Radon-222 Exposure from Groundwater Ingestion and Tissue Lead as a Potential Indirect Biomarker of Internal Exposure in Wistar Rats

Abstract
Groundwater is the dominant source of drinking water in Southwest Nigeria, yet radon-222 (Rn-222), a naturally occurring radioactive gas linked to internal radiation exposure, remains largely unmonitored in this supply. This study investigated tissue lead (Pb) concentration as a potential indirect biomarker of internal Rn-222 exposure using a Wistar rat model. The rationale was based on the radioactive decay relationship between Rn-222 and its short-lived progeny, followed by the longer-lived Pb-210 in the U-238 decay series, together with the potential for retention and redistribution of Pb within biological tissues.  Fifty groundwater and surface water samples from ten locations in Ogbomoso, Southwest Nigeria, were analysed for Rn-222 using a RAD7 electronic radon detector. All borehole samples exceeded the U.S. EPA reference level of 11.1 Bq/L, with concentrations ranging from 75.4 to 208.6 Bq/L. Borehole water (84.7 Bq/L) and surface water (3.5 Bq/L) were subsequently administered to exposed and control groups of rats, respectively, for 21 weeks. Tissue Pb concentrations were quantified by Atomic Absorption Spectrometry at 7, 14, and 21 weeks, alongside estimation of absorbed radiation dose. Pb accumulation increased progressively with exposure duration in all tissues, with the kidney recording the highest concentration (0.320 ± 0.018 μg/g in exposed females at 21 weeks) and adipose tissue showing the highest radon activity concentration (17.87 Bq/kg). Linear regression revealed statistically significant positive correlations between absorbed dose and tissue Pb concentration in every tissue examined, strongest in the stomach (R² = 0.819) and liver (R² = 0.817). Sex-related differences were minimal. These findings suggest that tissue Pb accumulation, particularly in the stomach and liver, may serve as a reliable biomarker of chronic internal Rn-222 exposure from groundwater ingestion, supporting the case for regulatory attention to radon in Nigerian drinking water sources.
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1. Introduction
Groundwater remains Nigeria's dominant source of drinking water, despite limited public awareness of radon as a waterborne carcinogen and the widespread practice of consuming such water without prior treatment (Esan et al., 2020). Radon and its progeny are classified as Group 1 human carcinogens (IARC, 1988), and ingestion of radon-bearing water has been associated with elevated risk of stomach and other internal cancers in addition to the more widely recognised inhalation-related lung cancer risk (National Research Council, 1999; World Health Organization, 2009, 2022). Radon-222 (Rn-222) is a naturally occurring, colourless, odourless radioactive noble gas that contributes the largest fraction of natural background radiation. It is the only gaseous radionuclide in the uranium-238 decay series, produced by the alpha decay of radium-226 (Ra-226) present in rocks and soil (Girault et al., 2016). Its high solubility in groundwater makes aquifers significant reservoirs for radon accumulation. Groundwater radon concentration depends on several factors, including the uranium and radium content of the host rocks, rock permeability, groundwater residence time, temperature, and the aquifer's geochemical characteristics (Farai et al., 2023; Isinkaye et al., 2021). In Southwest Nigeria, this risk is amplified by the region's underlying geology, the Precambrian basement complex, characterised by granites, granite-gneisses, and migmatites. These rocks, interspersed with coastal sedimentary formations, create favourable conditions for radon accumulation in boreholes and hand-dug wells, which remain important water sources for rural and peri-urban populations (Oni & Adagunodo, 2019). Groundwater occurrence in this terrain is controlled by the depth and extent of weathering and fracturing of the crystalline basement rather than by primary porosity (Offodile, 1983; Akujieze et al., 2003), and comparable basement aquifers elsewhere in southwestern Nigeria show the same weathered/fractured storage pattern (Akanbi, 2018).
Existing radiological assessments in the region have relied largely on environmental radon measurements and theoretical dose calculations using ICRP dose conversion factors (ICRP, 2017), without empirical validation through biological sampling. This study addresses that gap by employing the Wistar rat model, a well-characterised laboratory model widely used in toxicological and preclinical research owing to its physiological similarity to humans in metabolic pathways and general toxicokinetic handling of xenobiotics (Patel et al., 2024).
Tissue metal concentration has previously been established as a useful biomarker of chronic internal exposure in toxicological research (Barbosa et al., 2005), an approach this study extends to internal Rn-222 exposure. This study aims to investigate the potential of lead (Pb) concentration in selected tissues of Wistar rats as an biomarker of internal exposure to Rn-222 ingested through groundwater from Southwest Nigeria. The research begins by measuring Rn-222 concentrations in surface and groundwater samples and estimating the absorbed radiation doses received by rats exposed to water containing different radon levels. Lead concentrations in selected tissues of exposed rats are then quantified and compared with those of unexposed control animals to identify exposure-related differences. Finally, correlation and regression analyses examine the relationship between absorbed radiation dose and tissue lead concentration. The findings are used to determine whether tissue lead accumulation can reliably reflect internal Rn-222 exposure, and therefore serve as a potential biomarker for radon ingestion through groundwater.
2. Materials and Methods
2.1 Geology of the Study Area
Ogbomoso, a major urban centre in Oyo State, is located in the southwestern geopolitical zone of Nigeria, between latitude 8°07′ and 8°12′ N and longitude 4°14′ and 4°18′ E, within the Precambrian Basement Complex of the West African Craton. The area is predominantly underlain by crystalline basement rocks, including migmatite–gneiss complexes, banded and granitic gneisses, quartzites, schists, granites, pegmatites, and minor amphibolites.
These rocks are typically highly fractured, weathered, and jointed, creating pathways for groundwater movement. As groundwater circulates through uranium-bearing minerals within these rocks, radioactive decay generates Rn-222, which dissolves into the groundwater and accumulates in wells and boreholes. Boreholes drilled into fractured basement rocks often yield groundwater with elevated concentrations of dissolved minerals and, in some cases, naturally occurring radionuclides such as uranium, radium, and radon. This geological profile, illustrated in Figure 1, makes Ogbomoso a relevant area for this study.
With gently undulating terrain rising between 300 and 350 m above sea level, Ogbomoso experiences a tropical wet-and-dry climate typical of West Africa. Mean annual rainfall ranges from 1,100 to 1,300 mm, while temperatures average between 22 °C and 33 °C.
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Figure 1. Geological map of Ogbomoso (adapted from Afolabi et al., 2013).
2.2 Water Sample Collection
Fifty water samples, comprising groundwater and surface water from ten locations with previously established radon concentration levels (Oni & Adagunodo, 2019), were collected across Ogbomoso, Southwest Nigeria, and analysed for Rn-222 using a RAD7 electronic radon detector, following the RAD H₂O accessory protocol (DURRIDGE Company, 2019), a method previously validated for groundwater radon assays elsewhere (Pervin et al., 2018). Water outlets were flushed for approximately two minutes to clear stagnant water before sampling. Samples were collected directly into pre-cleaned, 1.5-litre airtight containers, filled completely to exclude headspace, and sealed without aeration to minimise radon loss. All samples were maintained at low temperature and analysed within 24 hours of collection to limit radioactive decay, using the RAD7 set-up shown in Figure 2.
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Figure 2. Schematic representation of the RAD7 radon-in-air monitor set-up used for water sample analysis.
2.3 Experimental Design and Animal Maintenance
A total of 120 healthy young Wistar rats (Rattus norvegicus), 60 males and 60 females, with an average body weight of approximately 70g were used in this study. The number of rats includes additional animals as a contingency to account for possible mortality or attrition during the experimental period. The animals were obtained from an accredited animal breeding facility and housed in clean, well-ventilated cages under standard laboratory conditions. Ambient temperature was maintained between 20°C and 24°C, with a 12-hour light/dark photoperiod to support normal physiological and circadian function. 
Prior to the experiment, the rats were acclimatised for 21 days with standard laboratory feed and distilled water ad libitum. During this period, the animals were routinely monitored for general health status, behavioural changes, body weight variation, feed and water intake, and overall activity to confirm their suitability for the study. 
After acclimatisation, twelve rats (six males and six females) were randomly selected and humanely sacrificed. Biological samples, including adipose tissue, brain, cerebellum, liver, lung, kidney, oesophagus, and stomach, were harvested and analysed for baseline Pb concentration using Atomic Absorption Spectrometry (AAS).

