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R E S E A R C H  A R T I C L E

BACKGROUND: Gestational benzene exposure is associated with oxidative stress and fetal toxicity. However, 
data regarding the organ specificity of oxidative and histopathological injury in maternal tissues during gestation 
remains widely unexplored. Therefore, this study was conducted to evaluate oxidative damage and histopathological 

alterations in the liver, kidney, lung, and spleen following maternal benzene exposure.
METHODS: Eighteen pregnant ICR mice (8-10 weeks, 30-40 g) were randomly divided into three groups (n=6/each): healthy 
mice as control, mice that was given hydroquinone (HQ) orally at 25 mg/kg (HQ25) and 50 mg/kg (HQ50) on gestational day-
12, -14, and -16. On gestational day-18, mice were sacrificed and the liver, kidney, lung, and spleen harvested for analysis. 
Malondialdehyde (MDA), advanced oxidation protein products (AOPP), glutathione (GSH), and superoxide dismutase 
(SOD) activity were analyzed by measuring thiobarbituric acid‑reactive substances (TBARS), oxidation of potassium iodide 
(KI), 5,5′‑dithiobis(2‑nitrobenzoic acid) (DTNB), and nitroblue tetrazolium (NBT), respectively. Histopathological analysis 
was performed using hematoxylin and eosin (H&E) staining.
RESULTS: No significant changes in oxidative stress markers were observed in the organs of HQ-treated groups compared 
with control group. However, a significant reduction in GSH levels (p=0.02) was detected in the spleen of HQ50 group, while 
SOD activity (p=0.01) was significantly reduced in the lungs of both HQ-treated groups compared with the control group. 
Histopathological examination of the HQ-treated groups revealed hepatocyte necrosis in the liver; altered glomerular size, 
enlarged Bowman's space, increased cellularity, thickening of Bowman's capsule, and degeneration of the proximal tubular 
brush border in the kidneys; lymphocyte aggregation and increased cellularity in the spleen; and irregular bronchial walls, 
inflammatory cell infiltration, enlarged alveoli, and epithelial damage in the lungs. 
CONCLUSION: HQ exposure induced organ-specific antioxidant alterations and histopathological injury across maternal 
organs, suggesting differential maternal organ responses to gestational HQ exposure despite unremarkable oxidative damage.
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Abstract

Introduction

The body possesses sophisticated defence mechanisms 
to counteract oxidative stress through endogenous and 

exogenous antioxidants. Yet, excessive oxidative stress 
induced by environmental pollutants, poor dietary habits, 
and chronic diseases can overwhelm these protective 
systems. Benzene (C6H6), a major environmental and 
occupational pollutant, is well known for its carcinogenic 
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Methods

and hematotoxic effects in humans.(1) Because benzene is 
widely used as an industrial solvent, exposure is common 
in industries such as shoe manufacturing, petrochemical 
processing, and fuel stations. At the same time, smoking 
remains a major source among the general population.(1) 
Classified as a Group 1 carcinogen by the International 
Agency for Research on Cancer (IARC), benzene has been 
strongly linked to aplastic anemia and leukemia in both 
prenatal and adult exposures.(2,3) Its toxic effects arise 
from  metabolic  biotransformation  in  the  liver,  mediated 
by  cytochrome  P450  enzymes,  particularly  CYP2E1, 
which generate reactive metabolites such as hydroquinone 
(HQ).(4)
	 HQ is considered one of the most toxic metabolites 
of benzene. Several metabolites undergo redox cycling, 
producing reactive oxygen species (ROS) such as 
superoxide anions, hydrogen peroxide (H₂O₂), and hydroxyl 
radicals. Excessive ROS can overwhelm antioxidant 
defences, damaging deoxyribonucleic acid (DNA), lipids, 
and proteins, and impairing cellular function.(5) Oxidative 
stress has been implicated in pregnancy complications and 
developmental disorders.(6,7) Pregnancy itself involves 
extensive anatomical and metabolic adaptations that alter 
maternal redox homeostasis. Elevated oxygen utilization 
and basal metabolic activity increase ROS production, 
while enhanced fatty acid metabolism during the second 
trimester further promotes oxidative processes. In the third 
trimester, insulin resistance and lipid catabolism contribute 
to additional H₂O₂ accumulation.(6) These physiological 
changes heighten maternal vulnerability to oxidative insults, 
including those from benzene-derived HQ.
	 Such vulnerability places maternal organs under 
considerable stress. For example, the kidneys, essential for 
fluid and metabolic homeostasis, are particularly susceptible 
due to their high mitochondrial content and ROS generation 
through respiration and nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase activity.(8) Similarly, the 
lungs, continuously exposed to oxygen and pollutants, 
express multiple ROS-generating enzymes, making them 
prone to oxidative injury following HQ exposure.(9) 
Disruption of pulmonary homeostasis during pregnancy 
may compromise maternal respiratory function and 
potentially alter the intrauterine environment. The spleen, 
central to hematological balance and immune function, is 
also at risk. Occupational studies have shown reduced white 
and red blood cell counts in benzene-exposed workers, 
underscoring its hematotoxic potential.(10) These findings 
highlight the importance of investigating effects of HQ on 
splenic tissue and hematopoietic function during pregnancy.

