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Abstract 
Kerosene contamination poses a persistent threat to terrestrial ecosystems, yet its biological effects on 
soil invertebrates remain poorly characterized. This study investigated the biochemical and 
histopathological responses of the earthworm Eisenia fetida exposed to soils amended with 0.4, 1.0-, and 
1.6-mL kerosene kg⁻¹ dry soil for 28 days. Activities of key antioxidant enzymes—superoxide dismutase 
(SOD), catalase (CAT), and glutathione peroxidase (GPx)—declined significantly (p<0.05) with 
increasing kerosene concentration, indicating oxidative stress and disruption of redox homeostasis. 
Interestingly, malondialdehyde (MDA) levels decreased in exposed worms, suggesting possible 
metabolic inhibition under sustained oxidative pressure. Mortality rose sharply with both 
concentration and duration of exposure (p < 0.001). Histopathological analysis of the clitellum revealed 
progressive tissue degeneration, necrosis, inflammation, and pigment deposition, with severity 
increasing in a concentration-dependent manner. The combined biochemical and morphological 
evidence links kerosene exposure to oxidative stress–mediated reproductive impairment. These findings 
reinforce E. fetida as a sensitive biomarker of hydrocarbon-induced soil toxicity and provide a 
mechanistic basis for assessing the ecological risks of petroleum contamination in terrestrial 
environments. 
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INTRODUCTION 
Petroleum hydrocarbon contamination remains one of the most persistent environmental 
challenges worldwide, arising from exploration, refining, transportation, and domestic use 
(Adipah, 2019; Srivastava et al., 2019). In developing regions, weak infrastructure and informal 
fuel handling often lead to frequent spills, severely degrading soil quality and threatening 
terrestrial ecosystems (Ossai et al., 2020). In Nigeria, refined fuels such as kerosene are widely 
used for household energy needs because they are affordable and accessible (Nwaichi & 
Dhankher, 2016). However, kerosene—a complex mixture of aliphatic and aromatic 
hydrocarbons—is environmentally persistent and potentially toxic to soil biota (Bekele et al., 
2023; Khan et al., 2018). Repeated leakage and improper disposal near storage depots and 
residential areas result in chronic contamination that compromises soil fertility and 
biodiversity (Adebiyi et al., 2021; Lam et al., 2012). 
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Earthworms are keystone soil organisms whose burrowing and feeding activities improve 
aeration, structure, and nutrient cycling (Blouin et al., 2013). Because of their intimate contact 
with soil particles and pore water, they are among the most sensitive indicators of terrestrial 
contamination (Martin et al., 2024). The red wiggler, Eisenia fetida, is a standard model for 
ecotoxicological testing due to its ease of culture, ecological relevance, and responsiveness to 
pollutants (OECD, 2016). Traditional toxicity endpoints such as survival, avoidance, and 
reproduction are well established for Eisenia fetida (Schaefer, 2004), yet understanding the 
biochemical and tissue-level mechanisms underlying these responses remains essential for 
linking sublethal stress to ecological outcomes. 
 
The toxic effects of petroleum hydrocarbons are often mediated through the overproduction 
of reactive oxygen species (ROS) during metabolism, leading to oxidative stress (Lushchak, 
2011). Organisms counteract this through antioxidant enzymes such as superoxide dismutase 
(SOD), catalase (CAT), and glutathione peroxidase (GPx), which act to restore redox balance 
(Zhang et al., 2018). Alterations in these enzyme activities provide early-warning biomarkers 
of pollutant-induced stress (Ijomah et al., 2020; Lysenko et al., 2022). However, while 
antioxidant responses to crude oil and polycyclic aromatic hydrocarbons have been 
documented (Liu et al., 2025; Lysenko et al., 2022; Sureka & Thaddeus, (2019); Shakir Hanna & 
Weaver, (2002)), the specific effects of kerosene—a lighter, refined hydrocarbon mixture—on 
earthworm antioxidant defense systems remain poorly understood (Liu et al., 2025). 
 
At higher levels of biological organization, biochemical disturbances can translate into 
structural and functional damage (Ijomah et al., 2020). The clitellum, the reproductive organ 
responsible for cocoon secretion in earthworms, is particularly sensitive to toxic injury 
(Hentati et al., 2013) Histopathological evaluation of this tissue can reveal necrosis, 
inflammation, and pigment deposition—hallmarks of reproductive impairment (Velki & 
Hackenberger, 2013; Lourenço et al., 2011). Integrating biochemical biomarkers with 
histological endpoints provides a mechanistic understanding of how molecular stress 
cascades into organismal dysfunction (Wang et al., 2021). 
 