2.4 Animal Exposure
The remaining 108 rats were randomly assigned to four experimental groups of 27 rats each: Control Female (CF), Exposed Female (EF), Control Male (CM), and Exposed Male (EM). All groups received standard laboratory feed throughout the study. The exposed groups (EF and EM) received borehole water containing 84.7 Bq/L of radon, exceeding the U.S. EPA recommended limit, while the control groups (CF and CM) received surface water containing 3.7 Bq/L, for a period of 21 weeks. Radon-laden water was replenished every other day to maintain consistent radon concentrations, accounting for the 3.8-day physical half-life of Rn-222. 
2.5 Tissue Sample Collection and Analysis
At three intervals of seven weeks from the start of treatment, 24 rats, 6 selected randomly from each experimental group, were sacrificed by cervical dislocation. Ethical approval for this study was obtained from the Ethical Committee of the Faculty of Basic Medical Sciences, Ladoke Akintola University of Technology. Tissue samples from selected organs (adipose tissue, brain, cerebellum, liver, lung, kidney, oesophagus, and stomach) were obtained from each rat and placed into well-labelled, sterilised sample bottles.
2.6 Analysis of Tissue Lead Concentration
Air-dried tissue samples were weighed and digested using a mixture of concentrated nitric and perchloric acid under controlled laboratory conditions. The digested samples were filtered and diluted to a known volume with deionised water, then aspirated into an atomic absorption spectrometer for quantification of lead concentration. Analytical accuracy and precision were ensured using calibration standards, reagent blanks, and certified reference materials.
2.7 Estimation of Absorbed Radiation Dose
The Rn-222 activity concentration and the corresponding absorbed dose in the selected tissues/organs were estimated using a physiologically based pharmacokinetic (PBPK) model to simulate the absorption, systemic distribution, tissue retention, radioactive decay, and absorbed dose of Rn-222 following exposure to groundwater. The model was based on the flow-limited approach described by Khursheed (2000) for systemic tissue dosimetry of radon and adapted using rat-specific physiological parameters reported for radon biokinetics (Sakoda, 2010). The model was further modified to reflect the experimental conditions of this research, including the use of Wistar rats, measured water consumption, Rn-222 concentrations in drinking water, and the specific tissues investigated. The Khursheed framework described radon transport between blood and tissues as a function of tissue blood flow, tissue volume, and tissue-to-blood partition coefficient, thereby providing a mechanistic basis for estimating tissue-specific Rn-222 activity rather than assuming uniform distribution throughout the body. The daily Rn-222 intake was calculated using a derived exposure equation as the product of the water activity concentration and the corresponding volume of water consumed by each rat
Iing(t) = Cwater × Vwater(t)			(1)
where Iing is the daily Rn-222 intake (Bq/day), Cwater is the Rn-222 concentration in drinking water (Bq/L), and Vwater is water consumption (L/day). 
Following ingestion, Rn-222 was represented as entering a stomach compartment before transfer through the gastrointestinal tract. The stomach compartment was described by a mass-balance equation incorporating the rate of Rn-222 ingestion, gastrointestinal transfer, and radioactive decay:
                            dASt /dt = Iing − kSt ASt − λRn ASt			(2)
where ASt is the activity of Rn-222 in the stomach, kSt is the transfer constant from the stomach compartment to the gastrointestinal tract, and λRn is the physical decay constant of Rn-222. 
The gastrointestinal compartment subsequently supplied Rn-222 to the portal circulation. The portal blood transported the absorbed Rn-222 to the liver, after which it entered systemic circulation and became available for distribution to other tissues. This arrangement was used to account for the anatomical distinction between gastrointestinal absorption, portal circulation, hepatic uptake, and systemic distribution. hepatic uptake, and systemic distribution.
For each systemic tissue, the model used a flow-limited mass-balance equation:
                               dAi /dt = Fi [CA − Ai/(PiVi)] − λRn Ai		(3)	   
where Ai is the amount of Rn-222 in tissue i (Bq), Fi is tissue blood flow (L/min), CA is Rn-222 concentration in arterial blood (Bq/L), Pi is the tissue-to-blood partition coefficient, and Vi is tissue volume (L). The corresponding tissue activity concentration was obtained from:
		Ci = Ai / Vi				(4)		
This formulation indicates that tissue uptake is controlled by the concentration gradient between arterial blood and tissue, tissue perfusion, tissue volume, and tissue solubility. 
The estimated tissue activity was subsequently used to estimate absorbed radiation dose. Cumulative activity in each tissue was obtained from: 
		Ãi = ∫₀ᵀ Ai(t)dt			(5)				
where Ãi represents the time-integrated Rn-222 activity in tissue i. Under the local energy-deposition approximation, the absorbed dose was calculated from the cumulated activity, energy deposited per decay, and tissue mass (ICRP 2017; Pervin et al., 2018):
	Di = Ãi Edep/Mi			(6)	
where Di is the absorbed dose in Gy, Edep is the energy deposited in the tissue per nuclear transformation, and Mi is tissue mass in kilograms. For the simplified Rn-222 short-lived progeny model, the alpha-particle contribution from Rn-222 and its short-lived alpha-emitting progeny (Po-218, Po-214) was considered in estimating tissue energy deposition. 
The resulting estimated tissue radon activity concentrations and corresponding absorbed doses at 7, 14, and 21 weeks are presented in Tables 3, 4, and 5, respectively.
3. Results and Discussion
3.1 Radon-222 Activity Concentrations in Water Samples
The mean Rn-222 activity concentrations measured in groundwater and surface water samples collected from Ogbomoso are presented in Table 1. The measured values closely agreed with the predetermined radon activity concentrations reported by Oni & Adagunodo (2019), confirming the reliability and reproducibility of the sampling and analytical procedures. Groundwater samples exhibited considerably higher radon activity concentrations than surface water samples. The highest mean radon concentration was recorded at the Egbejoda borehole (208.6 ± 1.42 Bq/L) and the lowest at Aba-Oja (75.4 ± 0.44 Bq/L). Surface water samples, by contrast, contained substantially lower radon concentrations, ranging from 0.30 ± 0.25 to 3.50 ± 0.54 Bq/L. The spatial variation in groundwater radon levels reflects differences in local geological and hydrogeological conditions across the study area.
All borehole samples exceeded the United States EPA recommended reference level of 11.1 Bq/L for drinking water (U.S. EPA, 2012), while the surface water samples remained well below it. The measured groundwater concentrations are also considerably higher than those reported for groundwater in Dhaka City, Bangladesh (2.13-13.00 Bq/L; Pervin et al., 2018), underscoring the elevated radiological burden of the Ogbomoso basement complex relative to other groundwater settings. Groundwater from the High Court borehole (BH_HC), with a mean radon concentration of 84.7 ± 1.59 Bq/L, was selected as the exposure water source for the experimental groups. Surface water sample SW_2, with a mean radon concentration of 3.5 ± 0.54 Bq/L, was selected as the control water source because its radon activity concentration was substantially lower and within recommended guideline levels for drinking water.
Table 1. Mean Rn-222 Activity Concentration in Surface and Groundwater Samples.
	Type
	Sample ID
	Predetermined Rn Concentration (Bq/L)
	n
	Measured Rn Concentration (Bq/L)