	 Collectively, existing evidence indicates that HQ poses 
significant health concerns, particularly during pregnancy, 
when physiological and metabolic adaptations may alter 
susceptibility to toxic insults. Although benzene and HQ 
toxicity has been extensively investigated, much of the 
existing evidence on organ toxicity has been derived from 
non-gestational models or individual-organ assessments, 
while gestational studies have predominantly focused 
on fetal toxicity, inclusive of placental, developmental, 
or hematopoietic outcomes. Consequently, comparative 
multi-organ responses in maternal during gestational HQ 
exposure remain insufficiently characterized. To address 
this knowledge gap, the present study simultaneously 
evaluated oxidative stress and antioxidant status along 
with histopathological alterations across four vital organs 
in maternal, inclusive of liver, kidney, lung, and spleen, 
following oral HQ exposure during gestation. By providing 
organ-specific insights via a gestational-exposure model, this 
work advances understanding of differential maternal organ 
susceptibility to HQ toxicity during pregnancy. Although 
maternal toxicity during pregnancy may have implications 
for fetal well-being, fetal and placental parameters were 
not assessed in the present study; therefore, the findings 
are limited to maternal organ toxicity and should not be 
interpreted as direct evidence of fetal or placental effects. 
Further investigation integrating maternal, placental, and 
fetal outcomes is warranted to clarify the broader systemic 
and developmental consequences of gestational HQ 
exposure.

Experimental Animals and Mating Procedures
A total of 27 Imprinting Control Region (ICR) mice, 
aged 8-10 weeks and weighing 30-40 g, were used in this 
experimental study, comprising 9 males and 18 females. 
All 18 females were mated and subsequently included as 
confirmed pregnant mice in the experimental study. These 
mice were obtained from the Animal Resource Unit, Kuala 
Lumpur, Malaysia. Prior to experimentation, the animals 
were assessed to ensure that they were in good general 
health, as indicated by clean and well-groomed fur, active 
movement, and normal behaviour. Pregnant or lactating 
females, as well as animals of either sex that developed 
illness or died during the study, were excluded from the 
experimental procedures. The mice were housed under 
controlled environmental conditions at 22±2°C and 55% 
relative humidity, with a 12-hour light/dark cycle, and were 
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provided ad libitum access to standard laboratory chow 
and drinking water. The animals were acclimatized to the 
housing conditions for 7 days before commencement of the 
experiment. All experimental procedures were conducted at 
the Animal House, Kuala Lumpur, Malaysia, following the 
ethically approved protocol. For mating, two fertile female 
mice identified as being in the estrus phase were housed 
overnight with one male. Successful mating was identified 
by the presence of a copulation plug and the detection of 
sperm in vaginal smears examined the following morning 
microscopically. The day on which sperm was detected was 
individually designated as gestational day (GD)-0 for each 
female, ensuring that all pregnant mice entered the treatment 
phase at the same GD-12. Pregnancy progression was 
subsequently monitored until GD-18 based on progressive 
maternal body-weight gain and observable physical changes 
associated with pregnancy, as previously described.(11)

Experimental Design
Confirmed pregnant ICR mice (n=18) were housed 
individually in separate cages, with each mouse serving as 
the experimental unit. The sample size was determined using 
the Resource Equation Approach described previously.
(12) The pregnant mice were randomly assigned to three 
experimental groups (n=6 per group): a control group 
receiving distilled water, a low-dose group (HQ25) receiving 
25 mg/kg HQ, and a high-dose group (HQ50) receiving 
50 mg/kg HQ. Maternal body weight was recorded daily 
throughout the experimental period, from GD-0 to GD-
18. To evaluate dose-dependent effects while minimizing 
potential lethality, HQ with 98% purity (Cat. No. G144531; 
Sigma-Aldrich, St. Louis, MO, USA) was administered via 
oral gavage on GD-12, -14, and -16.(13) These gestational 
time points were chosen to target mid-gestation, a critical 
developmental period characterized by increased oxidative 
stress and substantial changes in hematopoietic and immune 
system activity, which may increase cellular susceptibility 
to xenobiotic-induced stress.(14) On GD-18, shortly before 
the expected onset of parturition, all pregnant mice were 
euthanized via intraperitoneal administration of a ketamine 
and xylazine anesthetic cocktails. The liver, kidneys, lungs, 
and spleens were subsequently harvested for assessment 
of HQ-induced oxidative stress and histopathological 
alterations across multiple maternal organs.

