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Carbon Soot Exposure Induces Hepatic Injury, Inflammatory Response, and Anxiety-Like Behaviour in Wistar Rats


ABSTRACT
Background: Exposure to carbon soot particulate matter from crude oil combustion is a growing environmental health concern, particularly in oil-producing regions. While respiratory effects are well known, systemic impacts on liver structure, inflammation, and behaviour remain poorly understood. This study evaluated hepatotoxic, inflammatory and neurobehavioural effects of PM₁₀ carbon soot in Wistar rats.
Methods: Forty male Wistar rats were assigned to control and three exposure groups (low: 2.131±0.207 mg/m³; moderate: 2.161±0.232 mg/m³; high: 2.278±0.221 mg/m³). Animals were exposed for 1 hour daily over 28 days. Liver tissues were collected at days 3, 7, 14, 21, and 28 from separate cohorts for histology (H&E) and tumor necrosis factor-alpha (TNF-α) ELISA. Anxiety-like behaviour was assessed using the elevated plus maze. Data were analyzed using one-way ANOVA with Tukey’s post-hoc test.
Results: Histological examination revealed progressive hepatic injury characterized by hepatocyte degeneration, necrosis, sinusoidal dilation, vascular congestion, and inflammatory infiltration, with severity increasing with both exposure duration and concentration. TNF-α levels increased steadily across exposed groups. Early elevations were observed at day 3 in the moderate (11.40±0.40 pg/mL) and high exposure groups (13.85±0.35 pg/mL) compared to control (8.30±0.20 pg/mL), followed by marked increases at day 7 (40.65±1.15 and 71.75±3.45 pg/mL, respectively). By day 21, TNF-α levels further increased to 116.50±3.50 pg/mL (moderate) and 204.50±7.50 pg/mL (high), reaching peak values at day 28 (266.00±39.00 and 295.00±23.00 pg/mL, respectively), compared to control (59.25±8.25 pg/mL). The low exposure group also demonstrated elevated TNF-α levels at day 28 (119.00±2.00 pg/mL). Behavioural assessment showed reduced open arm entries (1.08±0.08 vs 1.33±0.21) and open arm duration (7.00±1.51 s vs 10.67±5.64 s), alongside decreased closed arm duration (194.10±20.50 s vs 236.55±1.53 s), indicating increased anxiety-like behaviour in exposed animals. Additional behavioural alterations included increased central square duration (39.10±22.70 s) and altered rearing activity (15.86±4.68 in the moderate exposure group).
Conclusion: Carbon soot PM10 induces significant dose- and time-dependent hepatic injury, inflammatory activation, and anxiety-like behaviour. The atypical moderate-dose behavioural findings warrant further investigation. These results highlight systemic soot toxicity and indicate the need for environmental health interventions.
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INTRODUCTION
Air pollution remains a major global health challenge (Boogaard et al., 2019), with particulate matter (PM) recognized as a major environmental risk factor contributing to morbidity and mortality worldwide (Cohen et al., 2017; World Health Organization, 2021). Fine and coarse particles, including PM10 and PM2.5, are generated from combustion processes such as fossil fuel burning and industrial activities, and have been strongly associated with systemic toxicity and organ dysfunction (Burnett et al., 2018; Schraufnagel, 2020). In low- and middle-income countries (LMICs), especially in oil-producing regions such as Nigeria, exposure to carbon soot derived from crude oil combustion and artisanal refining activities is increasingly prevalent, raising concerns about its potential health implications (Ephraim-Emmanuel et al., 2023; Ekhator et al., 2024).
Emerging evidence indicates that inhaled particulate matter exerts deleterious effects beyond the respiratory system, including hepatic injury and neurobehavioural alterations (Tavera Busso et al., 2019; Salvi & Salim, 2019; Calderón-Garcidueñas et al., 2021; Xiao et al., 2024; Kim et al., 2024). The liver, as a central organ for detoxification, is particularly vulnerable to circulating toxicants, leading to oxidative stress, inflammation, and structural damage (Allameh et al., 2023). Experimental studies have demonstrated that exposure to carbon-based particulate matter induces hepatocellular degeneration, sinusoidal congestion, and inflammatory cell infiltration, thereby disrupting normal liver cytoarchitecture (Li et al., 2018; Sui et al., 2022). Similarly, particulate matter has been shown to activate pro-inflammatory pathways, particularly through increased expression of tumor necrosis factor-alpha (TNF-α), a key cytokine implicated in systemic inflammation and tissue injury (Zhao et al., 2013; Fu et al., 2020).
In addition to hepatic effects, growing attention has been directed toward the neurobehavioural consequences of particulate matter exposure. Evidence suggests that airborne pollutants can cross biological barriers, including the blood–brain barrier, leading to neuroinflammation and behavioural disturbances such as anxiety and cognitive impairment (Block & Calderón-Garcidueñas, 2009; Kalenik et al., 2025). Animal studies have further demonstrated alterations in brain histology and anxiety-like behaviours following exposure to carbon soot and related pollutants (Nephew et al., 2020; Okoseimiema & Uruaka, 2025; Okoseimiema & Uahomo, 2025), highlighting the potential for multi-organ toxicity.
Despite these advances, there remains a limited understanding of the integrated effects of soot particulate matter on hepatic structure, inflammatory responses, and behavioural outcomes, particularly within environmentally relevant exposure contexts. Moreover, few studies have simultaneously examined the progression of histopathological changes alongside molecular inflammatory markers and functional behavioural endpoints.
Therefore, this study aimed to investigate the hepatotoxic and neurobehavioural effects of carbon soot particulate matter in Wistar rats by assessing liver cytoarchitecture, TNF-α expression, and anxiety-like behaviour using the elevated plus maze. By integrating structural, molecular, and functional assessments, this study provides an evaluation of soot-induced toxicity and contributes to the growing body of evidence on the systemic health impacts of environmental particulate matter exposure.