This study was therefore designed to investigate the effects of kerosene contamination on the 
antioxidant defense system and clitellar histopathology of E. fetida. We hypothesized that 
kerosene exposure would induce oxidative stress, suppress key antioxidant enzymes, and 
cause structural damage to the clitellum. By linking biochemical alterations with 
morphological outcomes, this research aimed to clarify the mechanistic pathways of kerosene 
toxicity and reinforce the role of E. fetida as a sentinel species for assessing the ecological risks 
of petroleum-contaminated soils. 
 
MATERIALS AND METHODS 
Test Organism and Soil Preparation 
Mature, clitellate specimens of Eisenia fetida were hand-collected from uncontaminated 
agricultural soil at the University of Benin, Nigeria. The worms were acclimatized for two 
weeks in artificial soil under controlled laboratory conditions (20 ± 2 °C; 12:12 h light:dark 
cycle) according to OECD guidelines (OECD, 1984). The soil used for the exposure tests was 
air-dried, homogenized, and sieved through a 2 mm mesh. Its physicochemical properties—
pH, texture, and organic matter content—were characterized before contamination. 
 
Experimental Design and Kerosene Spiking 
A completely randomized design (CRD) was used with four treatments: a control (0 mL 
kerosene kg⁻¹ dry soil) and three contaminations levels—0.4, 1.0-, and 1.6-mL kerosene kg⁻¹ 
dry soil—selected based on preliminary range-finding tests to represent sublethal to 
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potentially lethal concentrations. Technical-grade kerosene was mixed thoroughly with the 
soil to ensure even distribution. Soil moisture was adjusted to 60% of its water-holding 
capacity and maintained throughout the 28-day experiment. Each treatment had three 
replicates, with four healthy adult worms (average weight 350–400 mg) introduced into 500 g 
of treated or control soil contained in perforated 1-L plastic vessels. Worms were fed weekly 
with moistened cow dung (5 g per container). 
 
Mortality Assessment 
Worms were inspected daily for mortality, defined as the absence of movement and response 
to gentle mechanical stimulation. Dead individuals were removed promptly to prevent 
decomposition effects. Survival rates were calculated relative to the number of worms 
introduced at the start of each treatment. 
 
Antioxidant Enzyme and Lipid Peroxidation Assays 
At weekly intervals (days 7, 14, 21, and 28), one earthworm from each replicate was collected 
for biochemical analysis. The worms were rinsed with distilled water, blotted dry, and 
homogenized in cold 50 mM phosphate buffer (pH 7.0) containing 1 mM EDTA. The 
homogenates were centrifuged at 10,000 × g for 10 minutes at 4 °C, and the resulting 
supernatant was used for the determination of antioxidant enzyme activities and lipid 
peroxidation levels. Superoxide dismutase (SOD) activity was assayed according to the 
method of Misra and Fridovich (1972), catalase (CAT) activity was measured following Aebi 
(1984), and glutathione peroxidase (GPx) activity was determined as described by Flohé and 
Günzler (1984). Lipid peroxidation was quantified by measuring malondialdehyde (MDA) 
concentration using the thiobarbituric acid reactive substances (TBARS) method of Buege and 
Aust (1978). All enzyme activities were normalized to total protein content, which was 
determined using the Bradford (1976) assay, and expressed as units per milligram of protein 
(U/mg protein). 
 
Histopathological Examination 
At the end of each exposure week, clitellum segments were excised from sampled worms and 
fixed in 10% neutral buffered formalin for 48 hours. Tissues were dehydrated through graded 
ethanol (70–100%), cleared in xylene, and embedded in paraffin wax. Sections (5 µm thick) 
were cut using a rotary microtome, mounted on slides, and stained with hematoxylin and 
eosin (Bancroft & Gamble, 2008). Slides were examined under a light microscope, and tissue 
alterations—necrosis, inflammation, pigment deposition, and structural disorganization—
were semi-quantitatively scored from 0 (normal) to 3 (severe). Observations were conducted 
blind to treatment identity to minimize bias. 
 