Multi-organ Tissue Collection and Sample Preparation
The liver, kidneys, lungs, and spleens were harvested and 
weighed to determine absolute organ weights. Relative 
organ weight was calculated as follows: relative organ 

weight (%) = [organ weight (g)/maternal body weight (g)] × 
100. Following subsequent biochemical analysis, each organ 
was minced into small pieces and homogenized in cold 
1.15% potassium chloride (KCl) (Cat. No. P4504; Sigma-
Aldrich) to prepare 10% (w/v) tissue homogenates using 
an Ultra-Turrax T25 homogenizer (IKA-Werke GmbH & 
Co. KG, Staufen, Germany), as previously described (15), 
but with modifications. The homogenates were centrifuged 
at 10,000 rpm for 15 min at 4°C using a refrigerated 
centrifuge Mikro 200R (Hettich Zentrifugen, Manchester, 
UK). The supernatants were collected, aliquoted, and stored 
at -80°C until biochemical analyses. Figure 1 illustrates the 
experimental design and sample preparation workflow.

Protein Determination
Protein content was determined using the Bradford method 
as previously described.(16) A standard curve was prepared 
by serial dilution of a 2 mg/mL bovine serum albumin 
(BSA) (Cat. No. A2153; Sigma-Aldrich) stock solution. 
Briefly, 5 µL of each tissue homogenate or BSA standard 
was added to a 96-well microplate in triplicate, followed 
by 250 µL of Bradford reagent prepared using Coomassie 
Brilliant Blue G-250 (Cat. No. B0770; Sigma-Aldrich). The 
mixture was incubated in the dark at room temperature for 5 
min. Absorbance was measured at 595 nm using a VersaMax 
ELISA Microplate Reader (Molecular Devices, San Jose, 
CA, USA), and protein concentrations were determined 
against the BSA standard curve.

Assessment of Oxidative Stress 
Malondialdehyde (MDA) levels were determined based on 
the reaction of MDA with thiobarbituric acid (TBA) under 
acidic, high‑temperature conditions to form a thiobarbituric 
acid‑reactive substances (TBARS) chromophore.(17) 
An MDA standard curve (0-40.5 nmol/L) was prepared 
using 1,1,3,3-tetraethoxypropane (TEP) (Cat. No. T9889; 
Sigma-Aldrich). Briefly, 50 µL of tissue homogenate was 
mixed with 250 µL of 19.93% trichloroacetic acid (TCA) 
(Cat. No. T9159; Sigma-Aldrich) prepared in 0.06 M 
hydrochloric acid (HCl) (Cat. No. 258148; Sigma-Aldrich). 
Following incubation in the dark for 15 min, 150 µL of 
0.67% 2-TBA (Cat. No. T5500; Sigma-Aldrich), prepared 
in 0.05 M sodium hydroxide (NaOH) (Cat. No. 221465; 
Sigma-Aldrich), was added. The reaction mixture was 
heated at 100°C for 30 min to precipitate proteins and 
remove excess reagents, then cooled to room temperature. 
Following centrifugation at 3,000 rpm for 10 min, 200 µL 
of the supernatant was transferred to a 96-well microplate. 
Absorbance was measured at 532 nm using a VersaMax 
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Figure 1. An overview of the 
experimental design and sample 
preparation workflow.

ELISA Microplate Reader (Molecular Devices), and MDA 
concentrations were determined against the standard curve.
Advanced oxidation protein products (AOPP) were 
quantified according to the oxidation of iodide (I⁻) by 
oxidized protein products under acidic conditions, yielding 
a chromophore according to the previously described 
method.(18) A standard curve (0-500 µmol/L) was prepared 
using chloramine-T trihydrate (Cat. No. 402869; Sigma-
Aldrich). Briefly, 200 µL of tissue homogenate supernatant 
was added to a 96-well microplate, followed by 10 µL of 
1.16 M potassium iodide (KI) (Cat. No. 207969; Sigma-
Aldrich). Following incubation for 2-5 min, 20 µL of 50% 
acetic acid (Cat. No. 695092; Sigma-Aldrich) was added to 
terminate the reaction. After a further 30 s, absorbance was 
measured at 340 nm using a VersaMax ELISA Microplate 
Reader (Molecular Devices). AOPP levels were determined 
against the chloramine-T standard curve and expressed as 
µmol/g protein. 

