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Abstract: The plant extract aristolochic acid (AA), containing aristolochic acids I (AAI) and II (AAII)
as major components, causes aristolochic acid nephropathy (AAN) and Balkan endemic nephropathy
(BEN), unique renal diseases associated with upper urothelial cancer. Recently (Chemical Research
in Toxicology 33(11), 2804–2818, 2020), we showed that the in vivo metabolism of AAI and AAII
in Wistar rats is influenced by their co-exposure (i.e., AAI/AAII mixture). Using the same rat
model, we investigated how exposure to the AAI/AAII mixture can influence AAI and AAII DNA
adduct formation (i.e., AA-mediated genotoxicity). Using 32P-postlabelling, we found that AA-DNA
adduct formation was increased in the livers and kidneys of rats treated with AAI/AAII mixture
compared to rats treated with AAI or AAII alone. Measuring the activity of enzymes involved in
AA metabolism, we showed that enhanced AA-DNA adduct formation might be caused partially
by both decreased AAI detoxification as a result of hepatic CYP2C11 inhibition during treatment
with AAI/AAII mixture and by hepatic or renal NQO1 induction, the key enzyme predominantly
activating AA to DNA adducts. Moreover, our results indicate that AAII might act as an inhibitor of
AAI detoxification in vivo. Consequently, higher amounts of AAI might remain in liver and kidney
tissues, which can be reductively activated, resulting in enhanced AAI DNA adduct formation.
Collectively, these results indicate that AAII present in the plant extract AA enhances the genotoxic
properties of AAI (i.e., AAI DNA adduct formation). As patients suffering from AAN and BEN
are always exposed to the plant extract (i.e., AAI/AAII mixture), our findings are crucial to better
understanding host factors critical for AAN- and BEN-associated urothelial malignancy.

Keywords: aristolochic acid I; aristolochic acid II; aristolochic acid nephropathy; Balkan endemic
nephropathy; DNA adducts; aristolochic acid-mediated carcinogenesis; genotoxicity; cytochrome
P450; NAD(P)H:quinone oxidoreductase 1

1. Introduction

Aristolochic acid (AA) is the natural plant extract of both the Aristolochia and Asarum
genera of the family Aristolochiaceae, namely Aristolochia clematitis in particular in Europe [1].
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The plant extract consists of structurally related nitrophenanthrene carboxylic acids, with
aristolochic acid I (8-methoxy-6-nitro-phenanthro-(3,4-d)-1,3-dioxolo-5-carboxylic acid,
AAI) and aristolochic acid II (6-nitro-phenanthro-(3,4-d)-1,3-dioxolo-5-carboxylic acid,
AAII) being the major components (Figure 1). AAI and AAII are both mutagenic and geno-
toxic compounds [2–7]. In 2012, AA was classified as carcinogenic to humans (group 1)
by the International Agency for Research on Cancer (IARC), acting via a genotoxic mech-
anism [8]. Today, there is overwhelming evidence that human exposure to AA leads
to chronic renal disease and upper urothelial cancer (UUC), known as aristolochic acid
nephropathy (AAN) [8–10], which is now recognised as a global disease [10,11]. Further,
AA is also considered to be the cause of another chronic renal disease associated with
urothelial malignancy known as Balkan endemic nephropathy (BEN) [12–17].

Figure 1. Pathways of bioactivation and DNA adduct formation by AAI and AAII: 7-(deoxyadenosin-N6-yl)-aristolactam
I (dA-AAI); 7-(deoxyguanosin-N2-yl)-aristolactam I (dG-AAI); 7-(deoxyadenosin-N6-yl)-aristolactam II (dA-AAII); 7-
(deoxyguanosin-N2-yl)-aristolactam II (dG-AAII). See text for details.

