Aflatoxin B1-induced DNA adduct formation in murine kidney and liver 
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ABSTRACT
Aflatoxicosis is a life-threatening nephrotoxic condition arising from eating foods highly contaminated with aflatoxin-producing molds. Additionally, chronic aflatoxin exposures are linked to enhanced hepatocellular carcinomas. Using recent advances in mass spectrometry for the detection of aflatoxin B1 (AFB1) DNA adducts, we present data which show generation of these adducts in the kidney, albeit at ≈100-fold lower levels than in the liver of the same animal. This result is consistent with tissue-specific differences in the expression of cytochrome P450s implicated in the activation of AFB1. Although the mechanisms underlying aflatoxin-induced nephrotoxicity had been postulated to be driven by the generation of high levels of reactive oxygen species, measurement of oxidatively-induced DNA base damage did not reveal evidence for genotoxic induction of these lesions. Overall, this investigation provides evidence of the formation of aflatoxin-specific adducts in kidney tissue and challenges the hypothesis of acute aflatoxin exposures generating reactive oxygen-mediated DNA damage. 










1. Introduction
[bookmark: _Hlk172800498]Human consumption of foods contaminated with molds, including several strains of Aspergillus, results in exposure to a family of structurally-related potent mutagen/carcinogens, aflatoxins (reviewed in (Fedeles & Essigmann, 2020; Kensler et al., 2011; Kew, 2013; McCullough & Lloyd, 2019; Smith & Groopman, 2020)). Among the various aflatoxins, the most potent carcinogen is aflatoxin B1 (AFB1), which is implicated in induction of hepatocellular carcinoma (HCC) and is recognized by the International Agency for Research on Cancer (IARC) as a group 1 human carcinogen [https://www.iarc.who.int/]. Human populations that experience the highest levels of aflatoxin exposures are generally those living in areas with high temperatures, high humidity, intermittent drought followed by flooding, and poor-quality grain storage, especially of corn and peanuts. These conditions are commonly found in countries across South and South-East Asia and sub-Saharan Africa (reviewed in (Benkerroum, 2020)). As ingested, AFB1 does not directly form covalent adducts with DNA, but as part of an organism’s toxicant clearance mechanism, it is activated via specific human cytochrome P450s, including CYP1A2 and members of the CYP3A subfamily, such as CYP3A4, that are highly expressed in liver (Brian et al., 1990; Gallagher et al., 1996; Gallagher et al., 1994; Kamdem et al., 2006; Li et al., 1997; Neal et al., 1998; Raney et al., 1992; Shimada & Guengerich, 1989). AFB1 undergoes a two-electron oxidation at the 8,9-position, generating exo- and endo-epoxides. The 8,9-exo epoxide subsequently reacts at the N7 position in guanine, generating the trans-8,9-dihydro-8-(N7-guanyl)-9-hydroxyaflatoxin B1–adduct (AFB1–N7-Gua) (Autrup et al., 1979; Croy et al., 1978; Essigmann et al., 1977; Martin & Garner, 1977). This cationic species can either undergo depurination leaving an apurinic site or imidazole ring opening to produce both the cis- and trans-diastereomers of 8,9-dihydro-8-(2,6-diamino-4-oxo-3,4-dihydropyrimid-5-yl-formamido)-9-hydroxyaflatoxin B1 (AFB1–FapyGua) (Brown et al., 2006; Croy & Wogan, 1981; Essigmann et al., 1983; Groopman et al., 1981; Hertzog et al., 1982; Jaruga et al., 2023). The structures of the three major aflatoxin adducts are shown, with the positions of the 15N labels indicated in the paired structures (Figure 1). Once these adducts are formed, in addition to repair via nucleotide excision repair pathway (Alekseyev et al., 2004), the DNA glycosylase, NEIL1 can initiate the base excision repair (BER) pathway for AFB1–FapyGua (Luzadder et al., 2025; Minko, Luzadder, et al., 2024; Vartanian et al., 2017). If not repaired prior to DNA replication, AFB1–FapyGua and AFB1–N7-Gua are highly mutagenic, leading primarily to G → T transversion mutations, with the former being at least 6-fold more mutagenic than the latter (Fedeles & Essigmann, 2020; Lin et al., 2014a, 2014b; Minko, Kellum, et al., 2024; Smela et al., 2002). 