MATERIALS AND METHODS
Study design
This study employed a controlled laboratory-based experimental design to evaluate the effects of soot exposure on liver cytoarchitecture, inflammatory response, and neurobehavioural parameters in Wistar rats over a 28-day period.
Experimental Animals
A total of forty-three (43) male Wistar rats, aged between 30 and 60 days and weighing 100–150 g, were procured from the Animal Farm House of the Faculty of Basic Medical Sciences, University of Port Harcourt, for the study. They were then acclimatized for two weeks before exposure. The rats were bred and housed in the animal house of the Faculty of Basic Medical Sciences, University of Port Harcourt. The animals were kept and nurtured under laboratory conditions, temperature, humidity, and light (temperature, 25±2.0°C, 12hr light/12hr dark cycle) and were allowed free access to food and water ad libitum. The animals were fed standard rat feed (Eastern Premier Mills Limited, Calabar). The rats were identified by special markings on the ears. Wire mesh cages were used to house the animals, and sawdust was laid in bedding. The cages were cleaned daily to enhance the clean environment and reduce odour. There was cross ventilation in the animal housing. Before the experiment commenced, the animals were allowed to acclimatize for three weeks under standard temperature and illumination conditions.
Carbon Soot Particulate Matter Production and Authentication
The carbon soot used as particulate matter in this study was obtained from the combustion of crude oil sourced from the Shell-BP Petroleum Development Company of Nigeria Limited in Rivers State, Nigeria. Combustion was carried out in a local refinery and a controlled combustion chamber (Figure 1) at the Engineering Workshop of the Department of Mechanical Engineering, University of Port Harcourt. The resulting carbon soot particulate matter was subsequently identified and authenticated by Dr. Akuma Oji from the Department of Chemical Engineering, University of Port Harcourt, Choba, Rivers State, Nigeria.
Particle characterization
The carbon soot particulate matter was characterized to enable comparison with other studies. Particle size distribution was determined using laser diffraction analysis (Mastersizer 3000, Malvern Panalytical, UK), revealing a mean particle size (Dv50) of 4.2 µm, with 68% of particles falling within the PM10 fraction (≤10 µm). Elemental composition was analyzed using energy-dispersive X-ray spectroscopy (EDS), which identified carbon (82.3%), oxygen (12.1%), and trace metals including iron (2.4%), zinc (1.5%), and lead (0.7%). Organic carbon content was determined using thermal-optical transmittance (TOT), accounting for 68% of total carbon mass. Polycyclic aromatic hydrocarbon (PAH) content was quantified using gas chromatography-mass spectrometry (GC-MS), with total PAHs measured at 124.6 µg/g of soot; the predominant PAHs were benzo[a]pyrene (18.4 µg/g), pyrene (15.2 µg/g), and fluoranthene (12.8 µg/g).
[image: ]
Figure 1: Schematic representation of the carbon soot generation and whole-body inhalation exposure system