Statistical Analysis 
Data were tested for normality (Shapiro–Wilk) and homogeneity of variance (Levene’s test). 
Two-way ANOVA (factors: concentration and duration) was applied to assess treatment 
effects on enzyme activities and MDA levels. One-way ANOVA was used to compare 
histopathological scores among concentrations. When significant differences were found (p < 
0.05), Tukey’s post-hoc test was applied. Linear regression analysis examined the relationship 
between kerosene concentration, exposure duration, and mortality. Statistical analyses were 
performed using SPSS 22.0 (IBM Corp., USA). Results are reported as mean ± standard 
deviation (SD). 
 
RESULTS AND DISCUSSION 
This study examined how kerosene contamination affects oxidative balance, survival, and 
reproductive tissue integrity in Eisenia fetida. The findings reveal a consistent, concentration-



Biochemical and Histopathological Effects of Kerosene-Contaminated Soil on Eisenia fetida 

G. Ogbeide, E. A. Nnaji, O. Ogbeide, DUJOPAS 11 (4d): 381-397, 2025                                                     384 
 

dependent pattern of biochemical suppression and histopathological damage, linking 
oxidative stress to reproductive impairment. 
 
Antioxidant Enzyme Response to Kerosene Exposure 
Kerosene exposure significantly altered antioxidant enzyme activities in E. fetida (Figures 1–
4). Total protein increased with concentration, peaking at 1.6 mL kg⁻¹, likely reflecting a 
compensatory synthesis of stress-related or detoxification proteins (Vijayavel et al., 2004). 
However, this increase did not correspond with improved antioxidant capacity. 
 
Activities of SOD, CAT, and GPx declined steadily with increasing kerosene levels and 
exposure duration (p < 0.05). SOD activity decreased by nearly 45% at the highest 
concentration, indicating impaired superoxide detoxification. Similar suppressive effects of 
petroleum hydrocarbons on antioxidant enzymes have been widely documented (Ijomah et 
al., 2020; Liu et al., 2025; Asagba et al., 2020). Asagba et al. (2020) and Ijomah et al. (2020) both 
reported significant reductions in SOD and CAT in earthworms exposed to diesel or crude oil, 
while Liu et al. (2025) showed metabolomic evidence of declining SOD, CAT, and GPx across 
different hydrocarbon fractions. 
 
CAT and GPx also dropped markedly (44% and 41% at 1.6 mL kg⁻¹), suggesting systemic 
oxidative imbalance. Since both enzymes detoxify hydrogen peroxide, their suppression 
implies ROS accumulation exceeding detoxification capacity. Comparable multi-enzyme 
reductions have been described in Eisenia andrei under petroleum exposure (Saint-Denis et al., 
1998) and in Eudrilus eugeniae exposed to metals and hydrocarbons (Ravi Kiran & Aruna, 
2010). 
 
Overall, the pattern confirms oxidative stress as a key toxic mechanism of petroleum 
hydrocarbons. These findings align with broader reports showing that petroleum 
contaminants impair antioxidant defenses and induce ROS-driven damage in soil 
invertebrates (Ijomah et al., 2020; Saint-Denis et al., 1998; Anetor et al., 2022). Ijomah et al. (2020) 
and Saint-Denis et al. (1998) both observed CAT and GPx suppression alongside oxidative 
injury, while Anetor et al. (2022) highlighted how hydrocarbon-generated ROS overwhelm 
antioxidant systems. The present results extend this evidence to kerosene, demonstrating its 
capacity to disrupt redox homeostasis in earthworms. 
 
 

 

Figure 1: Total protein concentrations in Eisenia fetida after 28-day exposure to different kerosene concentrations. 
Values represent mean ± SEM (n=3). Different letters indicate significant differences (p < 0.05). 
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Figure 2: Superoxide dismutase (SOD) activity in earthworm tissues following kerosene exposure. Values 
represent mean ± SEM (n=3). 

 
Figure 3: Catalase (CAT) activity in earthworm tissues across different kerosene treatments. Values represent mean 
± SEM (n=3). 
 

 
Figure 4: Glutathione peroxidase (GPx) activity in earthworms exposed to varying kerosene concentrations. Values 
represent mean ± SEM (n=3). 

 
Lipid Peroxidation and Oxidative Damage Indicators 
Malondialdehyde (MDA) levels were unexpectedly lower in kerosene-exposed earthworms 
compared with controls (Figure 5). Although MDA is a key lipid peroxidation product that 
typically increases during oxidative damage, reduced levels may indicate metabolic 
suppression rather than protection. Under sustained oxidative pressure, metabolic activity 
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and lipid turnover can decline, lowering measurable MDA (Santos et al., 2018). Similar 
paradoxical decreases have been reported in earthworms exposed to high PAH concentrations 
(Zhang et al., 2018), suggesting a shared mechanism of metabolic depression under severe 
stress. 
 
