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ABSTRACT

1. Introduction

Nanotechnology, involving the manipulation of materials at the nanoscale, was first conceptualized by Richard
Feynman in 1959 [14]. Metallic nanoparticles (MNPs), especially noble metals like gold, silver, and platinum, are
being explored for health applications. Their properties depend on synthesis methods, categorized into top-down
and bottom-up approaches [35]. Physical methods use thermal or mechanical energy to produce mono-dispersed
particles, while chemical methods use reducing agents [20].

Due to their high surface-area-to-volume ratio, nanoparticles offer enhanced mechanical and catalytic features,
making them suitable for pharmaceutical use [28]. They are increasingly utilized in drug delivery systems for
effective molecular transport [27],[26].

Zinc oxide (ZnO), naturally found as zincite and synthetically produced, is hon-toxic and skin- compatible, used in
industrial, cosmetic, and pharmaceutical applications [21]. ZnO nanoparticles (ZnO-NPs) exhibit antidiabetic and
antibacterial effects by releasing Zn?* ions, generating ROS, and disrupting bacterial cells [22]. They are widely
used in sunscreens for UV protection and antimicrobial action [17].

However, ZnO-NPs can become toxic. In vitro and in vivo studies show they produce ROS, leading to oxidative
stress, DNA damage, and apoptosis [39],[46]. ZnO-NPs can enter the body through inhalation, ingestion, or
injection, causing cell cycle disruptions, including in neurons [19].

In rats, ZnO-NPs mainly affect the liver, causing histological changes like congestion, necrosis, and inflammation
[3], linked to oxidative stress [42],[6]. Rat kidneys eliminate metabolic waste and foreign substances [37]. NPs
cause kidney damage directly by altering proximal tubular cells or indirectly via liver-generated metabolites [12].
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Zn0O-NPs induce oxidative stress, damage mitochondria and DNA, suppress antioxidants, and trigger cell death and
inflammation. Observed changes include glomerular segmentation, epithelial necrosis, and proximal tubule
swelling [48].

The cardiovascular system is also susceptible. ZnO-NPs accumulate in the heart, increasing cardiac injury markers
like myoglobin and troponin-T and promoting inflammation [8]. Despite physiological differences, murine hearts
share structural features with humans, making them useful models [43]. ZnO-NPs disrupt calcium balance, impair
mitochondrial function, and alter heart electrophysiology, potentially causing arrhythmias. They can also cause

endothelial dysfunction, vascular leakage, and blood pressure changes.

Toxins also impair immunity. The spleen, the largest peripheral lymphoid organ, is vulnerable to toxins [41]. It
consists of red and white pulp, separated by a marginal zone. The white pulp houses T- and B- cell zones; the red
pulp filters blood and contains plasma cells [9],[16]. ZnO-NP exposure alters splenic architecture, thickening

capsules, reducing white pulp, congesting red pulp, and increasing megakaryocytes [1].

Although ZnO-NP toxicity is well-documented, its specific impact on albino rat livers, kidney, heart and especially
spleen remains insufficiently explored. Moreover, although ginger has been suggested to potentially have
therapeutic properties against liver, kidney and heart damages, its effectiveness in alleviating zinc oxide
nanoparticle-induced hepatotoxicity, nephrotoxicity and immunotoxicity requires further investigation. Thus, this
research aims to address these gaps by examining the toxicological effects of zinc oxide nanoparticles on the

histology of four different organs of albino rats and evaluating the therapeutic potential of ginger as an intervention.
1.1. Study Objectives

1) To evaluate the effects of ZnO nanoparticles on liver function.

2) To assess kidney function alterations after ZnO NP exposure.

3) To investigate histopathological changes in spleen tissue.

4) To determine dose-dependent effects of ZnO NPs.

5) To compare oxidative stress markers among treated groups.