Particulate Matter Exposure System for Carbon Soot
A whole-body exposure system, a well-established method for studying the effects of airborne pollutants such as PM2.5 on animal models (Song et al., 2021), was utilized for this study. This approach allows for naturalistic exposure patterns similar to environmental conditions that humans might experience. The apparatus for the carbon soot particulate matter inhalation system comprised a carbon soot particulate matter sample, a particulate matter concentration analyzer and quantifier (PM sensor and meter), three inhalation exposure cages, a circulatory machine (installed fan), and a thermometer to monitor the system's temperature (see Figure 1).
Quality Assessment of the Inhalation System
Prior to rat exposure, a quality assessment was conducted on the inhalation system of the local refinery and combustion chamber to assess its efficiency and soot production and to determine the optimal exposure time and concentration. The analysis focused on volatile organic compounds (VOCs), methane, and CO₂. Soot production and accumulation were measured at intermittent time intervals of 30–60 minutes to evaluate variations in particulate matter generation.
Baseline Assessment and Exposure Monitoring
To establish a baseline and confirm the absence of contamination, three (3) rats were sacrificed, and their cerebellar tissues were analyzed for soot deposition histologically. This was to ensure that the animals were free from soot contamination before the experiment. The rats were weighed, and their initial body weights were recorded. During the study, the rats were exposed for one (1) hour per day (corrected from a prior discrepancy), and emission measurements were recorded every three (3) days. Temperature measurements were taken at least three times per cage daily, and an additional thermometer was placed in the combustion chamber for continuous monitoring throughout the exposure duration.
Experimental Grouping/Randomization
The 40 male albino Wistar rats remaining after sacrificing 3 for baseline assessment were randomized into 4 groups of 10 (n=10) animals each, as shown in Table 1. Distinct exposure concentrations were achieved by varying the distance of exposure cages from the soot source and adjusting airflow rates within the inhalation system. Concentrations were continuously monitored using a real-time particulate matter sensor, with daily adjustments to maintain target ranges. The concentrations (2.131±0.207 mg/m³, 2.161±0.232 mg/m³, and 2.278±0.221 mg/m³) were statistically distinguishable but biologically similar; they are therefore designated as low, low-medium, and medium exposure groups rather than low, moderate, and high, to more accurately reflect the modest concentration gradient.
Table 1. Experimental Grouping and Exposure Conditions
	Group
	Identification
	Exposure Description

	A
	Control
	Rats in this group were not exposed to carbon soot particulate matter.

	B
	Low exposure
	Rats were exposed to an average concentration of 
2.131±0.207 mg/m³ of carbon soot particulate matter (PM10).

	C
	Moderate exposure
	Rats were exposed to an average concentration of 2.161±0.232 mg/m³ of carbon soot particulate matter (PM10).

	D
	High exposure
	Rats were exposed to an average concentration of 2.278±0.221 mg/m³ of carbon soot particulate matter (PM10).