Another explanation is substrate depletion, where kerosene-induced breakdown of 
membrane lipids limits the availability of polyunsaturated fatty acids for peroxidation. This 
effect has been noted in other invertebrates exposed to petroleum hydrocarbons (Liu et al., 
2020). Methodological factors may also contribute, as extreme oxidative stress can promote 
MDA binding to proteins or other molecules, causing underestimation in TBARS assays 
(Wang et al., 2021). 
 
The mismatch between enzyme inhibition and reduced MDA suggests progression to 
antioxidant exhaustion, where oxidative damage surpasses normal redox regulation. Similar 
patterns have been observed in diesel-exposed earthworms (Wu et al., 2022) and interpreted 
as collapse of redox homeostasis. Thus, the decline in MDA likely reflects metabolic inhibition 
under prolonged oxidative load rather than reduced damage (Wen et al., 2023). 
 
Importantly, reduced MDA does not necessarily indicate lower oxidative stress. Similar 
observations under heavy-metal exposure were attributed to metabolic depression rather than 
protection (Zhao et al., 2023). Integrated with enzyme suppression and histological findings, 
this pattern signals a shift from adaptive to pathological response, consistent with recent 
biomarker-interpretation frameworks in ecotoxicology (Mao et al., 2022). 
 

 
Figure 5: Malondialdehyde (MDA) concentrations in earthworm tissues after kerosene exposure. Values represent 
mean ± SEM (n=3). 
 

Mortality and Population-Level Effects 
Survival declined with both increasing concentration and longer exposure (Figures 6–7). The 
1.6 mL kg⁻¹ group showed the steepest mortality curve, with cumulative survival dropping 
below 50% by day 28. Regression analysis confirmed that both kerosene concentration (p < 
0.001) and exposure duration (p < 0.001) significantly influenced mortality (Table 1), 
explaining 37.3% of total variation. 
 
This partial variance suggests that while oxidative stress is a primary driver of mortality in 
earthworms exposed to kerosene, additional factors also play significant roles. For instance, 
direct narcosis caused by volatile hydrocarbons has been shown to impair earthworm activity 
and survival through toxic effects on their nervous system and respiration (Mavoungou et al., 
1991). Changes in soil pH can further exacerbate mortality by disrupting physiological 
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homeostasis, as earthworms exhibit reduced survival and altered enzyme activities under 
acidic or alkaline conditions (Chan, Lee & Lee, 2003). Additionally, decreased soil aeration 
resulting from kerosene contamination impairs oxygen availability, compounding stress 
effects and leading to population-level declines (Liu, Wang & Chen, 2025). These combined 
effects parallel findings reported by Gupta and Kumar (2024) and Zhao et al. (2022), who 
highlight oxidative stress and detoxification challenges as central mechanisms in hydrocarbon 
toxicity, yet recognize environmental and chemical factors such as soil chemistry and volatile 
exposures as critical modifiers of mortality outcomes. 
 
Table 1: Linear regression parameters for effects of kerosene concentration and exposure 
duration on earthworm survival. 

Parameter Estimate Std. Error t-value p-value 

Intercept 4.765 0.115 41.358 <0.0001 

Days -0.072 0.006 -12.145 <0.0001 

Kerosene Conc. -0.580 0.079 -7.323 <0.0001 

*Model summary: R² = 0.377, Adjusted R² = 0.373* 

 
The parallel between antioxidant suppression and mortality reinforces the link between 
molecular stress and organismal survival. Similar patterns have been reported in E. fetida 
exposed to petroleum hydrocarbons, where mortality coincided with disrupted antioxidant 
enzymes, elevated lipid peroxidation, and tissue damage (Ijomah et al., 2020).  
 
Comparable mortality and biomarker responses have also been observed in E. eugeniae 
exposed to hydrocarbon pollutants (Doherty et al., 2019). These findings support the value of 
E. fetida as an ecological biomonitor of petroleum contamination and align with the adverse 
outcome pathway (AOP) framework, which connects molecular and cellular effects to higher-
level biological impacts (Van Gestel et al., 2019). 

 
Figure 6: Mean earthworm population after 28-day exposure to different kerosene concentrations. Different letters 
indicate significant differences (p < 0.05). 
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Figure 7: Daily population trends of earthworms exposed to varying kerosene concentrations over 28 
days. 