2. Materials and Methods

This study was conducted at the Animal House of the Zoology Department, Lahore College for Women University
(LCWU), Lahore. A total of 108 healthy albino rats (3 weeks old) were obtained from the University of Veterinary
and Animal Sciences (UVAS), Lahore. Animals were housed in 20x20 cm® wire cages under controlled
temperature, natural light—dark cycles, and provided with clean water and a balanced diet. Prior to experimentation,

rats were acclimatized for 7 days under standard laboratory conditions.
2.1. Experimental Design and Grouping

The rats were randomly assigned into four treatment groups, each comprising 27 rats (n = 27), with further

subdivision into three time-point subgroups (n = 9 each):
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* * k

» Group I (Control): Received 0.25 mL oral saline daily for three weeks.
» Group Il (Ginger-treated): Administered 200 mg/kg ginger powder suspended in 0.25 mL distilled water [10].
» Group Il (ZnO NP-treated): Administered 300 mg/kg ZnO nanoparticles orally for three weeks [11].

» Group IV (ZnO + Ginger): Co-treated with 300 mg/kg ZnO nanoparticles and 200 mg/kg ginger powder in 0.25
mL saline.

At the end of each week, three animals per subgroup were sacrificed under chloroform anesthesia for tissue
collection.

2.2. Preparation of Ginger Powder

Fresh ginger rhizomes were procured from a local herbal market in Lahore, Pakistan. After washing and peeling,
slices were shade-dried for 7-10 days, ground into fine powder using an electric grinder, and stored in airtight

containers at 5 °C until use [29].
2.3. Preparation of ZnO Nanoparticles

Zinc oxide nanoparticles in dry powdered form were purchased from a certified scientific supplier. The required

doses were freshly suspended in distilled water before each administration to ensure uniform delivery.
2.4. Tissue Sampling and Processing

After dissection, heart, liver, spleen, and Kidney tissues were rinsed in 0.85% saline to remove blood and debris.
Samples were fixed in a solution of ethanol (60 mL), formaldehyde (30 mL), and glacial acetic acid (10 mL) [44].

Dehydration was carried out in ascending ethanol grades (80%, 90%, 100%), followed by clearing in cedarwood
oil. Embedding was done using a toluene—paraplast wax mixture (1:1) at 60 °C. Solidified blocks were trimmed and

sectioned using a rotary microtome.
2.5. Sectioning and Staining

Tissue sections of 5 um thickness were mounted on albumin-coated slides and incubated overnight at 60 °C.
Sections were deparaffinized with xylene, rehydrated through descending ethanol grades, and stained with
Hematoxylin and Eosin (H&E). After staining, slides were dehydrated, cleared, and mounted with Canada balsam

under coverslips.
2.6. Microscopic Evaluation

Slides were examined under a Nikon Eil-L2 trinocular microscope with an attached digital camera. Histological

architecture was evaluated, and photomicrographs were captured at magnifications ranging from 100x to 1000x.
2.7. Body Weight Monitoring

Body weight of each rat was recorded before the start of the experiment and monitored regularly throughout the
treatment period. The initial average body weight was 240-250 g (£10 g).
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3. Results

Zinc oxide nanoparticles (ZnO NPs), despite being widely utilized in many industries because of their high
reactivity and nanoscale size, are known to pose toxicological concerns to the liver, kidneys, heart, and spleen of
albino rats. This study examined ginger's possible protective properties during a three- week period against ZnO
NP-induced damage in albino rats. Rats were split into four groups: control, ginger-only, ZnO NPs-only and ZnO
NPs + ginger. Histopathological alterations in the liver tissues of each group were monitored once a week. During
the research there were no recorded deaths.

3.1. Liver

Rats with normal hepatic histology in this initial week control group showed well-organized hepatic lobules
encircling a central vein (Figure 1a). Cellular edema (Figure 1c), Kupffer cell multiplication, lipid peroxidation,
mitochondrial damage, fibrosis and portal vein congestion (Figure 1d) were all brought on by ZnO-NP exposure.
Histology was better in animals given ginger (Figure 1b). When ZnO- NPs and ginger were administered together
the liver suffered less damage with fewer necrotic cells, less inflammation and minor hepatocyte degeneration
(Figure 1e).

