioxidant, Vitamin C. With an increase in concentrations, the
scavenging ability of PmZnONPs against DPPH radical increased, while at the highest
concentration (500 pg/mL), PmZnONPs (77%) exhibited a similar radical scavenging activity
as Vitamin C (84%). The performance of PmZnONPs against the ABTS radical was similar to
that of the DPPH radical. At a concentration of 500 pg/mL, PmZnONPs showed a strong ABTS
scavenging ability (89%) comparable to Vitamin C (83%).
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Figure 2. In vitro DPPH and ABTS free radical scavenging activities of Zinc Oxide nanoparticles synthesized
from P. mildbraedii (PmZnONPs) in comparison with Vitamin C. Values are represented as Mean + SD (n=3
determinations).

One of the major advantages of green synthesized nanoparticles is the possibility of
combining the potency of both nanoparticles and the active ingredients of the plant [33]. In this
study, we exploited the pharmacological potential of PmZnONPs. CCls, an established rodent
hepatic- and renal-toxicant, has been reported to amplify oxidative stress due to free radicals
generation [34,35]. Consequently, molecules with free-radical scavenging activities could
abate toxicities arising from CCl4 intoxication. PmZnONPs showed significant DPPH and
ABTS radical scavenging activities comparable to the standard antioxidant, vitamin C. This
result is consistent with the free-radical quenching activity reported for Zinc Oxide
nanoparticles synthesized from Scutellaria baicalensis [36,37]
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3.3. PmZnONPs ameliorated CCls-induced impairment of blood chemistry.

The effects of PmZnONPs on clinical blood markers were determined in rats exposed
to CCl4 for 7 days (Table 1).

Table 1. Effect of PmZnONPS on blood parameters of rats treated with CCla.

Control PmZnONPs PmZnONPs CCls PmZnONPs PmZnONPs
(1 mg/kg) (3 mg/kg) (1 mg/kg) + CCls | (3 mg/kg) + CCl4

ALT (U/L) 0.27+0.01 0.27+0.01 0.27+0.01 0.31+0.012 0.31+0.012 0.26+0.02°
AST (U/L) 4.32+0.19 4.38+0.16 4.35+0.01 5.52+0.012 4.67+0.123b 4.23 +0.23°
ALP (U/L) 8.53+0.67 9.08+0.90 8.50+0.67 18.43+0.672 13.48+0.682b 8.53+0.67"
GGT (U/L) 23.55+0.95 24.32+0.82 23.39+0.97 37.83+0.952 27.0241.202b 22.20+1.54°
LDH (U/L) 199.50+6.03 199.70+5.18 197.4+2.26 309.30+4.402 | 281.50+9.81 b 189.80+14.40°
Bilirubin 10.54+0.29 10.50+0.25 10.91+0.30 19.02+0.20? 18.41+0.292b 10.54+0.18°
(mg/dL)
Total 124.90+6.26 134.70+29.65 | 126.00+10.33 | 248.50+1.34% | 200.60+5.58 ab 130.20+12.39°
Cholesterol
(mg/dL)
Albumin 3.09+0.07 3.11+0.09 3.13+0.08 1.08+0.042 1.62+0.09 2P 3.07+0/03°
(g/dL)
Creatinine 5.20+0.26 4.99+15.64 5.09+0.40 8.81+0.262 5.41+0.53° 5.31+0.33"
(mg/dL)
Urea (mg/dL) | 60.34+4.77 60.09+1. 67 59.15+1.99 89.91+2.612 56.9245.04P 59.74+1.44b
Potassium 34.9740.42 34.78+0.26 34.70+0.14 37.37+£0.352 36.08+0.30 2P 35.24+0.14°
(mEq/L)
Sodium 133.30+0.30 133.20+0.21 133.20+0.29 149.20+0.18% | 141.10+0.342b 133.40+0.20°
(mEg/L) 133.40+0.20

Data are expressed as Mean+ SD; n=6
2 indicates p<0.05 when compared with control
b indicates p<0.05 when compared with CCl4

Data reported herein show that the administration of CCls resulted in significant
increases (P < 0.05) in hepatic function biomarkers (i.e., ALT, AST, ALP, GGT, LDH,
bilirubin, and total cholesterol), renal function indices (i.e., Creatinine and Urea), and
electrolytes (i.e., Na and K). Furthermore, CCl4 caused a significant diminution in the levels of
albumin. Except for ALT, the treatment of rats with 1 and 3 mg/kg PmZnONPs resulted in the
restoration of these parameters to normal levels.