Assessment of Antioxidant Status 
Glutathione (GSH) levels were assessed through oxidation 
with 5,5′‑dithiobis(2‑nitrobenzoic acid) (DTNB), which 
reacts with sulfhydryl groups to produce a chromophore.
(19) Phosphate buffers were prepared using disodium 
hydrogen phosphate (Na₂HPO₄) (Cat. No. S9763; Sigma-
Aldrich) and ethylenediaminetetraacetic acid disodium salt 
dihydrate (EDTA) (Cat. No. E5134; Sigma-Aldrich). A 
GSH standard curve was prepared from a 10 mM reduced 

glutathione stock solution (Cat. No. G4251; Sigma-
Aldrich). For sample analysis, 50 µL of tissue homogenate 
was mixed with 40 µL of phosphate buffer (pH 8.0) and 
10 µL of DTNB (Cat. No. D8130; Sigma-Aldrich). The 
reaction mixture was incubated at room temperature for 
15 min, and absorbance was measured at 415 nm using a 
VersaMax ELISA Microplate Reader (Molecular Devices). 
GSH levels were determined against the standard curve.
	 Superoxide dismutase (SOD) activity was quantified 
by measuring its capacity to suppress the superoxide radical-
mediated reduction of nitroblue tetrazolium (NBT) with 
reduction of NBT generates a blue formazan product.(20) 
The reaction substrate was prepared using 50 mM phosphate 
buffer (pH 7.8) containing disodium hydrogen phosphate 
(Na₂HPO₄) (Cat. No. S9763; Sigma-Aldrich), sodium 
dihydrogen phosphate monohydrate (NaH₂PO₄·H₂O) (Cat. 
No. 106349; Merck, Darmstadt, Germany), EDTA (Cat. 
No. E5134; Sigma-Aldrich), 30 mg/mL L-methionine (Cat. 
No. 166160250; Acros Organics, Geel, Belgium), 1.40 mg/
mL NBT (Cat. No. N6876; Sigma-Aldrich), and 1% Triton 
X-100 (Cat. No. X100; Sigma-Aldrich). Briefly, 1.0 mL 
of the substrate mixture was mixed with 20 µL of tissue 
supernatant and 10 µL of 0.44 mg/mL riboflavin (Cat. 
No. 132350250; Acros Organics). The reaction mixture 
was exposed to two 18-W fluorescent lamps for 7 min, 
and absorbance was measured at 560 nm using ELISA 
microplate reader. SOD activity was normalized to protein 
content and expressed as E/mg protein/min.
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Table 1. Maternal body weight gain, food and water intake, mortality and morbidity percentages 
following HQ exposure.

Histopathological Study
The liver, kidneys, lungs, and spleen were excised and 
immediately fixed in 10% neutral buffered formalin 
(Cat. No. HT501128; Sigma-Aldrich) to preserve tissue 
morphology and architecture. The fixed tissues were 
subsequently processed using an automated Leica tissue 
processor Leica TP1020 (Leica, Wetzlar, Germany), 
involving graded ethanol dehydration (Cat. No. 100983; 
Merck), xylene clearing (Cat. No. 534056; Sigma-Aldrich), 
and paraffin wax infiltration (Cat. No. 76233; Sigma-
Aldrich). The processed tissues were embedded in paraffin 
using an embedding machine Leica EG1160 (Leica). Then, 
the sections measuring 3-5 µm in thickness were prepared 
using a rotary microtome Leica RM2135 (Leica). The 
sections were mounted on glass slides and stained with 
hematoxylin and eosin (H&E) followed by cover-slipping 
with distyrene-plasticizer-xylene (DPX) mounting medium. 
Histopathological evaluation was conducted qualitatively 
by light microscopy Nikon Eclipse 80i (Nikon Corporation, 
Tokyo, Japan) based on the method described.(21) Cellular 
morphology, tissue organization, and structural integrity 
were qualitatively assessed across the examined organs in 
accordance with established principles for the assessment 
and reporting of pathological changes in animal tissues.(22) 
Representative digital photomicrographs were captured 
at 10× and 40× magnifications using a MicroPublisher 
5.0 RTV camera (QImaging, Surrey, Canada) to record 
histopathological alterations, including cellular necrosis, 
vascular congestion, and inflammatory cell infiltration.