Figure 1. Histopathological examination of liver tissue sections after 1 week (H&E stain): a) section of the control
rat liver showing portal tract (black arrow), kupffer cells (red arrow) and central vein (blue arrow) at 100X, b)
Section of rat liver treated with ginger indicates normal sinusoidal space (black arrow) and hepatocytes (blue
arrow) at 400X, c) Section of liver of Group Il showing edema (black arrow) and ballooning degeneration (blue
arrow) at 100X, d) Section of liver of Group Il showing swelling (red arrow), hyperemia (black arrow) and
congestion (blue arrow) of portal vein at 100X, e ) Section of rat liver in Group 1V indicates the protective effect of
ginger against toxicity induced by ZnO-NPs showing lesser hepatocytes degeneration at 100X.
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Rats given ZnO-NP showed vacuolization, lipid peroxidation, sinusoidal dilatation and hepatocellular degeneration
in the second week (Figure 2a&b). Indicating protection against oxidative damage, ginger co-treatment produced

lesser damage including sinusoidal dilatation, decreased inflammation and vacuolization (Figure 2c).
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Figure 2. Histopathological examination of liver tissue sections after 2 weeks (H&E stain) : a) Section of liver of
Group 111 showing sinusoidal dilation (black arrow) and vacuolated cells (red arrow) at 400X, b) Group 111 section
of liver showing cellular infiltration (red arrow), inflammation (black arrow) and disruption of hepatic cords (blue
arrow) at 100X, ¢) Section of rat liver in Group IV indicates the protective effect of ginger in hepatocytes, lesser
inflammation of hepatocytes at 100X.

Figure 3. Histological examination of liver tissues after week 3 (H&E stain) : a) Section of liver showing vascular
congestion (VC), and intracellular vacuolization (V) at 400X, b) Section of liver showing apoptosis (A) and
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necrosis (N) in Group Il at 100X, c) Section of rat liver indicates lesser disruption of hepatocytes (DH) in Group
IV at 100X.

Hepatocellular necrosis, inflammation, vacuolization and apoptosis were observed in the third week as a result of
prolonged exposure to ZnO-NP (Figure 3a&b). Ginger's beneficial antioxidant activity was demonstrated by the
considerable reduction in liver damage, necrosis and inflammation that resulted from co-administration (Figure
3¢).

3.2. Kidney

The control group's renal histology was normal after the first week with intact tubules and healthy glomeruli
(Figure 4a&b). According to the figure 4c the results of the ginger-only group were comparable suggesting that
ginger had no negative consequences. In contrast the ZnO NPs group showed early damage indicators like
moderate tubular swelling, epithelial cell vacuolation and inflammatory cell infiltration including macrophages and
lymphocytes (Figure 4d). Significantly fewer pathological alterations were seen in the group that received both
ZnO NPs and ginger indicating that ginger may help minimize early tissue damage as shown in figure 4e.
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Figure 4. Histopathological examination of kidney tissue sections after 1 week (H&E stain): a) Section of Kidney
of Control Group Rat Showing Cells of Renal Cortex (RC) and Renal Medulla (RM) at 100X, b) Kidney Tissues of
Control Group Showing Intact Glomerulus Capsule (GC) (black arrows) and Proximal and Convoluted Tubules
(PCT) (blue arrow) at 400X, ¢) Kidney Tissues of Group Il Showing Intact Structure of Glomerulus and Proximal
Tubules as Shown in Group | at 400X, d) Kidney Tissues of Group 111 Showing Mild Vacuolization of Tubular
Epithelium (blue arrow) and Infiltration of Inflammatory Cells (black arrow) at 100X, e ) Kidney Tissues of Group
IV Showing Reduction in the Degradation and Vacuolization in the Cytoplasm of Tubular Epithelium (black
arrows) and Intact Epithelium of Tubules (blue circles) at 400X.

ISSN: 2582-5267 [212] OPEN (J ACCESS



A J B S R Asian Journal of Basic Science & Research
JOURNAL Volume 7, Issue 3, Pages 207-225, July-September 2025

* * %
The ginger group's renal architecture was still normal at the second week. Conditions worsened in the ZnO NPs
group resulting in glomerulus damage, dilation and degradation of proximal and convoluted tubules (Figure 5a),
endothelial damage in blood vessels, tubule degeneration, neutrophil and eosinophil infiltration (Figure 5b) and
eosinophilic debris. With decreased inflammation and improved preservation of renal tissue the ZnO + ginger
group saw less severe histological damage and reduced number of inflammatory cells and inflammation due to
these C cells and there were also mild to no damage to tubules that can be seen in figure 5c¢, intact tubules suggests
that ginger has a preventive effect against progressive damage there was reduced congestion of blood vessels and

more vascular stability and Normal Blood Vessels (Figure 5d).