Typically, liver function tests involve a panel of clinical blood assays, including
albumin, bilirubin, and various liver enzymes (alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALP), y-glutamyl transferase, and lactate
dehydrogenase. Specifically, a significant presence of these enzymes in the blood is indicative
of inflammation or liver injury. PmZnONPS restored CCls-induced elevation in AST and ALT
activities implying its salutary effects on hepatocyte integrity. ALP is ubiquitously found in the
liver, bones, intestines, and white blood cells. Hence the British Society of Gastroenterology
updated guidelines recommendation of the additional measurement of GGT activity to indicate
whether the observed elevation in ALP originated from the liver or other organs [38]. In our
study, rises in plasma GGT and ALP activities following CCl4 intoxication were abated by
PmZnONPS. However, this result disagrees with an earlier report that showed higher plasma
activities of AST, ALT, GGT, ALP, and LDH activities following Zinc oxide nanoparticles
administration in rats [39]. The disparity in the two studies may have arisen because Zinc oxide
nanoparticles were industrially obtained and fed to rats at the dose of 100 mg/kg for 75 days,
unlike in our study where we used green-synthesized Zinc oxide nanoparticles in combination
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with Pterocarpus mildbraedii leaf extract at a maximum dose of 3 mg/kg. PmZnONPs also
restored to near-normal levels the CCls-induced depletion of albumin and elevations in
bilirubin and total cholesterol. An earlier report showed that ZnONPs, synthesized from zinc
sulfate and sodium hydroxide, significantly prevented the CCls-dependent increases in
creatinine and urea levels when fed to rats at the dose of 15 mg/kg for 21 days [40]. In our
present study, the nephroprotective effect of PmZnONPs was highlighted by its significant
reduction of CCls-induced increases in creatinine and urea levels. Potassium and sodium are
among the essential electrolytes essential for basic physiological processes. High or low levels
of electrolytes could complicate adverse outcomes by disorganizing normal bodily functions
[41]. In our study, CCla significantly elevated K™ and Na* levels compared with their respective
control groups indicating an underlying kidney malfunction. Fortunately, PmZnONPs reversed
these abnormal electrolytes levels towards normal values.

3.4. PmZnONPs receded hepatorenal oxidative stress associated with CCl, treatment.

Afterward, the effects of PmZnONPs on oxidative stress parameters in rats exposed to
CCl4 were investigated. In both the liver and the kidney, CCls significantly increased catalase
activity but reduced SOD and GPx activities. However, treatment with PmZnONPs (1 and 3

mg/kg) restored these antioxidant enzymes to near-normal levels (Figure 3).
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Figure 3. Effect of Zinc Oxide nanoparticles synthesized from P. mildbraedii (PmZnONPSs) on antioxidant
enzyme activities in the liver and kidney of CCls-treated rats. Values are expressed as Mean = SD (n = 6). ns not
significantly different from control (p < 0.05); a significantly different from control; b significantly different
from Carbon tetrachloride (CCl,). SOD = Superoxide dismutase; CAT = Catalase; GPx = Glutathione
peroxidase.

Cells have an internal protective mechanism, including the antioxidant defense
machinery that preserves cellular oxidative balance by eliminating endogenously generated
free radicals or exposure to foreign substances during normal physiological processes. SOD,
CAT, and GPX are enzymatic antioxidants that work in tandem to protect against cellular
oxidative stress. While SOD dismutases the superoxide anion to hydrogen peroxide, catalase
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or glutathione peroxidase completes the detoxification of hydrogen peroxide to oxygen and
water. Hence, the decrease in SOD and GPx activities in rats exposed to CCl4 could result in
the build-up of superoxide radicals and hydrogen peroxide in the hepato-renal system [42]. The
restoration of SOD and GPx activities confirmed the antioxidant potential of PmZnONPs based
on the in vitro free radical scavenging activities.

Also, CCl4 exacerbated oxidative stress in the hepatic and renal organs by depressing
GST and GSH levels, with a significant concomitant elevation in LPO. However, oxidative
injury to the organs was assuaged by treatment with PmZnONPs (1 and 3 mg/kg) as indicated
by the increase in the antioxidant molecules and the reduction in LPO level in comparison with
CClg-treated animals (Figure 4).
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Figure 4. Effect of Zinc Oxide nanoparticles synthesized from P. mildbraedii (PmZnONPs) on GST, GSH, and
LPO levels in the liver and kidney of CCls-treated rats. Values are expressed as Mean + SD (n = 6). ™ not
significantly different from control (p < 0.05); 2 significantly different from control; Psignificantly different from
Carbon tetrachloride (CCls). GST = Glutathione S-transferase; GSH = Reduced glutathione; LPO = Lipid
peroxidation.