[bookmark: _Hlk172641662]Although most human exposures to AFB1 occur chronically, there are incidents of very high dose exposures that result in acute illness and morbidity, termed aflatoxicosis. Well-documented examples of these large-scale acute exposures have been reported in India, Kenya, Malaysia, and Tanzania, with symptoms including, but not limited to, liver necrosis, lethargy, nausea, edema, jaundice, and nephrotoxicity (reviewed in (Benkerroum, 2020)). In contrast to damages produced in the liver via bioactivation, the mechanisms which account for kidney toxicity are significantly less clear. Based on animal model studies, including those in mice, rats, sheep, and various poultry species, it is hypothesized that AFB1 and circulating metabolites damage nephrons via the generation of reactive oxygen species (ROS) (reviewed in (Ofori-Attah et al., 2024)). Data supporting this hypothesis include elevated lipid peroxidation, depletion of intracellular antioxidants, and reduction in the activities of superoxide dismutase, catalase, glutathione peroxidase, glutathione reductase, and glutathione S-transferase (Wang et al., 2022). Based on these data and the goal of reducing aflatoxin-associated nephrotoxicity, multiple animal model investigations have focused on the identification of natural products and dietary supplements that could address elevated ROS in the kidney (reviewed in (Ofori-Attah et al., 2024)). These included the following products, all showing promising results in post-AFB1 exposure of kidney architecture and gene profiles: curcumin, resveratrol, gallic acid, caffeic acid, diosmin, apigenin, morin, esculin, fucoidan, selenium, vitamin E, 3-indole propionic acid, and lycopene. 
However, in animal model systems following an acute AFB1 exposure, there is a deficit in the literature that has directly measured either the formation of aflatoxin-induced DNA base adducts or evidence for induction of oxidatively-induced DNA base damage associated with an aflatoxin-induced ROS burst in kidney tissues. Germane to this gap in the literature, we previously used a mouse model system to administer AFB1 at acute doses and examined genomic DNAs isolated from livers for DNA adducts, including AFB1–N7-Gua, cis-AFB1–FapyGua, and trans-AFB1–FapyGua, as well as 8-hydroxyguanine (8-OH-Gua), 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyGua), 4,6-diamino-5-formamidopyrimidine (FapyAde), and various saturated pyrimidines (Coskun et al., 2019). To extend our understanding of the consequences of whole-body exposures to AFB1, we have recently reported the synthesis and characterization of new 15N-labelled standards for the measurement of all three major  AFB1–adducts by liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Jaruga et al., 2023) and demonstrated the ability to concomitantly detect and quantitate three AFB1–adducts and oxidatively-induced DNA damage in mouse liver, as measured by gas chromatography-tandem mass spectrometry (GC-MS/MS) and LC-MS/MS with isotope dilution (Coskun et al., 2019). Utilizing these tools, this current investigation constitutes the first quantification of the AFB1–adducts in mouse kidneys and challenges the ROS induction hypothesis for explaining aflatoxin-associated nephropathy.