	Borehole
	BH_AO
	75.7
	5
	75.4 ± 0.44

	Borehole
	BH_AP
	120.9
	5
	120.6 ± 0.76

	Borehole
	BH_EG
	209.8
	5
	208.6 ± 1.42

	Borehole
	BH_HC
	84.4
	5
	84.7 ± 1.59

	Borehole
	BH_IA
	84.2
	5
	84.1 ± 0.64

	Borehole
	BH_IK
	195.4
	5
	193.7 ± 0.74

	Borehole
	BH_ND
	99.7
	5
	98.9 ± 1.65

	Surface water
	SW_1
	2.1
	5
	2.1 ± 0.36

	Surface water
	SW_2
	3.7
	5
	3.5 ± 0.54

	Surface water
	SW_3
	0.33
	5
	0.30 ± 0.25


3.2 Tissue Lead Concentration
Baseline tissue Pb concentrations were below the detection limit in all tissues examined before exposure. Table 2 presents mean Pb concentrations in adipose tissue, brain, cerebellum, kidney, liver, lung, oesophagus, and stomach, showing a clear time-dependent increase across all tissues in both control and exposed groups. At 7 weeks, Pb concentrations were generally very low (0.006 ± 0.231 μg/g), with no detectable Pb in adipose tissue. The exposed female (EF) group showed the highest early accumulation in the brain (0.231 ± 0.047 μg/g) and oesophagus (0.195 ± 0.118 μg/g), while the exposed male (EM) group showed only slight increases over controls in most tissues at this stage.
By 14 weeks, Pb concentrations had increased markedly across all tissues, and adipose tissue became detectable in every group. The exposed groups consistently recorded higher Pb concentrations than their respective controls, with the kidney showing the greatest accumulation in both EF (0.252 ± 0.006 μg/g) and EM (0.245 ± 0.004 μg/g). Among the controls, the kidney again accumulated the most Pb, at 0.170 ± 0.024 μg/g in CF and 0.207 ±  0.022 μg/g in CM



. 