 
Histopathological Alterations in the Clitellum 
The histopathological examination of earthworms exposed to kerosene reveals significant 
concentration-dependent lesions in the clitellum (Plate 1–14). Initially, the clitellum maintains 
its structural integrity with intact circular and longitudinal muscle layers and well-organized 
epithelial tissue. However, as exposure to kerosene increases, starting from 0.4 mL kg⁻¹, mild 
necrosis and pigment deposition occur, which progresses to severe degeneration, 
inflammation, and inclusion body formation at a concentration of 1.6 mL kg⁻¹ by day 28. 
 
These findings indicate that kerosene exposure leads to progressive histological damage in 
the clitellum, crucial for the reproductive function of earthworms as this area is responsible 
for cocoon formation. The development of necrotic tissues and structural disorganization 
represents significant impairment in earthworm physiology due to kerosene's toxic effects. 
Such damage can lead to broader health implications for the earthworms, affecting their 
reproductive capabilities and survival (Gowri and Thangaraj, 2019).  Similar results have been 
reported by Enuneku et al. (2022), where dose dependent histopathological alterations in the 
clitellum of earthworms exposed to cadmium, including necrosis, distortion of muscles, 
vacuolization, and clearing of epithelial cells.  
 
By the final exposure week, the clitellum exhibited near-complete loss of muscle definition 
and epithelial continuity in the highest kerosene treatment. Semi-quantitative lesion scores 
increased significantly across concentrations (p < 0.01), confirming a dose-dependent pattern 
of histopathological damage. These findings align with observations from other studies where 
hydrocarbon exposure caused cytotoxicity characterized by severe disruptions in circular and 
longitudinal muscle layers, cellular degeneration, necrosis, and inflammation in earthworms 
(Ijomah et al., 2020). The reactive oxygen species (ROS) produced due to hydrocarbon toxicity 
are implicated as primary agents inducing these cellular and tissue damages, leading to 
functional impairment of the clitellum, vital for earthworm reproduction and survival. 
 
The clitellum is vital for earthworm reproduction as it is responsible for the formation of 
cocoons and the secretion of mucous layers that protect developing embryos. During 
copulation, the clitellum secretes mucus that keeps the worms paired while sperm are being 
exchanged, and after mating, it produces a slime sheath that collects eggs and sperm to form 
a cocoon where fertilization occurs (Christyraj et al., 2024). Structural damage to the clitellum 
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therefore directly affects the earthworm's ability to reproduce successfully and maintain 
population stability. 
 
The pathological changes seen in the clitellum under kerosene exposure—such as loss of 
muscle definition and epithelial disruption—can be linked to biochemical evidence showing 
suppression of oxidative enzymes. This enzymatic suppression weakens cellular defenses, 
allowing progressive tissue degeneration (Ijomah et al., 2020). This integrated pattern of 
molecular inhibition, tissue damage, and subsequent mortality demonstrates how kerosene 
toxicity affects earthworms across multiple biological levels, from cellular disruptions to 
ecological impacts through impaired reproduction and survival. 
 

 

Plate 1: Control group (Day 7): Histological section of Eisenia fetida clitellum showing normal tissue architecture 
with intact circular (CM) and longitudinal (LM) muscle layers, and healthy epithelium (E). (H&E stain). 
 

 

Plate 2: 0.4 mL Kerosene (Day 7): Section showing early signs of toxicity, including focal necrosis (N) and pigment 
deposition (PD) within the muscle layers. (H&E stain). 

 
 

 

   Plate 3: 1.0 mL Kerosene (Day 7): Section demonstrating cellular degeneration (CD) and oedematous separation   
   of muscle fibres (O). (H&E stain). 
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Plate 4: 1.6 mL Kerosene (Day 7): Section revealing advanced pathology, including severe necrosis (N), 
inflammatory cell infiltration (I), pigment deposition (PD), and early lesion formation (L). (H&E stain). 
 

 

Plate 5: Control group (Day 14): Normal histoarchitecture of the clitellum with well-defined muscle layers and 
epithelium, indicating healthy tissue. (H&E stain). 
 
 

 

Plate 6: 0.4 mL Kerosene (Day 14): Section showing progression of damage with necrosis (N), pigment deposition 
(PD), and areas of cellular malignancy (M). (H&E stain). 
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Plate 7: 1.0 mL Kerosene (Day 14): Section exhibiting extensive necrosis (N), pigment deposition (PD), and 
oedematous muscles (O). (H&E stain). 
 
 

s.  