2. Material and methods
2.1. Ethics Statement
All protocols and procedures associated with the breeding and care of the Neil1-/- mouse colony were performed following pre-approved protocols through the auspices of the Oregon Health & Science University (OHSU) Department of Comparative Medicine and the Institutional Animal Care and Use Committee.
2.2. Materials
Aflatoxin B1 was purchased from Sigma Aldrich Chemical Co. (St. Louis, MO). Immediately prior to injection, crystalline AFB1 was dissolved in DMSO. Caution: AFB1 is a very potent human carcinogen and, in its crystalline form, represents an inhalation hazard. Thus, caution should be used when handling AFB1, using appropriate containment procedures in a well-ventilated hood while wearing a respiratory mask to prevent inhalation. Further, the AFB1-exo-8,9-epoxide should also be considered a human carcinogen and worked with using suitable containment procedures. AFB1 can be destroyed by oxidation with NaOCl. Other reagents and materials were purchased as previously described (Coskun et al., 2019; Jaruga et al., 2023; Kant et al., 2021).
2.3. AFB1 exposures and DNA isolation from Neil1-/- mice
[bookmark: _Hlk170214962]Protocols for AFB1 exposure of Neil1-/- mice and subsequent DNA isolation were carried out as previously reported (Coskun et al., 2019), with the following modifications. AFB1 dissolved in DMSO was delivered to six-day old mice via intraperitoneal (IP) injection at 7.5 mg/kg. DMSO only was used for controls. Following IP injections, mice were immediately returned to their home cage. At 2 h, 6 h, and 48 h post-exposure, pups were euthanized by CO2 asphyxiation, followed by decapitation. Kidney and liver tissues were immediately harvested and frozen in a dry ice-ethanol slurry. DNAs were isolated from kidney and liver tissues as previously described (Jaruga et al., 2023) and stored as dry pellets until analyses.
2.4. Measurements of AFB1–adducts by liquid chromatography-tandem mass spectrometry 
[bookmark: _Hlk170210365][bookmark: _Hlk170210822]The LC-MS/MS equipment and the experimental conditions were as reported previously (Jaruga et al., 2023). Stable isotope-labeled internal standards cis-AFB1–FapyGua-15N5, trans-AFB1–FapyGua-15N5, and AFB1–N7-Gua-15N5 were produced, isolated, and purified as described (Jaruga et al., 2023). Aliquots (25 fmol) of these standards were added to three replicates (5 µg each) of each DNA sample. In the case of liver DNA samples, 10 µg aliquots of DNA samples were also used to check whether the difference in the amount of DNA influences the levels of the adducts. No significant difference in the levels of adducts was found. In the case of kidney DNA samples, only 5 µg aliquots were used. DNA samples were hydrolyzed with HCl, lyophilized and analyzed by LC-MS/MS with selected reaction monitoring using the mass/charge (m/z) transitions: m/z 498 → m/z 452 and m/z 498 → m/z 480 (cis-AFB1–FapyGua and trans-AFB1–FapyGua), m/z 503 → m/z 457 and m/z 503 → m/z 485 (cis-AFB1–FapyGua-15N5 and trans-AFB1–FapyGua-15N5), m/z 480 → m/z 152 and m/z 480 → m/z 329 (AFB1–N7-Gua), and m/z 485 → m/z 157 and m/z 485 → m/z 329 (AFB1–N7-Gua-15N5) as described previously (Jaruga et al., 2023).
2.5. Measurements of oxidatively-induced DNA bases by gas chromatography-tandem mass spectrometry
[bookmark: _Hlk172712779]Triplicates of dried DNA samples (50 µg each) were supplemented with aliquots of stable isotope-labeled analogues of modified DNA bases as internal standards, hydrolyzed, and then analyzed by GC-MS/MS as described (Coskun et al., 2019).
2.6. Measurements of oxidatively-induced DNA nucleosides by liquid chromatography-tandem mass spectrometry
[bookmark: _Hlk172713170]LC-MS/MS was used to measure the levels of (5′R)-8,5′-cyclo-2′-deoxyadenosine (R-cdA), (5′S)-8,5′-cyclo-2′-deoxyadenosine (S-cdA), (5′R)-8,5′-cyclo-2′-deoxyguanosine (R-cdG) and (5′S)-8,5′-cyclo-2′-deoxyguanosine (S-cdG) in DNA samples. A second set of the triplicates of dried DNA samples (50 µg each) were supplemented with aliquots of R-cdA-15N5, S-cdA-15N5, R-cdG-15N5, and S-cdG-15N5 as internal standards, and then hydrolyzed and analyzed by LC-MS/MS as described (Coskun et al., 2019; Kant et al., 2021).
2.7 Statistical analyses
A total of four mice were used for each of the IP treatments groups: control DMSO and AFB1-injected, with tissues harvested at 6 and 48 h post-injection. The number of mice used for the 2 h post-injection samples was increased to six. Following DNA extraction, the frequencies of DNA base damages were determined in triplicate for each sample. Statistical analyses were performed using GraphPad Prism 8.0. The experimental groups were compared using Ordinary One-way ANOVA followed by Turkey's multiple comparison test (Table 1). 