Table 2. Mean Lead (Pb) Concentration (μg/g, mean ± SD) in Selected Tissues of Experimental Rats. CF = Control Female, EF = Exposed Female, CM = Control Male, EM = Exposed Male; ND = not detected.

	Group
	Duration
	Adipose
	Brain
	Cerebellum
	Kidney
	Liver
	Lung
	Oesophagus
	Stomach

	7 weeks
	CF
	ND
	0.049 ± 0.003
	0.013 ± 0.003
	0.012 ± 0.002
	0.006 ± 0.001
	0.009 ± 0.002
	0.051 ± 0.002
	0.008 ± 0.002

	
	EF
	ND
	0.231 ± 0.047
	0.012 ± 0.002
	0.012 ± 0.002
	0.006 ± 0.002
	0.012 ± 0.002
	0.195 ± 0.118
	0.012 ± 0.001

	
	CM
	ND
	0.061 ± 0.026
	0.009 ± 0.001
	0.006 ± 0.003
	0.011 ± 0.002
	0.011 ± 0.001
	0.030 ± 0.004
	0.009 ± 0.003

	
	EM
	ND
	0.051 ± 0.002
	0.010 ± 0.001
	0.008 ± 0.002
	0.015 ± 0.001
	0.013 ± 0.002
	0.049 ± 0.002
	0.011 ± 0.001

	14 weeks
	CF
	0.134 ± 0.027
	0.135 ± 0.023
	0.130 ± 0.041
	0.170 ± 0.024
	0.147 ± 0.024
	0.132 ± 0.026
	0.144 ± 0.027
	0.142 ± 0.042

	
	EF
	0.224 ± 0.004
	0.223 ± 0.005
	0.216 ± 0.021
	0.252 ± 0.006
	0.224 ± 0.020
	0.202 ± 0.021
	0.224 ± 0.022
	0.235 ± 0.002

	
	CM
	0.132 ± 0.027
	0.145 ± 0.023
	0.148 ± 0.028
	0.207 ± 0.022
	0.150 ± 0.023
	0.156 ± 0.043
	0.151 ± 0.026
	0.107 ± 0.027

	
	EM
	0.231 ± 0.005
	0.225 ± 0.004
	0.218 ± 0.005
	0.245 ± 0.004
	0.226 ± 0.021
	0.234 ± 0.006
	0.226 ± 0.006
	0.211 ± 0.014

	21 weeks
	CF
	0.206 ± 0.009
	0.203 ± 0.006
	0.205 ± 0.012
	0.217 ± 0.016
	0.200 ± 0.016
	0.201 ± 0.009
	0.200 ± 0.018
	0.201 ± 0.011

	
	EF
	0.282 ± 0.025
	0.301 ± 0.011
	0.295 ± 0.023
	0.320 ± 0.018
	0.270 ± 0.026
	0.295 ± 0.017
	0.306 ± 0.018
	0.306 ± 0.014

	
	CM
	0.196 ± 0.010
	0.205 ± 0.011
	0.194 ± 0.002
	0.227 ± 0.013
	0.205 ± 0.009
	0.196 ± 0.006
	0.204 ± 0.001
	0.211 ± 0.009

	
	EM
	0.289 ± 0.013
	0.287 ± 0.016
	0.290 ± 0.029
	0.314 ± 0.015
	0.271 ± 0.026
	0.285 ± 0.025
	0.254 ± 0.011
	0.319 ± 0.009



By 21 weeks, Pb concentrations had risen further across all tissues, with the exposed groups maintaining significantly greater accumulation than the controls. The kidney remained the primary site of Pb deposition, reaching 0.320 ± 0.018 μg/g in EF and 0.314 ± 0.015 μg/g in EM. High Pb levels were also observed in the brain, cerebellum, oesophagus, and stomach of exposed animals, with stomach Pb concentration peaking at 0.319 ± 0.009 μg/g in EM. The liver, by contrast, consistently showed comparatively lower Pb concentrations than the kidney and several other tissues. The preferential accumulation of Pb in the kidney is consistent with its established role as a principal target organ for chronic Pb toxicity, where the metal induces oxidative stress and disrupts antioxidant defences (Flora et al., 2008; Vukelić et al., 2023).
Sex-related differences were modest: EF showed slightly higher Pb concentrations than EM in the brain, kidney, lung, and oesophagus at 21 weeks, whereas EM recorded higher concentrations in adipose tissue, liver, and stomach. Because these differences were generally small, exposure duration appears to be a stronger determinant of Pb accumulation.  Overall, the results demonstrate progressive, tissue-specific Pb bioaccumulation with increasing duration of radon-laden groundwater ingestion.
3.3. Treatment and Sex Interaction
Tables 3, 4, and 5 present the effects of the sex of the animals on the Pb concentration among the exposed and control groups after 7, 14, and 21 weeks, analyzed statistically using two-way ANOVA. After 7 weeks of exposure, Pb concentrations differed significantly between control and exposed groups in the brain, lung, oesophagus, and stomach, while differences in the cerebellum, kidney, and liver were not significant. Significant sex-related differences were observed in the brain, cerebellum, kidney, liver, and oesophagus, with males generally showing higher Pb concentrations than females. A significant treatment-by-sex interaction was observed in the brain, while the interaction was not significant in the other tissues. 
At 14 weeks, Pb concentrations were significantly higher in the exposed groups than in the control groups across all organs, with p < 0.001 for all tissues. Sex-related differences were generally not significant, except in the stomach, where females had significantly higher Pb concentrations than males (p = 0.044). A significant treatment-by-sex interaction was observed only in the kidney (p = 0.027), indicating a possible sex-dependent treatment effect in renal Pb accumulation. For the other organs, the non-significant interactions suggest that treatment and sex acted independently on Pb concentrations.    
[bookmark: _Hlk172571366][bookmark: _Hlk198327447]Table 3: Effect of Lead (Pb) concentration on treatment groups (control and exposed) and sex (female and male) for the selected organs 	   in the 7-week experimental duration
	[bookmark: _Hlk172198989]Treatment
	Sex
	Mean Lead (Pb) Concentration (μg/g)