AAI is considered to be responsible for AA-mediated nephropathy by directly causing
interstitial renal injury [18]; however, enzymatic activation of AAI to intermediates capable
of binding to DNA is a necessary reaction leading to AA-mediated genotoxicity and
malignant transformation [12–14,19–22] (Figure 1). Genotoxicity results not only from
enzymatic bioactivation of AAI but also from AAII [23–30]. Initial nitro reduction of AAI
and AAII to N-hydroxyaristolactam I (N-OH-Alac I) and N-hydroxyaristolactam II (N-
OH-Alac II), respectively, is required to exert their genotoxic properties. N-OH-Alac I and
II generate cyclic acylnitrenium ions capable of binding to DNA, preferentially forming
pre-mutagenic purine DNA adducts [23,24,31,32]. In the target tissues of AAN AND
BEN patients, 7-(deoxyadenosin-N6-yl)aristolactam I (dA-AAI) is the most abundant DNA
adduct detected [2,16,31–37]. This adduct also shows a long persistence in renal tissue of
the patients and is still detectable decades after AA exposure [32]. It causes characteristic
A:T→T:A transversion mutations, which have been found in high frequency in the whole
genome of urothelial tumours of AAN AND BEN patients, including critical genes of
carcinogenesis, such as the tumour suppressor gene TP53 [4,13,15,38–42].

Comparing DNA adduct formation with AAI and AAII in vivo, significantly higher
adduct levels were detected in several organs of rats and mice when treated with AAI
than with AAII [23,25,43,44]. Similar results were found in various enzymatic systems
in vitro [14,26–28,30,45]. These differences in the levels of AAI- and AAII-derived DNA
adducts found in vivo and in vitro might be caused by differences in the enzymatic con-
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version of both compounds, which lead to their activation (i.e., DNA adduct formation)
and detoxification.

Although the plant extract AA and its main components AAI and AAII are classified
as group 1 human carcinogens by IARC, there are still important questions which need to
be addressed to fully understand the underlying mechanisms involved in the development
of AAN AND BEN. One key question is how AAI and AAII contribute to the toxicity
(nephrotoxicity) or genotoxicity (carcinogenicity) of the plant extract, since only a small
proportion of AA-exposed individuals develop AAN/BEN and associated UUC. In this
context, it is noteworthy that the contents of AAs and their derivatives vary widely in
Aristolochia species growing both in Europe (Mediterranean) and Asia [1,46,47]. This may
cause different levels of (geno)toxicity in the individuals exposed to the plant extract AA.
Some Aristolochia plants contain more AAI, while in others AAII prevails, with amounts
of AAI and AAII ranging between 40 and 60% [1,47]. Consequently, the ratio of AAI to
AAII in the natural plant extract AA can impact on the results when tested in vitro and
in vivo; thus, investigating whether and how the ratios of AAI and AAII in plants influence
the in vivo metabolism of AAI and AAII and subsequently the formation of AAI- and
AAII-derived DNA adducts can help answer this question.

In this experimental model, rats were previously exposed to AAI, AAII and an
AAI/AAII mixture [48]. As part of a complex investigation, the first results showed that
the in vivo metabolism of AAI and AAII in rats is influenced by the presence of both AAs.
Exposure to the AAI/AAII mixture affected the generation of their urinary metabolites
formed by oxidation, reduction and conjugation reactions [48]. For instance, the reductive
(activation) metabolism of AAI was increased in the presence of AAII, while in the presence
of AAI the reductive metabolism of AAII decreased. These results suggested that increased
AAI bioactivation in the presence of AAII might also lead to increased AAI genotoxicity,
which critically impacts on AAI-mediated carcinogenesis; therefore, in the present study,
we investigated how exposure to the AAI/AAII mixture can influence AA-mediated geno-
toxicity (i.e., formation of AAI and AAII DNA adducts). For these reasons, we analysed
the formation of AAI- and AAII-derived DNA adducts in liver and kidney tissues of
rats treated with AAI, AAII or the AAI/AAII mixture by 32P-postlabelling. In addition,
since AA metabolism dictates the levels of AA-DNA adducts formed, we also examined
the activity of enzymes involved in AAI/AAII bioactivation and detoxification and how
enzyme activity levels are influenced when rats are exposed to AAI, AAII or the AAI/AAII
mixture. Specifically, we examined the activity of NAD(P)H:quinone oxidoreductase 1
(NQO1), a key enzyme involved in the reductive activation of AA. Further, we evaluated
cytochrome P450 (CYP) enzymes such as CYP1A1 and 1A2, which contribute not only to
the reductive activation of AA, but also to its oxidative detoxification. The consequences of
AA-mediated alternations in the activity levels of these enzymes on oxidation or reduction
of AAI and AAII and subsequent AAI- and AAII-derived DNA adduct formation in vitro
were also investigated.