3. Results and Discussion
3.1. Kinetic analyses of AFB1–adduct formation in liver and kidney
Given that acute aflatoxin exposures result in both liver and kidney damages and long-term chronic exposures result in increased risk for the formation of HCC, an experimental design was implemented to IP inject new-born mice with an acute, 7.5 mg/kg dose of AFB1 dissolved in DMSO or a DMSO control. The choice to focus on investigations using Neil1-/- mice was made based on the ability of NEIL1 to efficiently initiate BER of AFB1–FapyGua adducts and observations that they are significantly more susceptible to develop AFB1-induced HCCs relative to BER-proficient mice (Vartanian et al., 2017). Additionally, we have recently demonstrated that Neil1-/- mice have increased levels of AFB1-induced mutagenesis, as revealed by duplex sequencing technologies (Luzadder et al., 2025; Minko, Luzadder, et al., 2024).
[bookmark: _Hlk172728424][bookmark: _Hlk172807520][bookmark: _Hlk172728654][bookmark: _Hlk172728683]Data shown in Figure 2 demonstrate the kinetics of the formation of AFB1–N7-Gua, cis-AFB1–FapyGua, and trans-AFB1–FapyGua in the liver. As anticipated from our previous studies (Coskun et al., 2019; Jaruga et al., 2023), in control, DMSO-injected mice, these adducts were not detectable. Following IP injection, AFB1 is taken up by the liver and activated to its reactive epoxide form, which reacts with N7-Gua to produce AFB1–N7-Gua. At 2 h post-injection, liver DNAs from 6 mice showed high levels of this adduct, averaging 13 AFB1–N7-Gua/million DNA bases (Figure 2A). Analyses of liver DNAs using tissues harvested at the 6 h timepoint revealed comparable levels of AFB1–N7-Gua, a result consistent with ongoing absorption and metabolic activation; the measurement of this adduct averaged 12 AFB1–N7-Gua/million DNA bases. Since the cationic AFB1–N7-Gua is physiologically unstable, generating apurinic sites or undergoing imidazole ring opening to yield cis-AFB1–FapyGua and trans-AFB1–FapyGua (Brown et al., 2006; Croy & Wogan, 1981; Groopman et al., 1981), the near complete absence of AFB1–N7-Gua at 48 h post-injection was anticipated (Figure 2A). Analyses of cis-AFB1–FapyGua and trans-AFB1–FapyGua in the liver revealed that the formation of trans-AFB1–FapyGua was favored by 3-4-fold over cis-AFB1–FapyGua, with cis-AFB1–FapyGua and trans-AFB1–FapyGua averaging 7 and 25/million DNA bases, respectively, at the 2 h timepoint (Figures 2B and 2C, respectively). 
[bookmark: _Hlk172728617]In contrast to the levels of these AFB1–adducts in liver tissue, analyses of the formation of AFB1–adducts in the kidney of the same mice revealed that AFB1–N7-Gua only accumulated on average to 0.05 adducts/million DNA bases at 2 h post-injection, dropping to 0.03 adducts/million DNA bases by 6 h (Figure 3A). A similar trend was measured for the trans-AFB1–FapyGua, the level of which was ≈10-fold greater than that of AFB1–N7-Gua (Figure 3B). The level of cis-AFB1–FapyGua was below the level of accurate detection. 
We hypothesized that the low accumulation of AFB1–adducts in the kidney could be explained by low expression levels of activating P450s in this tissue. To address this hypothesis, we analyzed the Mouse Gene Expression (GXD) Database (https://www.informatics.jax.org/expression.shtml). The human cytochrome P450s that are primarily responsible for bioactivation of AFB1, CYP1A2, CYP3A4, CYP3A5, and CYP3A7 (Brian et al., 1990; Gallagher et al., 1996; Gallagher et al., 1994; Kamdem et al., 2006; Li et al., 1997; Neal et al., 1998; Raney et al., 1992; Shimada & Guengerich, 1989) correspond to Cyp1a2, Cyp3a11, Cyp3a13, and Cyp3A16 in mouse, respectively (Nelson et al., 2004). Based on studies that addressed the levels of Cyp1a2 in tissues of adult mice, this cytochrome appeared to be liver-specific, with no indication of the products being formed in the polymerase chain reactions using cDNA from kidney or any other organ tested besides liver (Choudhary et al., 2003; Choudhary et al., 2005). Although Cyp3a11 is quite ubiquitous in adult mouse tissues (Abbott et al., 2012; Choudhary et al., 2003), the level of its transcripts in liver was reported to be an order of magnitude higher relative to that in kidney (Choudhary et al., 2005). Similar differential transcript levels were also observed for Cyp3a13 between liver and kidney (Choudhary et al., 2005). The mouse cytochrome P450 Cyp3a16, like its putative human orthologue CYP3A7, was previously considered an exclusively fetal enzyme. However, more recent data demonstrated expression of these cytochromes in neonatal tissues (Casey & Blumberg, 2012; Li & Lampe, 2019; Sriwattanapong et al., 2017). In mice, expression of Cyp3a16 was observed in liver only and it decreased with increasing age (Casey & Blumberg, 2012). Thus, although mouse kidney tissues have a capacity to bioactivate AFB1, relative to liver, it is limited by repertoire and expression levels of these cytochrome P450s.              