	
	
	Brain
	Cerebellum
	Kidney
	Liver
	Lung
	Oesophagus
	Stomach

	Control
	Female
	0.049 ± 0.003
	0.013 ± 0.003
	0.012 ± 0.002
	0.006 ± 0.001  
	0.009± 0.002 
	0.051 ± 0.002
	0.008 ± 0.002

	Exposed
	
	0.231 ± 0.047
	0.012 ± 0.002
	0.012 ± 0.002
	0.006 ± 0.002
	0.012 ± 0.002
	0.195 ± 0.118
	0.012 ± 0.001

	
	
	
	
	
	
	
	
	

	Control
	Male
	0.061 ± 0.026
	0.009 ± 5.77e-4
	0.006 ± 0.003
	0.011 ± 0.002
	0.011± 0.001
	0.030 ± 0.004
	0.009 ± 0.003

	Exposed
	
	0.051 ± 0.002
	0.010 ± 2.63e-4
	0.008 ± 0.002
	0.015 ± 7.50e-4 
	0.013 ± 0.002  
	0.049 ± 0.002
	0.011 ± 0.001

	
	
	
	
	
	
	
	
	

	Marginal Means
	
	
	
	
	
	
	
	

	Treatment
	
	
	
	
	
	
	
	

	Control
	
	0.055b
	0.011a
	0.009a
	0.009 a
	0.010b
	0.040b
	0.008b

	Exposed
	
	0.141a
	0.011a
	0.010a
	0.010a
	0.013a
	0.122 a
	0.012a

	
	Sex
	
	
	
	
	
	
	

	
	Female
	0.056b
	0.013a
	0.007b
	0.013a
	0.012a
	0.039b
	0.010a

	
	Male
	0.140a
	0.010b
	0.012a
	0.006a
	0.010b
	0.123a
	0.010a

	Sources of variation (p-values)
	
	
	
	
	
	
	
	

	Treatment
	
	< 0.001
	0.954
	0.521
	0.056
	0.007
	0.018
	0.007

	Sex
	
	< 0.001
	0.005
	0.001
	< 0.001
	0.157
	0.015
	0.760

	Period
	
	
	
	
	
	
	
	

	Treatment*Sex
	
	< 0.001
	0.709
	0.456
	0.112
	0.729
	0.058
	0.192


[bookmark: _Hlk172570634][bookmark: _Hlk172571815]abMeans in the same column with different superscripts are significantly different (p<0.05)
abMeans in the same column with the same superscripts are significantly indifferent (p<0
Table 4: Effect of Lead (Pb) concentration on treatment groups (control and exposed) and sex (female and male) for the selected organs 	   in the 14-week experimental duration

	Treatment
	Sex
	Mean Lead (Pb) Concentration (μg/g)

	
	
	Adipose Tissue
	Brain
	Cerebellum
	Kidney
	Liver
	Lung
	Oesophagus
	Stomach

	Control
	Female
	0.134 ± 0.027
	0.135 ± 0.023
	0.130 ± 0.041
	0.170 ± 0.024
	0.147 ± 0.024
	0.132 ± 0.026
	0.144 ± 0.027
	0.142 ± 0.042

	Exposed
	
	0.224 ± 0.004
	0.223 ± 0.005
	0.216 ± 0.021
	0.252 ± 0.006
	0.224 ± 0.020
	0.202 ± 0.021
	0.224 ± 0.022
	0.235 ± 0.002

	
	
	
	
	
	
	
	
	
	

	Control
	Male
	0.132 ± 0.027
	0.145 ± 0.023
	0.148 ± 0.028
	0.207 ± 0.022
	0.150 ± 0.023
	0.156 ± 0.043
	0.151 ± 0.026
	0.107 ± 0.027

	Exposed
	
	0.231 ± 0.005
	0.225 ± 0.004  
	0.218 ± 0.005
	0.245 ± 0.004
	0.226 ± 0.021
	0.234 ± 0.006
	0.226 ± 0.006
	0.211 ± 0.014

	
	
	
	
	
	
	
	
	
	

	Marginal Mean
	
	
	
	
	
	
	
	
	

	Treatment
	
	
	
	
	
	
	
	
	

	Control
	
	0.133b
	0.140b
	0.139b
	0.188b
	0.148b
	0.144b
	0.148b
	0.125b

	Exposed
	
	0.227a
	0.224a
	0.217a
	0.248a
	0.225a
	0.218a
	0.225a
	0.223a

	
	Sex
	
	
	
	
	
	
	
	

	
	Female
	0.179a
	0.179a
	0.173a
	0.211a
	0.185a
	0 167a
	0.184a
	0.188a

	
	Male
	0.181a
	0.185a
	0.183a
	0.226a
	0.188a
	0.195a
	0.188a
	0.159b

	Sources of variation 
(p-values)
	
	
	
	
	
	
	
	
	

	Treatment
	
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001

	Sex
	
	0.834
	0.476
	0.456
	0.103
	0.813
	0.060
	0.687
	0.044

	Period
	
	
	
	
	
	
	
	
	