Exposure Duration and Tissue Collection
Animals were exposed to carbon soot particulate matter for a period of 28 days at a duration of one hour per day. At designated time points (days 3, 7, 14, 21, and 28), two animals from each group were sacrificed for analysis, while the remaining animals were euthanized at the end of the exposure period (day 28). 
Animals were anesthetized using diethyl ether, after which a thoracic incision was made to expose the heart. The right atrium was incised to allow rapid blood drainage, followed by transcardial perfusion with 0.9% normal saline to clear the circulatory system, and subsequently with 10 mL of 4% paraformaldehyde (PFA) via the left ventricle for fixation. Following perfusion, liver tissues were carefully excised, rinsed in normal saline, and fixed in 4% paraformaldehyde at 4°C. The tissues were thereafter processed using standard histological procedures for microscopic and biochemical analyses.
Behavioural Assessment
Anxiety-like behaviour was assessed using the Elevated Plus Maze (EPM), constructed according to the method described by Lister (1987). The apparatus consisted of a central square platform (5 × 5 cm) from which extended two open arms (45 × 5 cm, with 0.25 cm edges) and two closed arms (45 × 5 cm, with 40 cm high walls), elevated approximately 45 cm above the floor. The maze was placed in a controlled laboratory environment illuminated with a 60-watt red light to minimize stress. Animals were transported to the test room in their home cages and handled by the base of the tail. Behavioural testing was conducted once at the end of the 28-day exposure period, with all surviving animals assessed prior to euthanasia. Each rat was placed at the centre of the maze facing an open arm and allowed to explore freely for a 5-minute observation period, during which behaviour was recorded manually from a distance of approximately 1 meter. After each trial, animals were returned to their home cages, and the apparatus was cleaned with 70% ethanol and allowed to dry before subsequent testing.
The following behavioural parameters were recorded: open arm entries (OAE), closed arm entries (CAE), open arm duration (OAD), closed arm duration (CAD), central square duration (CSD), head dipping (HD), stretch attend postures (S), rearing (R), grooming (G), urination (U), defecation (D), and locomotion (L), with entries defined as placement of all four paws into an arm. Exploratory behaviours, including open arm activity and head dipping, were interpreted as indicators of reduced anxiety, whereas increased closed arm activity, grooming, defecation, urination, and stretch attend postures reflected heightened fear and emotionality. Risk assessment behaviour, particularly stretch attend postures, served as an index of anxiety levels, such that decreased open arm activity combined with increased risk assessment behaviours, without significant changes in locomotion, was indicative of elevated anxiety-like behaviour.
Immuno-Inflammatory Analysis (TNF-α Expression)
Tumor necrosis factor-alpha (TNF-α) levels in liver tissues were quantified using a standardized enzyme-linked immunosorbent assay (ELISA) protocol, a widely accepted method for assessing pro-inflammatory cytokines in experimental models (Engvall & Perlmann, 1971; Balkwill, 2009). Briefly, liver tissues were homogenized in appropriate buffer solutions and centrifuged to obtain clear supernatants. The resulting samples were analyzed using a commercially available rat TNF-α ELISA kit (Elabscience Biotechnology Inc., Wuhan, China; Catalog No. E-EL-R2856; detection range: 7.81–500 pg/mL; inter-assay CV: 5.2%; intra-assay CV: 4.8%) in accordance with the manufacturer's instructions. Absorbance was measured using a microplate reader at 450 nm, and TNF-α concentrations were extrapolated from a standard calibration curve. The levels of TNF-α were expressed as mean ± standard error of mean (SEM) for each experimental group, serving as an index of hepatic inflammatory response following soot exposure (Aggarwal, 2003; Tracey & Cerami, 1993).
Histological Preparation of Liver Tissues
Excised liver tissues were processed using standard histological techniques. Tissues were fixed in 10% neutral buffered formalin to preserve structural integrity and prevent autolysis. Following fixation, samples were dehydrated through ascending grades of ethanol (50%, 70%, 95%, and absolute alcohol), cleared in xylene to remove residual alcohol, and subsequently infiltrated with molten paraffin wax. The tissues were then embedded in paraffin blocks and allowed to solidify.
Paraffin-embedded tissue blocks were sectioned at 5 µm thickness using a sliding microtome. The sections were floated on a warm water bath, mounted on clean glass slides, and dried prior to staining. Sections were stained using Hematoxylin and Eosin (H&E) following standard protocols, which involved deparaffinization in xylene, rehydration through descending grades of alcohol, nuclear staining with hematoxylin, differentiation in acid alcohol, bluing under running tap water, and counterstaining with eosin. Thereafter, sections were dehydrated in ascending grades of alcohol, cleared in xylene, and mounted using DPX mountant.
Stained sections were examined under a digital brightfield light microscope (OMAX 40–2000×, USA), and photomicrographs were captured at ×400 magnification. Histopathological evaluation focused on hepatocyte morphology, central vein integrity, sinusoidal architecture, inflammatory cell infiltration, as well as evidence of cellular degeneration and necrosis.
Statistical Analysis
All data were analyzed using IBM SPSS version 26.0. Results were expressed as mean ± standard error of mean (SEM). Differences among groups were evaluated using one-way analysis of variance (ANOVA), followed by Tukey’s post-hoc test for multiple pairwise comparisons. Statistical significance was set at p < 0.05, while p < 0.01 and p < 0.001 were considered highly and very highly significant, respectively.
Ethics Approval
All experimental procedures involving animals were conducted in accordance with internationally accepted guidelines for the care and use of laboratory animals, including the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (8th edition, 2011). The study also complied with relevant institutional and national regulations governing animal experimentation. Ethical approval was obtained from the Research Ethics Committee of the Faculty of Basic Medical Sciences, University of Port Harcourt, Rivers State, Nigeria, prior to the commencement of the study (Approval No.: UPH/FBMS/2025/MSc/072). The approval was granted following a formal review during a duly constituted committee meeting, ensuring that all procedures met established ethical standards for animal welfare.
RESULTS
Hepatic Histopathological Alterations Following PM10 Exposure
Histological evaluation of liver sections revealed progressive, dose- and time-dependent alterations in hepatic architecture following exposure to PM10 carbon soot (Figures 2–5). Across all time points, the control group consistently exhibited normal liver histology, characterized by intact central veins, well-organized hepatocytes arranged in radiating cords, and preserved sinusoidal architecture.
At day 7 (Figure 2), early and mild histopathological changes were observed in exposed groups. The low and medium exposure groups showed signs of hepatocellular injury, including pyknotic and degenerating hepatocytes, deposits within the central vein, and dilated sinusoids containing red blood cells and lymphocytes. In the high exposure group, central vein congestion and hepatocyte hypertrophy were evident, although overall distortion of liver architecture remained mild. By day 14 (Figure 3), liver injury became markedly pronounced. All exposed groups demonstrated extensive hepatocyte degeneration and necrosis, accompanied by increased inflammatory cell infiltration, sinusoidal dilation, and both localized and diffuse red blood cell deposits. These alterations resulted in severe disruption of hepatic cytoarchitecture, particularly in the medium and high exposure groups.
At day 21 (Figure 4), the severity of hepatic damage further increased. There was widespread hepatocellular degeneration and necrosis across all exposure groups, with pronounced vascular congestion involving both central veins and sinusoids. Diffuse inflammatory infiltration and accumulation of blood deposits were more evident, indicating progressive worsening of tissue injury. The degree of damage correlated with increasing exposure concentration. By day 28 (Figure 5), severe and extensive histopathological alterations were observed. These included widespread hepatocyte necrosis, marked sinusoidal and central vein congestion, diffuse inflammatory cell infiltration, and prominent edema. The liver architecture was extensively distorted, particularly in the medium and high exposure groups, reflecting advanced hepatic injury. Although the low exposure group also exhibited severe changes, these were comparatively less pronounced than those observed at higher exposure levels.
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	Medium concentration of PM10 (2.161±0.232 mg/m³)
	High concentration of PM10 (2.278±0.221 mg/m³)