[bookmark: _Hlk188436852][bookmark: _Hlk188436245]3.2. Kinetic analyses of the formation of oxidatively-induced DNA base damage in kidney
We have previously determined that 48 h post-exposure to either a 7.5 mg/kg dose of AFB1 or DMSO control, the levels of oxidatively-induced DNA base lesions in liver tissues were not affected by AFB1 exposure (Coskun et al., 2019). The measured DNA lesions included 8-OH-Gua, 8-hydroxyadenine (8-OH-Ade), FapyGua, FapyAde, thymine glycol (ThyGly), 5-hydroxycytosine (5-OH-Cyt), and 5-hydroxy-5-methylhydantoin (5-OH-5-MeHyd). However, since it has been widely postulated that aflatoxin-induced nephropathies proceed via ROS-induced damages, analyses were performed to detect these DNA lesions in kidney. The data revealed no evidence for the formation of oxidatively-induced DNA base damage following AFB1 exposure, with no changes in the levels being observed for any of these lesions or for modified 2′-deoxynucleosides R-cdA, S-cdA, R-cdG, and S-cdG in genomic DNAs of mice across all post-exposure times. The levels of the two main base damages, 8-OH-Gua and FapyGua that were detected in the kidneys of AFB1-treated mice are shown in Figure 4. Changes in the levels of FapyGua occurring between the 2 or 6 h time point and the 48 h time point are likely to be accounted for by ongoing DNA repair. To put these background levels of base damage in perspective, calf thymus DNA in aqueous solution was irradiated with 5 Gy and analyzed for levels of 8-OH-Gua and FapyGua. These data revealed that following subtraction of the background levels for both lesions, the 5 Gy dose yielded ≈61 8-OH-Gua /million DNA bases and ≈59 FapyGua /million DNA bases (data not shown). Thus, the levels of oxidatively-induced DNA base damages following an acute AFB1 exposure are ≈20-30 fold lower than those generated by a 5 Gy dose. 