	Treatment*Sex
	
	0.681
	0.643
	0.575
	0.027
	0.969
	0.765
	0.866
	0.681


abMeans in the same column with different superscripts are significantly different (p<0.05)
abMeans in the same column with the same superscripts are significantly indifferent (p>0.05)
After 21 weeks, the exposed groups had significantly higher Pb concentrations than the control groups across most organs, with the brain showing an exception. Pb concentrations increased progressively with exposure duration, with the highest accumulation observed in the kidney and brain by 21 weeks. Sex-related differences were generally not significant, except in the oesophagus, where males had significantly lower Pb concentrations than females (p = 0.006), while the stomach showed a marginal difference (p = 0.057). No significant treatment-by-sex interaction was observed in any organ, indicating that treatment and sex effects were generally independent.
3.3 Estimated Radon Activity Concentration and Absorbed Radiation Dose
Tables 6 – 8 present the estimated radon activity concentration and corresponding absorbed radiation dose in tissues, derived from the radon concentration in ingested water, exposure duration, daily water intake, and body mass. Both tissue radon activity concentration and absorbed radiation dose increased with exposure duration. Despite similar water consumption and body mass across groups, the exposed groups consistently showed substantially higher estimated tissue radon activity concentrations than the controls, indicating cumulative internal radiation exposure with prolonged ingestion of radon-laden groundwater.
Across all exposure periods, adipose tissue consistently showed the highest radon activity concentration and absorbed dose, followed by the liver, stomach, and kidney, while the brain, cerebellum, and lung received comparatively lower radiation burdens. By 21 weeks, exposed animals reached peak tissue radon activity concentrations of 17.87 Bq/kg in adipose tissue and 14.89 Bq/kg in the liver, corresponding to maximum absorbed doses of 1.33 Gy and 0.945 Gy, respectively. No appreciable sex-related differences were observed, indicating that radon concentration in drinking water and exposure duration rather than sex or body mass were the primary determinants of tissue radiation burden. Chronic ingestion of radon-laden groundwater 
[bookmark: _Hlk198327629]Table 5:  Effect of Lead (Pb) concentration on treatment (Control and exposed) and sex (female and male) for the selected organs                     	      in the 21-week experimental duration

	Treatment
	Sex
	Mean Lead (Pb) Concentration (μg/g)

	
	
	Adipose Tissue
	Brain
	Cerebellum
	Kidney
	Liver
	Lung
	Oesophagus
	Stomach

	Control
	Female
	0.206 ± 0.009
	0.203 ± 0.006
	0.205 ± 0.012
	0.217 ± 0.016
	0.200 ± 0.016
	0.201 ± 0.009
	0.200 ± 0.018
	0.201 ± 0.011

	Exposed
	
	0.282 ± 0.025
	0.301 ± 0.011
	0.295 ± 0.023
	0.320 ± 0.018
	0.270 ± 0.026
	0.295 ± 0.017
	0.306 ± 0.018
	0.306 ± 0.014

	
	
	
	
	
	
	
	
	
	

	Control
	Male
	0.196 ± 0.010
	0.205 ± 0.011
	0.194 ± 0.002
	0.227 ± 0.013
	0.205 ± 0.009
	0.196 ± 0.006
	0.204 ± 0.0010
	0.211 ± 0.009

	Exposed
	
	0.289 ± 0.013
	0.287 ± 0.016 
	0.290 ± 0.029
	0.314 ± 0.015
	0.271 ± 0.026
	0.285 ± 0.025
	0.254 ± 0.011
	0.319 ± 0.009

	
	
	
	
	
	
	
	
	
	

	Marginal Means
	
	
	
	
	
	
	
	
	

	Treatment
	
	
	
	
	
	
	
	
	

	Control
	
	0.201a
	0.204a
	0.199b
	0.222b
	0.203b
	0.199b
	0.202b
	0.206b

	Exposed
	
	0.286a
	0.294b
	0.292a
	0.317a
	0.271a
	0.290a
	0.280a
	0313a

	
	Sex
	
	
	
	
	
	
	
	

	
	Female
	0.244a
	0.252a
	0.250a
	0.269a
	0.235a
	0.248a
	0.253a
	0.254b

	
	Male
	0.242a
	0.246a
	0.242a
	0.271a
	0.238a
	0.241a
	0.229b
	0.265a

	Sources of variation
	
	
	
	
	
	
	
	
	

	Treatment
	
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001

	Sex
	
	0.816
	0.345
	0.419
	0.818
	0.765
	0.364
	0.006
	0.057

	Period
	
	
	
	
	
	
	
	
	

	Treatment*Sex
	
	0.323
	0.181
	0.753
	0.317
	0.858
	0.766
	0.229
	0.819


[bookmark: _Hlk172848187]abMeans in the same column with different superscripts are significantly different (p<0.05)
abMeans in the same column with the same superscripts are significantly indifferent (p>0.05)
Table 6: Estimated Radon Activity Concentration and Radiation Absorbed Dose in Tissues after 7 weeks
Radon Activity Concentration (Bq/kg)
	Group
	Rn in H₂O (Bq/L)
	H₂O consumed (L)
	Mass (kg)
	Adipose
	Brain
	Cerebellum
	Kidney
	Lung
	Liver
	Oesophagus
	Stomach

	CF
	3.5
	0.011
	0.1095
	0.24
	0.10
	0.10
	0.16
	0.10
	0.20
	0.12
	0.18

	CM
	3.5
	0.011
	0.1129
	0.24
	0.10
	0.10
	0.16
	0.10
	0.20
	0.12
	0.18

	EF
	84.7
	0.011
	0.1089
	5.46
	2.27
	2.27
	3.64
	2.27
	4.55
	2.73
	4.09

	EM
	84.7
	0.011
	0.1138
	5.46
	2.27
	2.27
	3.64
	2.27
	4.55
	2.73
	4.09


Radiation Absorbed Dose (Gy)
	Group
	Rn in H₂O (Bq/L)
	H₂O consumed (L)
	Mass (kg)
	Adipose
	Brain
	Cerebellum
	Kidney
	Lung
	Liver
	Oesophagus
	Stomach