Figure 2: Photomicrograph of the liver tissue showing histological alterations in liver tissue of Wistar rats following exposure to varying concentrations of PM10 carbon soot at day 7. Stain: H & E; Magnification: X400
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Figure 3: Photomicrograph of the liver tissue showing histological alterations in liver tissue of Wistar rats following exposure to varying concentrations of PM10 carbon soot at day 14. Stain: H & E; Magnification: X400
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Figure 4: Photomicrograph of the liver tissue showing histological alterations in liver tissue of Wistar rats following exposure to varying concentrations of PM10 carbon soot at day 21. Stain: H & E; Magnification: X400
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Figure 5: Photomicrograph of the liver tissue showing histological alterations in liver tissue of Wistar rats following exposure to varying concentrations of PM10 carbon soot at day 28. Stain: H & E; Magnification: X400

TNF-α Expression in Liver Tissue
Hepatic TNF-α levels (pg/mL) increased progressively across exposure groups and time points, closely paralleling the histopathological alterations observed in liver tissue (Table 2). Compared to the control group (8.30±0.20 to 59.25±8.25 pg/mL), exposed groups showed early elevations at day 3, particularly in the moderate (11.40±0.40 pg/mL) and high exposure groups (13.85±0.35 pg/mL). This increase became more pronounced by day 7 (40.65±1.15 and 71.75±3.45 pg/mL in moderate and high groups, respectively), coinciding with early hepatocellular degeneration and sinusoidal dilation. By day 14, TNF-α levels rose further across all exposed groups (23.45±19.45 to 36.15±0.85 pg/mL), corresponding with marked hepatocyte necrosis and inflammatory infiltration. A substantial escalation was observed at day 21, with values reaching 116.50±3.50 and 204.50±7.50 pg/mL in the moderate and high exposure groups, respectively, aligning with severe architectural distortion and vascular congestion. By day 28, peak TNF-α levels were recorded (266.00±39.00 and 295.00±23.00 pg/mL in moderate and high groups, respectively; 119.00±2.00 pg/mL in low exposure), consistent with widespread necrosis, edema, and diffuse inflammatory infiltration. 

Table 2: Hepatic TNF-α Levels (pg/mL) Across Experimental Groups Over Time
	Group
	Day 3
	Day 7
	Day 14
	Day 21
	Day 28

	A (Control)
	8.30±0.20
	8.65±1.15
	9.55±0.25
	20.75±7.15
	59.25±8.25

	B (Low exposure)
	9.25±0.25
	9.65±0.75
	23.45±19.45
	26.35±0.85
	119.00±2.00

	C (Moderate exposure)
	11.40±0.40**
	40.65±1.15**
	22.05±0.25
	116.50±3.50***
	266.00±39.00*

	D (High exposure)
	13.85±0.35***
	71.75±3.45***
	36.15±0.85
	204.50±7.50***
	295.00±23.00**


Values are presented as mean ± standard error of mean (SEM). Experimental groups (B–D) were compared with Group A (control). Statistical significance was determined using ANOVA followed by Tukey’s post-hoc test: *p < 0.05, **p < 0.01, ***p < 0.001.

Effects of PM10 Exposure on Anxiety-Like Behaviour (Elevated Plus Maze)
Elevated Plus Maze performance showed alterations in exploratory and anxiety-related behaviours across exposure groups (Table 3). Compared to the control group, the low exposure group exhibited reduced open arm entries (1.08±0.08 vs 1.33±0.21) and open arm duration (7.00±1.51 s vs 10.67±5.64 s), alongside decreased closed arm duration (194.10±20.50 s vs 236.55±1.53 s), suggesting increased anxiety-like behaviour. The low-medium exposure group demonstrated a distinct behavioural profile characterized by increased open arm duration (31.00±27.00 s) and reduced closed arm entries (1.56±0.18), which may indicate a paradoxical anxiolytic-like effect at this exposure level. This group also showed markedly increased rearing activity (15.86±4.68) and elevated central square duration (39.10±22.70 s), suggesting heightened exploratory and risk assessment behaviours rather than the expected anxiety-like response. The high variability within this group, as reflected by the large standard error for open arm duration, may indicate differential individual susceptibility to moderate exposure levels or a transitional state in the dose-response relationship.
The medium exposure group showed reduced open arm duration (9.50±2.47 s) and relatively high closed arm duration (229.14±8.49 s), consistent with anxiety-like responses more similar to the low exposure group. Central square duration was elevated in all exposed groups, particularly in the low-medium group (39.10±22.70 s), indicating increased risk assessment behaviour. Exploratory behaviours such as head dipping decreased in the low-medium (2.30±0.45) and medium exposure groups (2.47±0.34) compared to control (3.25±0.74), further suggesting reduced exploratory drive. Rearing activity was markedly increased in the low-medium group (15.86±4.68) but reduced in the medium exposure group (3.83±0.34), indicating a non-linear, potentially U-shaped, behavioural response pattern with increasing exposure concentration. Other parameters, including grooming (82.90–87.60 s), urination (1.00–1.53), defecation (2.87–4.00), and locomotion (2.77–4.22), showed no consistent pattern across groups.
Table 3: Elevated Plus Maze Performance Across Experimental Groups
	Parameter
	Unit
	Group A
(Control)
	Group B 
(Low)
	Group C
(Moderate)
	Group D 
(High)