4. Conclusions
[bookmark: _Hlk173503015][bookmark: _Hlk174455393]Our work presents, for the first time, the occurrence of AFB1–N7-Gua and trans-AFB1–FapyGua in the kidneys of mice following AFB1 treatment. The levels of these AFB1-adducts in kidneys are ≈100-fold lower than those in livers, consistent with low expression of activating P450 cytochromes in kidney tissues. Furthermore, we found no evidence for oxidatively-induced DNA damage in kidneys by measuring DNA base lesions such as 8-OH-Gua and FapyGua, and modified 2′-deoxynucleosides R-cdA, S-cdA, R-cdG, and S-cdG. Thus, our data also represent the first direct test of the aflatoxin-induced ROS hypothesis that has been suggested to account for nephropathies in a wide variety of animal models. The expectation of this hypothesis was that there would have been an abundance of oxidatively-induced DNA base damage given the acute exposures used herein. Although it is possible that ROS-generated DNA base damage could be limited to mitochondrial DNA, such an explanation is unlikely since we have recently measured AFB1-induced mutation spectra and frequencies in nuclear versus mitochondrial genomes and found that although mutagenesis was increased at >20-fold in nuclear DNA, no mutations above background levels could be detected in the mitochondrial DNA (Minko, Luzadder, et al., 2024). These data suggested that in mice, either AFB1 exposures do not enter the mitochondria, or that damaged mitochondrial genomes are rapidly degraded and replaced by non-damaged copies. Overall, despite decades of research investigations into the molecular basis of aflatoxin-induced diseases, there still remain unresolved mechanisms driving the overall pathologies.
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Table 1. Statistical analyses for group comparison. 


	[bookmark: _Hlk187659886]The p values calculated using Ordinary One-way ANOVA followed by Turkey's multiple comparison test
 (The p values in bold indicate statistically significant differences)

	Groups compared 
	Livers
	Kidneys

	
	AFB1-N7-Gua
	cis-AFB1-FapyGua
	trans-AFB1-FapyGua
	AFB1-N7-Gua
	trans-AFB1-FapyGua
	8-OH-Gua
	FapyGua

	Control vs 2 h post-exposure
	0.0005
	0.039
	0.020
	0.0002
	0.042
	0.72
	0.92

	Control vs 6 h post-exposure
	0.0013
	0.032
	0.028
	0.014
	0.044
	0.18
	0.40

	Control vs 48 h post-exposure
	0.97
	0.59
	0.036
	0.54
	0.11
	>0.99
	0.095

	2 vs 6 h post-exposure
	>0.99
	0.98
	>0.99
	0.28
	>0.99
	0.41
	0.51

	2 vs 48 h post-exposure
	0.0012
	0.41
	0.42
	0.004
	0.99
	0.74
	0.0053

	6 vs 48 h post-exposure
	0.0028
	0.32
	0.41
	0.19
	0.95
	0.13
	0.0011












Figure captions

Figure 1. Structures of the AFB1 DNA base lesions under investigation: AFB1–N7-Gua, cis-AFB1–FapyGua, and trans-AFB1–FapyGua. The positions of the 15N labels are indicated in the paired image. 

Figure 2. Levels of AFB1-induced DNA base adducts in DNA isolated from livers of untreated mice (control) and AFB1-treated mice at 2 h, 6 h, and 48 h post-exposure. A: AFB1–N7-Gua, B: cis-AFB1–FapyGua, and C: trans-AFB1–FapyGua. Mouse identification numbers are given on the X-axis. Uncertainties are standard deviations (n = 6). The p values for group comparisons are reported in Table 1 (columns 2-4).

Figure 3. Levels of AFB1-induced DNA base adducts in DNA isolated from kidneys of untreated mice (control) and AFB1-treated mice at 2 h, 6 h, and 48 h post-exposure. A: AFB1–N7-Gua, B: trans-AFB1–FapyGua. Mouse identification numbers are given on the X-axis. Uncertainties are standard deviations (n = 3). The p values for group comparisons are reported in Table 1 (columns 5 & 6).

Figure 4. Levels of oxidatively-induced DNA base lesions in DNA isolated from kidneys of untreated mice (control) and AFB1-treated mice at 2 h, 6 h, and 48 h post-exposure.  Panel A: 8-OH-Gua, Panel B: FapyGua. Mouse identification numbers are given on the X-axis. Uncertainties are standard deviations (n = 3). The p values for group comparisons are reported in Table 1 (columns 7 & 8).
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Fig. 4.
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