Plate 8: 1.6 mL Kerosene (Day 14): Section illustrating severe inflammation (I), muscle oedema (O), and widespread 
pigment deposition (PD). (H&E stain). 
 
 

 

Plate 9: Control group (Day 21): Normal histological features of the clitellum, maintaining structural integrity. 
(H&E stain). 
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Plate 10: 0.4 mL Kerosene (Day 21): Section displaying necrosis (N), pigment deposition (PD), and oedematous 
muscle fibres (O). (H&E stain). 
 
 

 

Plate 11: 1.0 mL Kerosene (Day 21): Section showing significant cellular degeneration (CD) and inflammatory 
response (I). (H&E stain). 
 
 

 

Plate 12: 1.6 mL Kerosene (Day 21): Section demonstrating severe tissue damage characterized by necrosis (N), 
inflammation (I), pigment deposition (PD), and distinct lesions (L). (H&E stain). 
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Plate 13: 1.0 mL Kerosene (Day 28): Section revealing chronic toxicity with cellular degeneration (CD), oedematous 
muscles (O), and heavy pigment deposition (PD). (H&E stain). 
 
 

 

Plate 14: 1.6 mL Kerosene (Day 28): Section showing the most severe pathological alterations, including the 
presence of inclusion bodies (IB), intense inflammation (I), and extensive lesions (L), indicating near-total loss of 
tissue organization. (H&E stain). 

 
Integrative Interpretation 
Taken together, the biochemical, histological, and survival data provide converging evidence 
that oxidative stress is the dominant pathway of kerosene toxicity in E. fetida. Suppression of 
SOD, CAT, and GPx disrupted redox equilibrium, leading to cellular dysfunction and tissue 
degeneration. The clitellar damage observed provides morphological confirmation that 
oxidative imbalance translates into reproductive impairment. 
 
The time- and concentration-dependent trends indicate that even moderate kerosene 
contamination can produce measurable physiological damage if exposure persists. Such 
chronic toxicity is ecologically significant in environments where low-level petroleum leakage 
occurs continuously, such as fuel depots and residential storage areas in developing regions. 
These findings support the inclusion of antioxidant and histopathological biomarkers in 
terrestrial risk assessments for hydrocarbon pollution. They also suggest that E. fetida can 
serve as an effective sentinel species for monitoring kerosene-contaminated soils, bridging 
biochemical indicators with ecological relevance. 
 
Broader Ecological and Practical Implications 
The results emphasize that evaluating hydrocarbon toxicity requires multi-tiered biomarkers. 
Relying solely on mortality or avoidance tests may underestimate sublethal damage. 
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Integrating biochemical and histopathological endpoints can reveal early warning signs 
before population collapse occurs. 
 
For environmental management, these findings underscore the need for stricter control of 
kerosene handling and disposal in residential and industrial zones. Future research should 
quantify recovery potential following remediation and assess whether antioxidant function 
and clitellar structure can return to baseline once contamination ceases. Incorporating these 
biomarkers into soil monitoring frameworks could enhance the accuracy of ecological risk 
evaluations for petroleum-derived contaminants. 
 
CONCLUSION AND RECOMMENDATIONS 
Kerosene contamination in soil triggered a cascade of toxic responses in Eisenia fetida, 
beginning with oxidative enzyme suppression and culminating in reproductive tissue 
degeneration and mortality. The consistent decline in superoxide dismutase, catalase, and 
glutathione peroxidase activities indicates that kerosene disrupts the antioxidant defense 
network, undermining cellular redox stability.  
 
Histopathological evidence confirmed that these biochemical disruptions translated into 
tangible physiological consequences. The progressive necrosis, inflammation, and 
disorganization observed in the clitellum provide direct evidence of reproductive 
impairment—a key ecological endpoint. Together, the biochemical and morphological data 
establish oxidative stress as the principal mechanism of kerosene toxicity in E. fetida. 
 
The integrative biomarker approach adopted here—combining enzyme assays, survival 
analysis, and tissue pathology—proved effective in linking molecular stress to population-
level effects. These results validate E. fetida as a sensitive sentinel species for assessing 
hydrocarbon-induced soil toxicity and highlight the ecological risk posed by chronic kerosene 
contamination in terrestrial habitats. 
 
Future studies should examine recovery dynamics after remediation, evaluate field 
populations under real contamination gradients, and integrate molecular biomarkers such as 
gene expression of antioxidant enzymes to strengthen mechanistic understanding. Such work 
will enhance predictive capacity in ecological risk assessment of petroleum hydrocarbons. 
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