The multifarious functions of GST, such as roles in phase Il detoxifications, hormone
biosynthesis, tyrosine degradation, stress signaling, oxidation-reduction reactions, and post-
translational glutathionylation of proteins, have been documented previously [43,44]. The
observed increase in GST activity and subsequent depletion of GSH following CCl4 exposure
could be due to the increased catalysis of the conjugation reaction between CClsand GSH as
part of the cellular protection against free radicals [9]. The restorative effect of PmZnONPs on
hepatic and renal GST and GSH levels in rats intoxicated with CCls is similar to the
ameliorative action of Zinc oxide nanoparticles on antioxidant molecules in a streptozotocin-
model of oxidative stress [10]. Moreover, PmZnONPs' significant reduction of CCls-mediated
increase in LPO further attested to its anti-lipid peroxidative potential.
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3.5. PmZnONPs minimized CCls-induced over-expression of hepatic COX-2, IL-6, and NF-
xB.

The effects of PmZnONPs on COX-2, IL-6, and NF-kB expressions in the liver of rats
exposed to CCl4 are shown in Figures 5-7. In the groups treated with CCla4, there were more
intense protein immunoreactivities compared with the control group. However, treatment with
PmZnONPs significantly attenuated COX-2, IL-6, and NF-kB expressions compared with the
CCl4 treatment group.
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Figure 5. Effect of Zinc Oxide nanoparticles synthesized from P. mildbraedii (PmZnONPs) on the
immunoreactivity of COX-2 in the liver of CCl4-treated rats. A represents the liver of control rats showing
normal COX-2 reactivity. B and C represent the liver of rats treated with 1 and 3 mg/kg PmZnONPs,
respectively, showing normal appearing reactivity. D represents the liver of rats treated with CCls, while E and
F indicate the liver of rats treated with CCl, + PmZnONPs (1 mg/kg) and CCls + PmZnONPs (3 mg/kg),
respectively. Circles indicate regions of enhanced immunoreactivity when compared with the control (X 100
Magnification). Values are expressed as Mean +SD; ns not significantly different from control (p<0.05); a
significantly different from control; b significantly different from Carbon tetrachloride (CCly).
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Figure 6. Effect of Zinc Oxide nanoparticles synthesized from P. mildbraedii (PmZnONPs) on the
immunoreactivity of IL-6 in the liver of CCls-treated rats. A represents the liver of control rats showing normal
IL-6 reactivity. B and C represent the liver of rats treated with 1 and 3 mg/kg PmZnONPs, respectively,
showing normal appearing reactivity. D represents the liver of rats treated with CCl,, while E and F indicate the
liver of rats treated with CCl4 + PmZnONPs (1 mg/kg) and CCls + PmZnONPs (3 mg/kg), respectively. Circles
indicate regions of enhanced immunoreactivity when compared with the control (X 100 Magnification). Values
are expressed as Mean +SD; ns not significantly different from control (p < 0.05); a significantly different from
control; b significantly different from Carbon tetrachloride (CCly).
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Figure 7. Effect of Zinc Oxide nanoparticles synthesized from P. mildbraedii (PmZnONPS) on the
immunoreactivity of NF-«f in the liver of CCls-treated rats. A represents the liver of control rats showing
normal NF-«f reactivity. B and C represent the liver of rats treated with 1 and 3 mg/kg PmZnONPs,
respectively, showing normal appearing reactivity. D represents the liver of rats treated with CCl,, while E and
F indicate the liver of rats treated with CCls+ PmZnONPs (1 mg/kg) and CCls + PmZnONPs (3 mg/kg),
respectively. Circles indicate regions of enhanced immunoreactivity when compared with the control (X 100
Magnification). Values are expressed as Mean + SD; ns not significantly different from control (p < 0.05); a
significantly different from control; b significantly different from Carbon tetrachloride (CCly).

NF-kB regulates the expression of inflammatory factors, such as Cyclooxygenase-2
(COX-2) and interleukin-6 (IL-6). Therefore, to establish the link between oxidative damage
and inflammation in a CCls model of rodent toxicity, we investigated the expressions NF-«B,
COX-2, and IL-6. Previous studies have linked oxidative stress with inflammation following
exposure to various agents such as streptozotocin [45], benzo(a) pyrene [42], and isoproterenol
[46]. In the present study, the liver of CCls- treated rats showed increased immunoreactivities
of NF-xB, COX-2, and IL-6, suggesting CCls induction of inflammation in addition to
oxidative stress. However, PmZnONPS elicited significant diminution of NF-kB, COX-2, and
IL-6 immunoreactivities, thus indicating the anti-inflammatory effect of the green synthesized
Zinc oxide nanoparticles.

4. Conclusions

PmZnONPs (1 and 3 mg/kg) demonstrated protection against CCls - induced oxidative
damage and inflammation in the liver and kidney of rats by preserving the clinical blood indices
and promoting redox balance. Also, PmZnONPs minimized NF-kB, COX-2, and IL-6
expressions in rats treated with CCls. Our results suggest that PmZnONPs possess antioxidant
and anti-inflammatory properties that worked synergistically to attenuate CCls — induced
hepatorenal toxicity.
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