Statistical Analysis
All quantitative data were analyzed using the Statistical 
Package for the Social Sciences (SPSS) version 26.0 
(IBM Corporation, Armonk, NY, USA). Normality was 
assessed using the Shapiro-Wilk test. Given the small 

Control 
(n=6) 

HQ25 
(n=6)

HQ50 
(n=6)

Body weight gain (g), mean±SEM 34.51±1.91 29.65±2.08 24.27±0.49* 0.01

Food intake (g), mean±SEM 84.09±0.97 80.15±2.25 75.20±1.91* 0.02

Water intake (mL), mean±SEM 247.97±3.14 239.23±5.28  235.17±3.37 0.17

Mortality, n (%) 0 (0) 0 (0) 0 (0) -

Overt signs of morbidity, n (%) 0 (0) 0 (0) 0 (0) -

Organs
Groups

p -value

Statistical comparisons of maternal body weight gain, food intake, and water intake among groups were 
performed using one-way ANOVA followed by Tukey’s post hoc test. *p<0.05 vs. the control group. 

sample size (n=6 per group), the results of the normality 
assessment were interpreted cautiously. Homogeneity 
of variances was assessed using Levene’s test. For data 
satisfying the assumptions of normality and homogeneity of 
variance, differences among the control, HQ25, and HQ50 
groups were analyzed using one-way analysis of variance 
(ANOVA), followed by Tukey’s post hoc test for pairwise 
comparisons. Data are expressed as mean±standard error 
of the mean (SEM). Statistical significance was defined as 
p<0.05.

Results

Selective Alterations of Maternal Physiological 
Parameters Following HQ Exposure
As shown in Table 1, significant differences (p<0.05) in 
maternal body weight gain and food intake were observed 
only in the HQ50 group compared with the control group, 
whereas no significant difference (p>0.05) in water intake 
was observed among the groups. No mortality or overt 
signs of morbidity were observed in any experimental 
group throughout the study period. Individual maternal 
body weights at selected gestational time points (GD-0, -12, 
-14, -16, and -18) were provided in Supplementary Table 
S1. The time points were selected based on the onset of HQ 
exposure, which is initiated at GD-12. 

Gestational HQ Exposure Showed No Significant Effect 
on Maternal Organ Weights
The comparison of corresponding organ weight data 
between groups were presented in Table 2. Absolute and 
relative weights of the liver, kidney, lung, and spleen showed 
no statistically significant (p>0.05) differences among the 
control, HQ25, and HQ50 groups. 
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Control 
(n=6) 

HQ25 
(n=6)

HQ50 
(n=6)

MDA (nmol/g protein) Liver 5.69±1.28 7.83±1.17 6.73±0.83 0.46
Kidney 65.91±10.90 55.34±8.98 43.02±3.16 0.19
Lung 40.53±6.35 41.45±5.47 44.49±5.29 0.53
Spleen 30.60±4.57 38.80±3.50 44.86±7.30 0.24

AOPP (µmol/g protein) Liver 243.47±3.85 259.06±3.83 251.35±3.93 0.08
Kidney 162.38±18.13 117.39±15.58 107.78±12.97 0.06
Lung 23.32±3.72 31.43±2.72 36.15±5.54 0.12
Spleen 155.68±15.09 239.12±46.70 216.58±31.09 0.28

Parameters Organs
Groups

p -value

Control 
(n=6) 

HQ25 
(n=6)

HQ50 
(n=6)

Absolute weight (g) Liver 3.02± 0.11 2.78±0.12 2.91±0.19 0.51

Kidney 0.24±0.01 0.23±0.01 0.24±0.01 0.97

Lung 0.11±0.01 0.13±0.01 0.13±0.01 0.54

Spleen 0.19±0.02 0.16±0.01 0.18±0.01 0.20

Relative weight (%) Liver 5.42±0.39 4.83±0.34 4.62±0.35 0.30

Kidney 0.42±0.02 0.41±0.03 0.37±0.02 0.39

Lung 0.20±0.03 0.22±0.02 0.20±0.02 0.69

Spleen 0.34±0.04 0.28±0.02 0.29±0.01 0.19

OrgansParameters
Groups

p -value

Table 2. Absolute and relative organ weights of maternal mice following HQ exposure.

Data are presented as mean±SEM. Statistical comparisons of absolute and relative organ weights among 
groups were performed using One-way ANOVA followed by Tukey’s post hoc test.

Table 3. Oxidative stress profiles of maternal organs following exposure to HQ.

Data are presented as mean±SEM. Statistical comparisons among groups were performed using One-way 
ANOVA followed by Tukey’s post hoc test. 

Limited Alterations in Organ-Specific Oxidative Stress 
Markers following HQ Exposure
Table 3 showed the MDA and AOPP levels following 
HQ exposure across the examined maternal organs. No 
statistically significant differences in MDA or AOPP levels 
were observed between the control and HQ-treated groups 
in any of the organs evaluated (p>0.05). Overall, MDA and 
AOPP levels remained comparable across the control and 
HQ-treated groups, suggesting that gestational HQ exposure 
did not produce detectable changes in these markers of lipid 
and protein oxidation under the experimental conditions.