	CF
	3.5
	0.011
	0.1095
	3.55×10⁻³
	1.48×10⁻³
	1.48×10⁻³
	2.36×10⁻³
	1.48×10⁻³
	2.96×10⁻³
	1.77×10⁻³
	2.66×10⁻³

	CM
	3.5
	0.011
	0.1129
	3.55×10⁻³
	1.48×10⁻³
	1.48×10⁻³
	2.36×10⁻³
	1.48×10⁻³
	2.96×10⁻³
	1.77×10⁻³
	2.66×10⁻³

	EF
	84.7
	0.011
	0.1089
	8.09×10⁻²
	3.37×10⁻²
	3.37×10⁻²
	5.39×10⁻²
	3.37×10⁻²
	6.74×10⁻²
	4.04×10⁻²
	6.07×10⁻²

	EM
	84.7
	0.011
	0.1138
	8.09×10⁻²
	3.37×10⁻²
	3.37×10⁻²
	5.39×10⁻²
	3.37×10⁻²
	6.74×10⁻²
	4.04×10⁻²
	6.07×10⁻²


Table 7: Estimated Radon Activity Concentration and Radiation Absorbed Dose in Tissues after 14 weeks.
Radon Activity Concentration (Bq/kg)
	Group
	Rn in H₂O (Bq/L)
	H₂O consumed (L)
	Mass (kg)
	Adipose
	Brain
	Cerebellum
	Kidney
	Lung
	Liver
	Oesophagus
	Stomach

	CF
	3.5
	0.016
	0.1616
	0.52
	0.22
	0.22
	0.35
	0.22
	0.44
	0.26
	0.39

	CM
	3.5
	0.019
	0.1919
	0.52
	0.22
	0.22
	0.35
	0.22
	0.44
	0.26
	0.39

	EF
	84.7
	0.017
	0.1721
	11.91
	4.96
	4.96
	7.94
	4.96
	9.93
	5.96
	8.93

	EM
	84.7
	0.019
	0.1928
	11.91
	4.96
	4.96
	7.94
	4.96
	9.93
	5.96
	8.93


Radiation Absorbed Dose (Gy)
	Group
	Rn in H₂O (Bq/L)
	H₂O consumed (L)
	Mass (kg)
	Adipose
	Brain
	Cerebellum
	Kidney
	Lung
	Liver
	Oesophagus
	Stomach

	CF
	3.5
	0.016
	0.1616
	2.21×10⁻²
	9.31×10⁻³
	9.31×10⁻³
	1.47×10⁻²
	9.31×10⁻³
	1.84×10⁻²
	1.11×10⁻²
	1.66×10⁻²

	CM
	3.5
	0.019
	0.1919
	2.21×10⁻²
	9.31×10⁻³
	9.31×10⁻³
	1.47×10⁻²
	9.31×10⁻³
	1.84×10⁻²
	1.11×10⁻²
	1.66×10⁻²

	EF
	84.7
	0.017
	0.1721
	5.04×10⁻¹
	2.10×10⁻¹
	2.10×10⁻¹
	3.36×10⁻¹
	2.10×10⁻¹
	4.20×10⁻¹
	2.52×10⁻¹
	3.78×10⁻¹

	EM
	84.7
	0.019
	0.1928
	5.04×10⁻¹
	2.10×10⁻¹
	2.10×10⁻¹
	3.36×10⁻¹
	2.10×10⁻¹
	4.20×10⁻¹
	2.52×10⁻¹
	3.78×10⁻¹


Table 8. Estimated Radon Activity Concentration and Radiation Absorbed Dose in Tissues after 21 weeks.
Radon Activity Concentration (Bq/kg)
	Group
	Rn in H₂O (Bq/L)
	H₂O consumed (L)
	Mass (kg)
	Adipose
	Brain
	Cerebellum
	Kidney
	Lung
	Liver
	Oesophagus
	Stomach

	CF
	3.5
	0.022
	0.2245
	0.78
	0.33
	0.33
	0.52
	0.33
	0.65
	0.20
	0.59

	CM
	3.5
	0.026
	0.2623
	0.78
	0.33
	0.33
	0.52
	0.33
	0.65
	0.20
	0.59

	EF
	84.7
	0.021
	0.2083
	17.87
	7.44
	7.44
	5.96
	7.44
	14.89
	8.93
	13.40

	EM
	84.7
	0.025
	0.2721
	17.87
	7.44
	7.44
	5.96
	7.44
	14.89
	8.93
	13.40


Radiation Absorbed Dose (Gy)
	Group
	Rn in H₂O (Bq/L)
	H₂O consumed (L)
	Mass (kg)
	Adipose
	Brain
	Cerebellum
	Kidney
	Lung
	Liver
	Oesophagus
	Stomach