(R TR T L
6% 5 . ey
:n. 4 % - _;‘v‘\‘

Figure 5. Histopathological examination of kidney tissue sections after 2 weeks (H&E stain) : a) Tissues of Group
111 Showing Damaged Glomerulus Capillaries (black arrow) due to Capillary Infiltration and Degradation and
Dilation of Proximal and Convoluted Tubules (blue arrows) at 400X, b) Tissues of Group Il Showing Aggregation
of Inflammatory cells, Particularly Mononuclear cells (MC) Around Blood Vessels and Between Renal Tubules
(black arrows) at 100X, c) Kidney Tissues of Group IV Showing Reduced Number of Inflammatory Cells and
Inflammation Due to These Cells (black arrows) and There is also Mild to no Damage to Tubules that can be seen in
this Picture (blue arrows) and Intact Tubules (yellow arrow) at 400X, d) Kidney Tissues of Group 1V Showing
Reduced Congestion of Blood Vessels and More Vascular Stability (black arrows) and Normal Blood Vessels (blue
stars) at 400X.

The kidneys in the ginger treated rats exhibit preserved histo-architecture in the last week. Vascular congestion,
glomerular sclerosis (Figure 6a), loss of brush boundaries (Figure 6b), fibrosis and cytoplasmic vacuolation (Figure
6¢) were among the severe pathologies seen in the ZnO NPs group. But there was a noticeable histological
improvement in the ZnO + ginger group as seen by more intact glomeruli and tubules, less fibrosis and fewer
proteinaceous casts (Figure 6d). This demonstrated ginger's restorative and preventive effects in lowering renal
damage brought on by ZnO NP.
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Figure 6. Histological examination of kidney tissues after week 3 (H&E stain): a) group Il showing severe
glomerulus sclerosis due to extracellular matrix accumulation (black arrows) and severe congestion of blood
vessels (blue arrows) at 400X, b) Tissue Section of Kidney Rat Treated with ZnO NPs Showing Loss of PT Brush
Border (black arrow) at 400X, c) Group 111 Showing Prominent Vacuolization of Cytoplasm of Tubules at 100X, d)
Kidney Tissues of Group IV Showing Reduced Formation of Proteinaceous Cast Significantly as Compare to
Group Il at 400X.

3.3. Heart

Figure 7. Histopathological examination of heart tissue sections after 1 week (H&E stain): a) Group | at 100X
showing no significant histopathological changes, b) Group Il at 400X showing branching cells (BC) and nucleus
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(N), ) Group Il at 400X showing inflammation of mononuclear cells (IM), d) Group IV at 100X showing reduced

inflammation.

During the first week, the rats in the control group showed no symptoms of inflammation or stress and had normal
cardiac histology (Figure 7a). The antioxidant qualities of ginger are probably the reason the ginger-only group also
had healthy cardiac tissue (Figure 7b). On the other hand, fibrosis, myocardial degeneration, and inflammatory cell
infiltration were observed in the ZnO-NPs group (Figure 7¢). ZnO-NPs and ginger co-treatment resulted in less
inflammation and oxidative stress markers, as well as less severe tissue damage, suggesting that ginger has a

protective impact (Figure 7d).

During the second week, in the rats given ginger alone, oxidative stress indicators showed a small improvement,
although histology remained normal (Figure 8a). Inflammatory indicators and oxidative stress were elevated in
ZnO-NPs only rats (Figure 8b). Rats given both ZnO-NPs and ginger, however, showed better heart architecture
and far lower levels of stress and inflammation than the ZnO-only group (Figure 8c).

Figure 8. Histopathological examination of heart tissue sections after 2 weeks at 100X magnification (H&E stain):
a) Group Il showing results similar to the control group, b) Group 11 treated with zinc oxide nanoparticle showing
apoptosis (A) and increased inflammation, ¢) Group IV showing fewer signs of damage.