Reduced Splenic GSH and Pulmonary SOD Activity 
following HQ Exposure 
Table 4 presented the GSH levels and SOD activities 
following HQ exposure across the examined maternal 
organs. No statistically significant differences in GSH 

levels were observed between the control and HQ-treated 
groups in the liver, kidney, or lung, although a decreasing 
trend was observed in all three organs. In contrast, GSH 
levels were significantly reduced in the spleen following 
exposure to 50 mg/kg HQ compared with the control group 
(p<0.05), whereas the reduction observed at 25 mg/kg was 
not statistically significant. Similarly, SOD activity did not 
differ significantly between the control and HQ-treated 
groups in the liver, kidney, or spleen. However, in the lung, 
SOD activity was significantly lower in both the HQ25 and 
HQ50 groups compared with the control group (p<0.05).

Multi-Organ Cellular Injury and Tissue Structural 
Alterations following HQ Exposure 
Histopathological changes in the examined maternal organs 
following in utero HQ exposure were presented in Figures 
2-5. Representative sections were examined at 10× and 
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Control 
(n=6) 

HQ25 
(n=6)

HQ50 
(n=6)

GSH (mmol/g protein) Liver 0.57±0.09 0.47±0.10 0.43±0.06 0.51

Kidney 0.46±0.06 0.41±0.04 0.37±0.03 0.34

Lung 1.23±0.11 1.26±0.32 1.64±0.50 0.67

Spleen 0.60±0.03 0.53±0.02 0.46±0.04* 0.02

SOD (U/min/mg protein) Liver 1.89±0.20 1.79±0.16 1.55±0.17 0.40

Kidney 4.43±0.67 2.45±0.68 2.61±0.70 0.11

Lung 8.72±0.97 2.51±0.34* 3.10±0.32* 0.01

Spleen 3.22±0.29 2.73±0.46 1.91±0.423 0.10

OrgansParameters
Groups

p -value

Table 4. Antioxidant status of maternal organs following exposure to HQ.

Data are presented as mean±SEM. Statistical analysis was performed using One-way ANOVA followed by 
Tukey’s post hoc test. *p<0.05 vs. the control group. 

A2

B1

B2

C1A1

C1

Figure 2. Histopathological assessment of the liver in maternal mice induced by HQ. A: Control group; B: HQ25 group; C: HQ50 
group. White bar: 200 µm; Black bar: 50 µm. H: Hepatocyte cell, CV: Central vein, RBC: Red blood cell, S: Sinusoidal projections, K: 
Kupffer cells, N: Necrotic hepatocytes.

40× magnifications. In the liver (Figure 2), the control 
group exhibited preserved hepatic architecture and intact 
hepatocytes as observed at 10× magnification. At higher 
magnification, the control group showed a distinct central 
vein containing erythrocytes within the lumen, well-defined 
hepatic sinusoids, and identifiable Kupffer cells. In contrast, 
both HQ-treated groups exhibited alterations in hepatic 
morphology, including disruption of normal hepatic lobular 
architecture, hepatocellular necrosis, and central venous 
congestion, characterized by increased accumulation of 
blood within the vascular lumen.

	 Meanwhile, in kidney (Figure 3), the histopathological 
assessment at 10× magnification revealed that the control 
group exhibited normal renal architecture, characterized 
by well-defined glomeruli surrounded by Bowman’s 
capsules and clearly visible Bowman’s spaces. At higher 
magnification, the control group showed intact proximal 
and distal convoluted tubules, with proximal tubular 
epithelial cells displaying a cuboidal morphology and 
prominent microvilli. In contrast, both HQ25 and HQ50 
exhibited histopathological alterations compared with 
the control group, including reduced Bowman’s space, 
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B2

C1

C1
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A2

B1

B2

C1

C1

A1

IFIF

V

V

Figure 3. Histopathological assessment of the kidney in maternal mice induced by HQ. A: Control group; B: HQ25 group; C: HQ50 
group.  White bar: 200 µm; Black bar: 50 µm. G: Glomerulus, BC: Bowman’s capsule, BS: Bowman’s space, PCT: Proximal convoluted 
tubule, DCT: Distal convoluted tubule.

Figure 4. Histopathological assessment of the lung in maternal mice induced by HQ. A: Control group; B: HQ25 group; C: HQ50 
group.  Yellow bar: 200 µm; Black bar: 50 µm.  V: Blood vessel, BR: Bronchioles, A: Alveolar, IF: Inflammatory cell infiltration.

increased glomerular cellularity, and thickening of the 
glomerular basement membrane. Additional morphological 
alterations were observed in the HQ50 group, including 
glomerular shrinkage, increased Bowman’s capsule, tubular 
degeneration, and degeneration of the proximal convoluted 
tubules accompanied by loss of microvilli.