	CF
	3.5
	0.022
	0.2245
	4.97×10⁻²
	2.07×10⁻²
	2.07×10⁻²
	3.32×10⁻²
	2.07×10⁻²
	4.14×10⁻²
	2.49×10⁻²
	3.73×10⁻²

	CM
	3.5
	0.026
	0.2623
	4.97×10⁻²
	2.07×10⁻²
	2.07×10⁻²
	3.32×10⁻²
	2.07×10⁻²
	4.14×10⁻²
	2.49×10⁻²
	3.73×10⁻²

	EF
	84.7
	0.021
	0.2083
	1.33×10⁰
	4.73×10⁻¹
	4.73×10⁻¹
	7.56×10⁻¹
	4.73×10⁻¹
	9.45×10⁻¹
	5.67×10⁻¹
	8.51×10⁻¹

	EM
	84.7
	0.025
	0.2721
	1.33×10⁰
	4.73×10⁻¹
	4.73×10⁻¹
	7.56×10⁻¹
	4.73×10⁻¹
	9.45×10⁻¹
	5.67×10⁻¹
	8.51×10⁻¹


Note: CF = Control Female, EF = Exposed Female, CM = Control Male, EM = Exposed Male.
therefore potentially results in progressive accumulation of radon and increasing absorbed radiation dose in tissues
3.4 Sex-Related Differences in Absorbed Dose
The box plot in Figure 3 shows no obvious sex-related differences within either the control or exposed groups. The distributions for EF and EM overlap almost completely across all exposure weeks, with similar medians, interquartile ranges, and overall spread. Likewise, CF and CM displayed nearly identical dose distributions. The substantial differences in absorbed dose were attributable primarily to Rn-222 exposure and increasing exposure duration, rather than to sex.
[image: ]
Figure 3. Box plots showing the variation of absorbed dose across exposure duration and experimental groups.
3.5 Correlation between Absorbed Dose and Tissue Lead Concentration
Linear regression analysis (Table 9) revealed statistically significant positive relationships between absorbed dose and Pb concentration in every tissue examined. The strongest relationships were observed in the stomach (R² = 0.819) and liver (R² = 0.817), where absorbed dose explained more than 81% of the variation in tissue Pb concentration; these tissues may therefore be the most sensitive biomarkers of internal radiation exposure from ingested Rn-222. Strong, statistically significant relationships (p < 0.05) were also observed in the kidney, lung, adipose tissue, cerebellum, brain, and oesophagus, confirming that increasing absorbed dose from chronic ingestion of Rn-222-contaminated groundwater is consistently associated with increased tissue lead accumulation.
Table 9: Regression Parameters describing the Relationship between Absorbed Dose and 	   Tissue Pb Concentration
	Tissue
	r
	R²
	F
	p-value
	Relationship

	Adipose
	0.802
	0.643
	10.82
	0.0170
	Strong

	Brain
	0.751
	0.564
	12.93
	0.0048
	Strong

	Cerebellum
	0.783
	0.613
	15.84
	0.0027
	Strong

	Kidney
	0.836
	0.699
	23.22
	0.0007
	Very strong

	Liver
	0.904
	0.817
	44.63
	< 0.0001
	Very strong

	Lung
	0.823
	0.678
	21.04
	0.0010
	Very strong

	Oesophagus
	0.719
	0.517
	10.70
	0.0084
	Moderately strong

	Stomach
	0.905
	0.819
	45.30
	< 0.0001
	Very strong


The scatter plot in Figure 4 illustrates a positive linear relationship between absorbed dose and tissue Pb concentration. The control groups (CF and CM) cluster toward the left of the graph at very low absorbed doses, reflecting minimal radiation exposure and low, relatively stable Pb concentrations. The exposed groups (EF and EM) are distributed across a much wider range of absorbed doses and consistently show higher Pb concentrations. The regression lines for EF and EM are nearly parallel and overlapping, both showing positive slopes; the shaded 95% confidence bands widen at higher absorbed doses, reflecting the smaller number of observations at the upper end of the dose range.
[image: ]
Figure 4. Scatter plot showing the correlation between absorbed dose and lead concentration in control and exposed groups.
4. Conclusion
This study investigated tissue lead concentration as a biomarker of internal exposure to Rn-222 ingested through groundwater. Exposure duration played a significant role in both radiation absorption and lead accumulation across all tissues examined. The positive and statistically significant correlations between absorbed radiation dose and tissue Pb concentration, particularly in the stomach and liver, suggest that lead accumulation may serve as a potential indirect indicator of chronic radon ingestion. The kidney emerged as the primary site of Pb deposition, while adipose tissue consistently showed the highest radon activity concentration. Sex-related differences were minimal, indicating that exposure duration and radon concentration in drinking water, rather than sex or body mass, were the primary determinants of tissue radiation burden.
The observed association between tissue Pb concentration and estimated absorbed dose provides preliminary support for further investigation of tissue Pb as a potential indirect indicator of internal Rn-222 exposure. This study acknowledges that the absence of isotopic measurements, particularly Pb-210 or other radon progeny, limits the ability to establish a direct radiogenic origin of the tissue Pb.
The study also underscores the need for greater public awareness and stronger regulatory measures regarding radon contamination in groundwater, particularly in regions with geology favourable to radon accumulation. Future research should examine the long-term health implications of chronic radon ingestion and evaluate potential mitigation strategies for affected communities.
5. Recommendations and Future Research
Based on the findings of this study, the following recommendations are proposed:
1. Public health awareness. There is an urgent need for public health campaigns to educate communities in Southwest Nigeria about the risks of consuming radon-laden groundwater without prior treatment.
1. Regulatory framework. Regulatory authorities should establish and enforce drinking water quality standards for radon in Nigeria, comparable to the U.S. EPA recommended limit of 11.1 Bq/L (U.S. EPA, 2012) and the WHO reference level for annual effective dose from drinking water (World Health Organization, 2022).
1. Water treatment technologies. Communities relying on groundwater should be encouraged to adopt appropriate radon-removal treatment technologies, such as aeration or activated carbon filtration.
1. Future research. Long-term epidemiological studies are needed to assess the health impacts of chronic radon ingestion in human populations. Isotopic analysis of Pb-210, or other appropriate radionuclide-specific measurements, would be required to establish a direct radiogenic contribution to the measured tissue Pb. Analysis of Pb in feed, administered water and appropriate isotopic characterization is recommended to better distinguish background and water-source Pb from Pb potentially associated with the Rn-222 decay pathway.
Further research should also explore the mechanisms underlying lead accumulation in tissues following radon exposure and investigate potential protective measures. 
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