Ginger treated rat exhibit preserved histoarchitecture in the third week (Figure 9a). With significant myocardial
injury and increased oxidative stress, the ZnO-NPs only group showed even more decline (Figure 9b).
Co-treatment animals confirmed the ginger extract's long-lasting protective effect by exhibiting maintained heart
architecture and noticeably reduced oxidative damage (Figure 9c).

Figure 9. Histopathological examination of heart tissue after 3 weeks (H &E stain): a) Group Il at 100X showing
normal architecture, b) Group Il at 100X showing necrosis (N), ¢) Group |11 at 400X revealing mononuclear cell

inflammation (IM).
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3.4. Spleen

After one week, spleen tissues from the control group (Group I) showed a hormal structure with intact red and white
pulp (Figure 10a). Ginger-treated rats exhibit preserved histoarchitecture (Figure 10b). In Group I, which
received ZnO nanoparticles, moderate degeneration was observed, including capsular fibrosis (Figure 10c),
enlarged trabeculae (Figure 10d), and a slight reduction in white pulp lymphocytes, while the red pulp remained
mostly unaffected. Group IV, which received both ginger and ZnO-NPs, largely retained overall spleen structure
(Figure 10e).

Figure 10. Histopathological examination of spleen tissue sections after 1 week (H&E stain): a) Group I at 400X
with normal WP structure: Central arteriole (blue arrow), marginal zone (green arrow), PALS (black arrow) and RP
(red arrow), b) Group I1 at 100X showing no significant damage), ¢) Group Il at 400X with thickened capsule, d)
Group Il at 400X with thickened trabeculae, €) Group IV at 400X showing white pulp with almost proper

structure.

By the second week, ginger treatment alone still showed minimal effects on spleen histology (Figure 11a).
However, Group Il displayed moderate to severe changes, including red pulp hyperplasia, congestion,
inflammatory infiltration, dispersed lymphocyte clusters, increased megakaryocytes (Figure 11b), and distorted
white pulp (Figure 11d) with disturbed germinal centers (Figure 11c). Group 1V, with ginger and ZnO-NPs showed
reduced damage, with less red pulp expansion, milder capsular thickening, and mostly preserved white pulp (Figure
11e).
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Figure 11. Histopathological examination of spleen tissue sections after 2 weeks (H&E stain): a) Group 111 at 200X
showing capsular fibrosis, destroyed white pulp and widened sinusoids, b) Group I11 at 400X showing congestion
of red pulp with many megakaryocytes (black arrow) and scattered clusters of lymphocytes (red arrow), ¢) Group
Il at 400X showing WP interior germinal center containing many macrophages (blue arrow) and depleting
lymphocytes (black arrow), d) Group 111 at 400X showing ill-defined marginal zones and distorted structure of WP,
e ) Group IV at 400X showing that the capsule thickening and RP congestion is considerably less than Group I,

and WP has almost retained its structure.

Figure 12. Histopathological examination of spleen tissue after 3 weeks (H &E stain): a) Group Il at 100X
showing severe damage to architecture of red pulp and white pulp and sinusoids and trabeculae widened, b) Group
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Il at 400X showing severely distorted structure of white pulp, ¢) Group Il at 100X showing sinusoids and
trabeculae have been widened along with degenerated structure of the white pulps, d) Group 1V at 100X showing

that the ginger has considerably kept the integrity of the spleen structure by combating the ZnO NPs toxicity.

In the third week, ZnO nanoparticles caused significant splenic damage in Group Il1 (Figure 12a), including loss of
marginal zones, reduced PALS cellularity, and signs of degeneration and apoptosis. Trabeculae and sinusoids were
enlarged (Figure 12c), white pulp appeared scattered (Figure 12b), and lymphocytes and megakaryocytes were
dispersed. Conversely, Group IV showed mitigated damage, with more lymphocytes in red pulp, less inflammatory

infiltration, and preserved white pulp with lymphoid nodules and loosely arranged lymphocytes (Figure 12d).
“7 4. Discussion

The purpose of this study was to assess the histological effects of zinc oxide nanoparticles (ZnO- NPs) on the liver,
kidney, heart, and spleen in albino rats, as well as the protective impact of ginger against ZnO-NP-induced toxicity.
Vital organs are at risk from ZnO-NPs, which are widely used in electronics, cosmetics, and medicine. Although
ZnO-NPs have antibacterial activity and are used in drug delivery systems, their accumulation in albino rat tissues

causes oxidative stress, inflammation, and apoptosis.