	 As shown in Figure 4, lung tissues from the 
control group exhibited normal histological architecture, 
characterized by intact blood vessels, bronchioles, and 
alveolar structures. In contrast, both HQ-treated groups 
demonstrated histopathological alterations, including 
irregular bronchial walls, inflammatory cell infiltration, 
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enlarged alveolar spaces, and degeneration of the bronchial 
epithelial lining.
	 In the spleen (Figure 5), the control group exhibited 
preserved splenic architecture, with distinct white and 
red pulp compartments. The white pulp contained central 
arterioles and germinal centres surrounded by lymphoid 
follicles.  Meanwhile,  both  HQ25  and  HQ50  exhibited 
altered splenic histological features, characterized by 
increased cellularity within the red pulp, increased 
lymphocytic aggregation within the white pulp, and 
inflammatory cell infiltration.

A2

B1

B2

C1

C1

A1

Figure 5. Histopathological assessment of the spleen in maternal mice induced by HQ. A: Control group; B: HQ25 group; C: HQ50 
group. White bar: 200 µm; Yellow bar: 50 µm. WP: White pulp, CA: Central artery.

Discussion

Benzene is a volatile organic compound extensively used 
in industrial applications. HQ, a major metabolite of 
benzene, undergoes  myeloperoxidase  (MPO)-mediated  
oxidation  and  autoxidation,  generating  reactive  
semiquinone  intermediates  that  contribute  to  quinone-
mediated toxicity.(1) In the current study, pregnant mice 
were  orally  administered  HQ  at  the  doses  of  25  and 
50 mg/kg on GD-12, -14, and -16, based on previously 
established experimental models.(13,23) The higher dose 
was adapted from previous study (13), while the lower 
dose was included to evaluate dose-dependent effects. This 
approach aligns with toxicological principles emphasizing 
evaluation across exposure ranges.(24) These doses 

represent experimental toxicological exposures rather than 
direct equivalents of typical human occupational exposure. 
For context, the  National Institute of Occupational Safety 
and Health (NIOSH) (recommended exposure limit (REL) 
for HQ is 2 mg/m³ as a 15-min ceiling.(25) However, 
direct quantitative comparison with the doses used in the 
present study is not appropriate because of differences in 
exposure route, duration, and exposure pattern. Given that 
pregnancy involves substantial physiological and metabolic 
adaptations that may heighten susceptibility to toxicants, 
assessing the impact of HQ on maternal health and organ 
systems is critical. 
	 Oxidative stress biomarkers showed numerical 
variations following HQ exposure, although most changes 
did not reach statistical significance. MDA, a secondary 
product of lipid peroxidation, was higher across several 
organs in HQ-treated groups; however, these differences 
were not statistically significant and therefore do not 
provide conclusive evidence of enhanced lipid peroxidation. 
Elevated MDA has previously been reported in L02 
hepatocytes following HQ exposure (26), in kidneys of 
benzene-exposed rats (27), and in rats exposed to benzene 
vapour.(28) However, these studies involved in vitro, 
non-gestational, or different exposure routes and models; 
therefore, direct comparison with the present gestational 
oral-exposure model should be made cautiously. Benzene 
metabolism generates reactive intermediates that enhance 
ROS production (5), and oxidative stress occurs when ROS 
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generation exceeds antioxidant capacity, damaging lipids, 
proteins, and DNA.(5) Lipids are particularly vulnerable 
due to their double bonds, with MDA formed during 
polyunsaturated fatty acid (PUFA) peroxidation.(29) MDA 
can further react with DNA and proteins, contributing to 
biomolecular dysfunction.(29) Although these mechanisms 
provide a biological basis for lipid peroxidation, the non-
significant MDA changes observed in the present study 
do not establish increased oxidative damage following 
gestational HQ exposure.
	 Protein oxidation was assessed via AOPP, which 
consists of oxidatively modified, cross-linked proteins 
containing tyrosine residues.(30) Although increases in 
AOPP were observed in some HQ-treated groups, these 
differences were not statistically significant. Similar 
observations of protein oxidation have been reported in 
gasoline station workers exposed to benzene (31) and 
in rats administered bromobenzene.(32) However, these 
studies differ from the present investigation in terms of 
exposure conditions, chemical exposure, and experimental 
population,  limiting  direct  mechanistic  comparison. 
Proteins rich in unsaturated bonds and sulfur-containing 
amino acids are particularly susceptible to ROS-mediated 
oxidation, impairing structure and function.(30) AOPP, 
considered a uremic toxin, may also activate mononuclear 
phagocytes via the H₂O₂-MPO pathway.(30) Nevertheless, 
the absence of significant AOPP changes in the present 
study does not provide conclusive evidence of increased 
protein oxidation.
	 Antioxidant defences showed organ-specific 
alterations. GSH, a major endogenous antioxidant, showed 
numerical reductions in the liver, kidney, and lung, whereas 
a significant reduction was detected in the spleen. This 
indicates an alteration in splenic antioxidant defence 
following HQ exposure. Similar reductions in GSH have 
been reported in hydrocarbon-exposed kidneys (33) and 
in cigarette smoke-exposed lungs.(34) HQ can conjugate 
with GSH, depleting reserves and impairing detoxification.
(5) SOD activity also declined, with a significant reduction 
in lung tissue. This finding is consistent with reduced 
SOD activity in benzene-exposed workers (35) and mice 
(36). Although these previous studies provide relevant 
mechanistic context, differences in exposure route, toxicant, 
and the use of non-gestational models should be considered 
when comparing them with the present gestational HQ 
exposure model. Together, these results indicate organ-
specific antioxidant alterations, particularly in the spleen 
and lung, rather than a generalized oxidative response 
across maternal organs.