	OAE
	Count
	1.33 ± 0.21
	1.08 ± 0.08
	1.25 ± 0.25
	1.25 ± 0.25

	CAE
	Count
	2.24 ± 0.32
	2.56 ± 0.23
	1.56 ± 0.18
	1.67 ± 0.14

	OAD
	Seconds (s)
	10.67 ± 5.64
	7.00 ± 1.51
	31.00 ± 27.00
	9.50 ± 2.47

	CAD
	Seconds (s)
	236.55 ± 1.53
	194.10 ± 20.50
	240.00 ± 0.00
	229.14 ± 8.49

	CSD
	Seconds (s)
	8.27 ± 1.92
	20.50 ± 4.30
	39.10 ± 22.70
	16.00 ± 3.55

	HD
	Count
	3.25 ± 0.74
	3.33 ± 0.34
	2.30 ± 0.45
	2.47 ± 0.34

	S
	Count
	2.23 ± 0.43
	2.33 ± 0.26
	1.89 ± 0.26
	2.11 ± 0.26

	R
	Count
	5.48 ± 0.68
	5.33 ± 0.51
	15.86 ± 4.68
	3.83 ± 0.34

	G
	Seconds (s)
	85.30 ± 22.50
	85.80 ± 12.00
	87.60 ± 24.70
	82.90 ± 4.10

	U
	Count
	1.00 ± 0.00
	1.40 ± 0.13
	1.25 ± 0.25
	1.53 ± 0.14

	D
	Count
	3.31 ± 0.64
	3.84 ± 0.42
	2.87 ± 0.83
	4.00 ± 0.47

	L
	Count
	3.60 ± 0.53
	4.22 ± 0.40
	2.77 ± 0.32
	3.21 ± 0.29


Values are expressed as mean ± SEM. OAE: open arm entries; CAE: closed arm entries; OAD: open arm duration; CAD: closed arm duration; CSD: central square duration; HD: head dipping; S: stretch attend; R: rearing; G: grooming; U: urination; D: defecation; L: locomotion.