Due to their ability to cause oxidative stress, inflammation, and organ toxicity, ZnO-NPs are useful models for
studying the protective effects of natural compounds like ginger. Compared to other nanoparticles such as copper
oxide, silver nanoparticles (AgNPs), or arsenic oxide, ZnO-NPs are easier to control and monitor. Arsenic, with
permanent effects like neurotoxicity and cancer, is extremely toxic and carcinogenic, limiting its relevance in
studies on remediative therapies like ginger. Copper oxide nanoparticles (CuO NPs), due to their greater
cytotoxicity and high reactivity even at low concentrations—leading to oxidative stress, DNA damage, and cell
death—are also less suitable for controlled experiments with protective agents like ginger. ZnO-NPs is more
suitable for research on natural product interventions than AgNPs, which are less appropriate due to their high

toxicity, environmental concerns, and limited consumer use [34].

For three weeks, the rats in this study were given 300 mg/kg ZnO NPs orally. This resulted in severe histological
damage to the liver including hepatocyte degeneration, congestion, vacuolization, inflammatory infiltration and
cellular necrosis. According to Hossein [15] and Yahya [45] who reported ROS generation, lipid peroxidation and
DNA breakage after ZnO-NPs exposure these results are in line with Salman's [36] observations of oxidative
stress-induced inflammation and DNA damage. Yousef [48] confirmed that ZnO-NPs also caused Kupffer cell
activation, sinusoidal dilatation and structural disarray in liver tissues. They also found hepatotoxicity and bile duct
hyperplasia in rats that received ZnO-NPs treatment. These findings demonstrate the liver's susceptibility to

toxicity brought on by ZnO-NPs.

The hepatoprotective, anti-inflammatory, anti-apoptotic, and antioxidant properties of ginger, a medicinal herb,
greatly improved liver histology. It has been demonstrated that the bioactive substances in ginger including
flavonoids, vitamin C, shogaol, gingerol and paradol improve antioxidant defense systems, lower lipid
peroxidation, inhibit inflammatory cytokines and promote liver regeneration [47],[4]. This study's results which are

in line with those of Ahmed [5] and Shamsabadi [38] showed that co-administration of ginger and ZnO-NPs
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preserved liver architecture and decreased hepatocyte necrosis and inflammatory infiltration. Ginger has been
shown to have hepatoprotective potential as evidenced by its protective effects against tissue damage and oxidative

stress.

Rats exposed to 300 mg/kg ZnO NPs showed signs of kidney inflammation, glomerular damage, mononuclear cell
infiltration and proximal and distal tubule degeneration. These findings are in line with those of Amara [7] who
found that rats treated with ZnO or quartz nanoparticles experienced glomerular degeneration and necrosis.
Histopathological alterations in the kidneys including the buildup of proteinaceous material and structural
abnormalities support the findings of Noori [24] who observed tubular degeneration and eosinophilic infiltration in
rats given ZnO NPs. These results are consistent with those of Salman [36] who noted inflammatory infiltration and
accumulation of collecting tubules after exposure to ZnO-NPs. It was shown that ZnO-NPs raised ROS levels and

caused oxidative stress which resulted in renal shrinkage, necrosis and apoptosis [24].

ZnO-NP-induced kidney damage was significantly prevented by ginger's flavonoids and polyphenols especially
gingerol. Rong [32] also observed that the co-administration of ginger and ZnO-NPs protected Kidney architecture,
decreased glomerular damage and limited glomerulosclerosis symptoms. Ginger's capacity to increase the activity
of antioxidant enzymes like catalase and superoxide dismutase helped to reduce inflammation and lipid
peroxidation which is consistent with research by Nasri [23] that highlighted the function of shogaol and gingerol
in suppressing pro-inflammatory cytokines. Histopathological changes including intact tubular epithelium and
decreased inflammation highlight the therapeutic benefits of ginger. Reddy [30] also showed that ginger extract
dramatically reduced ZnO-NPs induced kidney damage.