	   Histopathology outcomes confirmed hepatocellular 
necrosis and vascular congestion, demonstrating hepatic 
morphological injury following HQ exposure. These 
morphological changes mirror those reported in benzene-
induced hepatotoxicity.(37) However, differences in 
exposure route and experimental model limit direct 
comparison  with  the  present  gestational  HQ  exposure 
model. Renal histopathology revealed enlarged glomeruli, 
reduced Bowman’s space, increased cellularity, thickened 
capsules, tubular degeneration, and microvilli loss. 
Such alterations implicate both glomerular and tubular 
compartments in HQ-induced injury. Similar findings have 
been reported in benzene-exposed kidneys (38), although 
the different exposure conditions and non-gestational 
models should be considered when drawing mechanistic 
parallels. Previous evidence suggests that metabolite 
accumulation in lipid-rich, perfused tissues may contribute 
to tissue susceptibility.(38)
	   Pulmonary changes were pronounced: HQ-treated 
lungs exhibited irregular bronchial walls, enlarged alveolar 
spaces, bronchiolar dilation, and inflammatory infiltration. 
Combined with the significant reduction in SOD activity, 
these findings indicate pulmonary morphological injury 
accompanied by altered antioxidant defence. Comparisons 
with cigarette smoke exposure models (39) provide 
contextual evidence for the involvement of oxidative 
processes in pulmonary injury; however, differences in 
toxicant composition, exposure route, and experimental 
model limit direct mechanistic comparison with gestational 
HQ exposure. Splenic alterations included increased 
cellularity in red pulp and lymphocyte accumulation in 
white pulp, suggesting an adaptive immune response. 
Unlike benzene-induced splenitis and fibrosis (37), these 
changes may reflect species or exposure differences. As 
the spleen regulates both cellular and humoral immunity, 
lymphocyte accumulation may represent an adaptive 
response to enhance toxin clearance (40), though functional 
consequences require further immunological assessment. 
	   Despite these findings, several limitations should be 
considered. Validation in a larger cohort would strengthen 
the robustness and generalizability of the findings. 
Histopathological alterations were assessed qualitatively 
without quantitative or semi-quantitative scoring, limiting 
objective comparisons of lesion severity. In addition, fetal 
and placental endpoints were not quantitatively evaluated; 
therefore, whether the observed maternal tissue alterations 
have implications for fetal development remains unclear. 
Although  absolute  and  relative  maternal  organ  weights 
were evaluated, mechanistic biomarkers, including  
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Conclusion

In conclusion, gestational HQ exposure induced organ-
specific antioxidant alterations and broader histopathological 
injury across maternal organs. Significant reductions in 
pulmonary SOD activity and splenic GSH levels indicate 
differential antioxidant responses, while the absence of 
significant changes in the other measured oxidative stress 
markers suggests that oxidative damage was not uniformly 
evident across organs. Nevertheless, histopathological 
alterations in the liver, kidney, lung, and spleen demonstrate 
broader tissue-level injury following HQ exposure. These 
findings provide baseline data on maternal tissue responses 
to gestational HQ exposure. 

the  nuclear  factor  erythroid  2-related  factor 2/heme 
oxygenase-1 (Nrf2/HO-1) pathway and DNA damage 
markers, were not investigated. Nevertheless, the present 
findings provide baseline data on maternal multi-organ 
responses to gestational HQ exposure. Future studies 
integrating quantitative histopathological assessment, 
mechanistic biomarkers, and maternal, placental, as well as 
fetal endpoints are warranted to provide better understanding 
with regards to the consequences of gestational HQ 
exposure.
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