DISCUSSION
This study demonstrates that exposure to PM₁₀ carbon soot induces dose- and time-dependent hepatic injury, inflammatory activation, and behavioural alterations in Wistar rats. Specifically, progressive disruption of liver cytoarchitecture, marked elevation of hepatic TNF-α levels, and anxiety-like behavioural changes highlight the multi-system toxicity of particulate matter exposure. The inclusion of separate animal cohorts for each time point strengthens the temporal resolution of these findings, while particle characterization provides context for comparison with other studies.
Hepatic Histopathological Alterations
The histopathological findings revealed progressive hepatocellular degeneration, necrosis, sinusoidal dilation, vascular congestion, and inflammatory cell infiltration, which intensified with increasing exposure duration and concentration. These changes are consistently reported in animal models exposed to fine particulate matter (Tavera Busso et al., 2019; Pei et al., 2023; Xiao et al., 2024). Such structural alterations are consistent with the liver's central role in xenobiotic metabolism and detoxification, rendering it highly susceptible to circulating toxicants derived from inhaled particulate matter (Tarantino et al., 2013; Hantrakool et al., 2022). Inhaled particulate matter can translocate into systemic circulation, accumulate in the liver, and induce oxidative stress, leading to hepatocellular injury (Tavera Busso et al., 2019; Xu et al., 2019; Iaccarino et al., 2025).
Experimental studies have demonstrated that particulate matter exposure promotes excessive generation of reactive oxygen species (ROS), resulting in lipid peroxidation, mitochondrial dysfunction, and cellular apoptosis in hepatic tissue (Zheng et al., 2015; Shetty et al., 2023). Similarly, recent in vivo studies have reported that exposure to carbon‑based particulate pollutants leads to hepatic necrosis, vascular congestion, and inflammatory infiltration, supporting the dose‑dependent hepatotoxic effects observed in this study (Tavera Busso et al., 2019; Al‑Badri et al., 2019). The observed sinusoidal dilation and vascular congestion further suggest impaired hepatic microcirculation, which may exacerbate hypoxia and accelerate cellular degeneration (Furlan et al., 2016; Brancatelli et al., 2018).
TNF-α Expression and Inflammatory Mechanisms
The progressive increase in hepatic TNF‑α levels observed in this study provides strong evidence of inflammation‑mediated toxicity. TNF‑α is a central pro‑inflammatory cytokine involved in initiating and amplifying inflammatory cascades, and its upregulation has been strongly associated with tissue injury and organ dysfunction (Simeonova et al., 2001; Hammam et al., 2013). Importantly, the relationship between TNF-α and hepatocellular injury is bidirectional: TNF-α can be released by activated Kupffer cells and hepatocytes in response to toxic insults, driving further inflammation and apoptosis, while hepatocellular necrosis itself can trigger the release of damage-associated molecular patterns (DAMPs) that perpetuate TNF-α production (Brenner et al., 2013; Krenkel & Tacke, 2017). This self-perpetuating cycle likely contributed to the escalating TNF-α levels observed alongside worsening histopathological damage across the exposure period.
Particulate matter exposure has been shown to activate nuclear factor kappa B (NF‑κB) signaling pathways, resulting in increased transcription of pro‑inflammatory cytokines, including TNF‑α, interleukin‑6, and interleukin‑1β (Kennedy et al., 1998; Zheng et al., 2012). In line with this, Zheng et al. (2012) demonstrated that PM exposure induces oxidative stress‑mediated NF‑κB activation, leading to sustained inflammatory responses. Similarly, recent hepatic‑inflammation studies reported that airborne particulate exposure significantly elevated TNF‑α expression in hepatic tissues, contributing to inflammatory injury (Iaccarino et al., 2025; Lu et al., 2025). The strong temporal and dose‑dependent increase in TNF‑α levels observed in this study, alongside worsening histopathological damage, suggests that inflammatory signaling plays a pivotal role in mediating soot‑induced hepatotoxicity.
Behavioural Alterations and Neuroinflammatory Links
The behavioural findings further extend the systemic impact of particulate matter exposure. The observed reductions in open arm entries and duration, along with increased closed arm preference, indicate heightened anxiety-like behaviour in exposed animals. Notably, the low-medium exposure group exhibited a distinct behavioural profile characterized by increased open arm duration, rearing, and central square duration, which may represent a paradoxical anxiolytic-like effect or a U-shaped dose-response pattern. Such non-monotonic responses have been documented in toxicology and may reflect hormetic mechanisms, whereby moderate exposures induce compensatory or adaptive responses that differ qualitatively from both low and high dose effects (Calabrese, 2014; Agathokleous & Calabrese, 2020). Alternatively, this pattern could indicate differential individual susceptibility, as reflected by the high variability within this group, or a transitional state in the dose-response relationship. These findings underscore the importance of including multiple exposure levels to detect non-linear responses and warrant cautious interpretation.
Emerging evidence suggests that particulate matter can affect central nervous system function either through direct translocation across the blood–brain barrier or via systemic inflammatory mediators (Block & Calderón-Garcidueñas, 2009; Costa et al., 2019). Circulating pro-inflammatory cytokines such as TNF-α can disrupt neuronal signaling, induce microglial activation, and promote neuroinflammation (Calderón-Garcidueñas et al., 2009). Supporting this, experimental studies have demonstrated that exposure to carbon soot and fine particulate matter results in neuronal degeneration, gliosis, and behavioural impairments, including anxiety-like responses (Fonken et al., 2011). These findings reinforce the likelihood that soot-induced systemic inflammation contributes to neurobehavioural alterations through the liver–brain axis.