This study examined how ginger extract protected rats' hearts against the toxicity caused by zinc oxide
nanoparticles (ZnO NPs). Significant cardiotoxicity was brought on by ZnO NPs, as shown by increased cardiac
enzymes, oxidative stress indicators, and histological damage. Through the reduction of oxidative stress, the
reduction of enzyme levels (CK, LDH), and the improvement of cardiac tissue structure, ginger extract successfully

counteracted these effects.

The main pathway through which ZnO nanoparticles (NPs) exert their toxic effects is oxidative stress, which
triggers lipid peroxidation, inflammation, and cellular injury. Bioactive compounds in ginger—such as gingerol,
shogaol, and paradol—counteract this by neutralizing reactive oxygen species (ROS), boosting the activity of
natural antioxidant enzymes like superoxide dismutase (SOD) and catalase (CAT), and maintaining cell membrane

stability. Consequently, ginger administration significantly minimizes cardiac damage.

In summary, the study confirms that ZnO NPs cause heart damage mainly through oxidative pathways, while
ginger extract provides marked protection due to its strong antioxidant and anti- inflammatory properties. These

findings underline ginger's therapeutic potential in preventing nanoparticle-induced cardiac injury.

Rats administered 300 mg/kg ZnO-NPs exhibited capsular fibrosis in the spleen, and prolonged exposure led to red
pulp hyperplasia and significant deformation of the white pulp structure. These observations align with Abd El
Fadeel [2], who reported that oral ZnO-NP ingestion resulted in spleen tissue alterations such as capsule and

trabeculae thickening, white pulp destruction, and red pulp expansion. Similarly, Abbas [1] noted clear
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histopathological changes in the spleen, including reduced white pulp compartments and dispersed lymphocyte
clusters in the red pulp. They suggested the oxidative/inflammatory pathway as a possible mechanism for

ZnO-NPs-induced toxicity.

Ginger and its bioactive compounds help mitigate oxidative damage and inflammation caused by chemical or
natural toxins. Safiullah [33] found that ginger increases plasma antioxidant capacity. In the current study, oral
administration of ginger alone had no adverse effects on spleen histopathology, and rats treated with ginger
displayed relatively normal spleen architecture. Ginger contains antioxidant compounds such as shogaol, paradol,
and gingerol, which scavenge free radicals. Catalase, an enzyme present in ginger, plays a key role in neutralizing
free radicals and reducing oxidative stress Stoilova [40]. Additionally, Oboh [25] reported that ginger influences

various cellular signaling pathways related to inflammation, apoptosis, and oxidative stress responses.
25, Conclusion

In conclusion, this study demonstrates that zinc oxide nanoparticles (ZnO-NPs) induce multi-organ toxicity in the
liver, kidneys, heart, and spleen through oxidative stress and inflammation. Prolonged exposure resulted in
glomerular and tubular degeneration in kidneys, hepatic necrosis, elevated cardiac markers with myocardial
damage, and white pulp depletion with splenic inflammation. These toxic effects were both dose- and
duration-dependent. Co-administration of ginger significantly alleviated these alterations by enhancing antioxidant
defenses and suppressing inflammatory responses. Overall, ginger demonstrates significant protective effects
against ZnO- NP-induced multi-organ toxicity, primarily through antioxidant and anti-inflammatory mechanisms.
These results highlight the dual need for regulating ZnO-NP exposure and exploring ginger as a natural protective

agent.

77 6. Future Directions

The following are some future recommendations concerning this study.

1) To evaluate the long-term effects of ZnO-NPs at lower and chronic exposure doses.

2) To investigate gender- and age-related differences in susceptibility to ZnO-NP toxicity.

3) To explore molecular signaling pathways underlying ginger’s protective mechanisms.

4) To compare ginger with other natural antioxidants in mitigating nanoparticle-induced damage.
5) To assess the combined impact of ZnO-NPs with other environmental toxicants.

6) To extend findings through pre-clinical and clinical studies for potential therapeutic applications.
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