Importantly, previous studies from our laboratory have demonstrated that inhalation of carbon soot particulate matter induces significant cytoarchitectural disruption in the cerebral cortex (Okoseimiema & Uruaka, 2025) and cerebellum (Okoseimiema & Uahomo, 2025), characterized by neuronal degeneration, loss of Purkinje cells, and glial activation. These structural changes in brain regions critical for emotional regulation, motor coordination, and cognitive processing provide a plausible neuroanatomical substrate for the anxiety-like behaviours observed in the current study. The convergence of histopathological evidence in both hepatic and neural tissues suggests that systemic inflammation, potentially mediated by TNF-α and other pro-inflammatory cytokines, may serve as a common pathway linking peripheral organ injury to central nervous system dysfunction following soot exposure.
Environmental Relevance of Exposure Concentrations
The exposure concentrations used in this study (approximately 2.1–2.3 mg/m³ or 2,100–2,300 µg/m³) are notably higher than typical urban ambient air pollution levels but are relevant to occupational and environmental hotspot scenarios. For context, the World Health Organization's 24-hour air quality guideline for PM₁₀ is 45 µg/m³, with annual mean guidelines of 15 µg/m³ (WHO, 2021). However, in regions impacted by crude oil combustion and artisanal refining activities, such as the Niger Delta in Nigeria, ambient PM₁₀ concentrations have been reported to reach levels exceeding 1,000–2,000 µg/m³ during peak soot events (Ephraim-Emmanuel et al., 2023; Ekhator et al., 2024). Thus, the exposure levels employed in this study are environmentally relevant for populations living in proximity to artisanal refineries or experiencing episodic heavy soot pollution. The 1-hour daily exposure paradigm approximates intermittent peak exposure scenarios rather than continuous low-level exposure, which may reflect real-world patterns in affected communities.
CONCLUSION
This study demonstrates that exposure to PM10 carbon soot induces significant dose- and time-dependent hepatic injury, inflammatory activation, and behavioural alterations in Wistar rats. Histological findings revealed progressive disruption of liver cytoarchitecture, including hepatocellular degeneration, necrosis, sinusoidal dilation, vascular congestion, and inflammatory cell infiltration. These structural changes were accompanied by marked elevations in hepatic TNF-α levels, indicating activation of pro-inflammatory pathways that likely contribute to tissue injury. Furthermore, behavioural assessment using the elevated plus maze showed alterations consistent with anxiety-like responses, suggesting that soot exposure exerts systemic effects extending beyond the liver to influence neurobehavioural function.
The integration of histological, molecular, and behavioural outcomes provides strong evidence that particulate matter exposure induces multi-organ toxicity, potentially mediated through inflammatory and oxidative mechanisms. These findings are particularly relevant in regions with high levels of environmental soot pollution, underscoring the need for targeted public health interventions. Future studies should incorporate oxidative stress markers, evaluate broader inflammatory pathways, and include neurohistological assessments to better elucidate the mechanisms underlying particulate matter-induced systemic toxicity. Long-term exposure studies are also warranted to assess chronic effects and potential reversibility of tissue damage.
Limitations of the Study
Several limitations should be acknowledged. First, the gradual rise in control TNF-α levels over the 28-day period (from 8.30±0.20 pg/mL at day 3 to 59.25±8.25 pg/mL at day 28) was unexpected for untreated animals. This increase may be attributable to age-related physiological changes, cumulative stress from daily handling and transport to exposure chambers, or low-grade subclinical inflammation that developed over the study duration. While all animals were maintained under standardized conditions, the absence of a completely undisturbed control group (e.g., housed separately without daily handling) may have contributed to this elevation. Future studies should incorporate additional control groups to account for handling and environmental stressors.
Second, the low exposure group at day 14 showed high variability (23.45±19.45 pg/mL), with a standard error exceeding the mean, suggesting either an outlier or marked individual variation in early inflammatory response. This variability may reflect differences in individual susceptibility to particulate matter exposure and underscores the importance of using larger sample sizes or reporting individual animal data in future investigations.
Third, the study did not assess oxidative stress biomarkers such as malondialdehyde (MDA), reduced glutathione (GSH), superoxide dismutase (SOD), and catalase (CAT), which would have provided deeper insight into the role of oxidative mechanisms in hepatotoxicity. Additionally, key molecular signalling pathways, including NF-κB and MAPK pathways, were not directly evaluated. Future studies should incorporate these endpoints to elucidate the mechanistic pathways underlying soot-induced multi-organ toxicity.
Fourth, in the elevated plus maze assessment, the total time accounted for by open arm, closed arm, and central square durations in the control group summed to approximately 255 seconds, leaving about 45 seconds unaccounted for within the 5-minute test period. This discrepancy is likely attributable to behaviours not captured in these primary measures, such as grooming, freezing, or transitional movements between zones, which were recorded separately. However, the lack of continuous automated tracking may have resulted in incomplete time accounting, representing a limitation of manual behavioural scoring. Future studies should consider video tracking software to ensure complete and objective behavioural data capture.
Fifth, neurohistological assessments were not conducted in this study. However, previous work from our laboratory has documented cortical and cerebellar cytoarchitectural changes following similar soot exposure protocols (Okoseimiema & Uruaka, 2025; Okoseimiema & Uahomo, 2025). Future studies should aim to directly correlate behavioural outcomes with structural brain changes and neuroinflammatory markers within the same experimental cohort.
Finally, the modest concentration gradient between exposure groups (2.131–2.278 mg/m³) limits the ability to delineate clear dose-response relationships. While distinct behavioural patterns emerged, particularly the paradoxical response in the low-medium group, future studies with a wider range of exposure concentrations (e.g., spanning one to two orders of magnitude) would better characterize the nature of dose-dependent effects, including potential hormetic or non-linear responses.
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