2. Results
2.1. DNA Adduct Formation in Rats Treated with AAI, AAII or AAI/AAII Mixture

AAI and AAII DNA adduct formation was determined by 32P-postlabelling in liver and
kidney samples of male Wistar rats treated i.p. with a single dose of AAI (20 mg/kg bw),
AAII (20 mg/kg bw) or AAI/AAII mixture (containing each 20 mg/kg bw AAI and
AAII). The adduct patterns obtained by TLC 32P-postlabelling were distinct for each treat-
ment group but qualitatively similar in both rat organs. As shown in Figure 2A, the
adduct pattern induced by AAI consisted of two major adduct spots previously identi-
fied [23,25] as 7-(deoxyadenosin-N6-yl)-aristolactam I (dA-AAI) and 7-(deoxy- guanosin-
N2-yl)-aristolactam I (dG-AAI). Moreover, in kidney but not liver DNA samples, another
adduct spot (assigned as spot X) was detectable, the chemical structure of which has not yet
been elucidated. To allow comparison, adduct spot X was excluded from the quantification
of total AA-DNA adduct levels. After treatment with AAII, two major adduct spots were ob-
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served, which were previously identified [24,25] as 7-(deoxyadenosin-N6-yl)-aristolactam
II (dA-AAII) and 7-(deoxyguanosin-N2-yl)- aristolactam II (dG-AAII) (Figure 2B). After
exposure of rats to the AAI/AAII mixture, the adduct pattern consisted of 3 major adduct
spots. Two of the adduct spots were identified as dA-AAI and dA-AAII. The remaining
adduct spot was assigned to dG-AA consisting of dG-AAI and dG-AAII (overlapping
each other), which could not be distinctly separated on TLC under the chromatographic
conditions used (Figure 2C); thus, for the AAI/AAII mixture, only the total dG-AA was
quantified. Most AA-derived DNA adducts (i.e., dA-AAI, dG-AAI and dA-AAII) detected
in rats have also been found in urothelial tissue of AAN/BEN patients [2,16,29,31,33,34,36].
No AA-derived DNA adducts were found in liver and kidney DNA samples of untreated
(control) rats.

Figure 2. Representative autoradiograms of DNA adducts, measured by 32P-postlabelling, in kidney tissue samples of
rats treated with AAI (A), AAII (B) or AAI/AAII mixture (C). These profiles are representative of adduct pattern obtained
with DNA from liver tissue samples of the same rats. The origin (OR) on the TLC plate, shown in the bottom left-hand
corners, was cut off before imaging. Note:: 7-(deoxyadenosin-N6-yl)-aristolactam I (dA-AAI); 7-(deoxy- guanosin-N2-
yl)-aristolactam I (dG-AAI); 7-(deoxyadenosin-N6-yl)-aristolactam II (dA-AAII); 7-(deoxy- guanosin-N2-yl)-aristolactam
II (dG-AAII); dG-AA, mixture of dG-AAI and dG-AAII; X, unknown adduct whose chemical structure has not yet been
identified. Total DNA adduct levels measured by quantitative 32P-postlabelling analysis in liver (D) and kidney (E) tissues
of rats treated with AAI, AAII or AAI/AAII mixture. All values are given as the means ± SD (n = 2). Note the different
scaling levels when comparing AA-DNA adduct levels in liver and kidney tissue samples.

Generally, AA-DNA adduct levels were higher in the kidneys, the target organs of AAI
genotoxicity, than in the liver, the organ predominantly responsible for AA biotransforma-
tion (Figure 2D,E). While the total levels of DNA adducts induced by AAI and AAII in the
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liver were similar (~20 adducts per 108 nucleotides) (Figure 2D), adduct levels induced by
AAII in the kidneys were around 3-fold higher than those induced by AAI (~40 adducts per
108 nucleotides for AAI versus ~130 adducts per 108 nucleotides for AAII) (Figure 2E). In
both organs treated with the AAI/AAII mixture, the total AA-DNA adduct levels were up
to ~2.5-fold higher than the sum of the DNA adducts formed in rats treated with AAI and
AAII individually (Figure 2D,E); however, even more importantly, looking specifically at
dA-AAI and dA-AAII levels, the differences in adduct levels were even more striking. The
levels of dA-AAI were up to 4.5-fold higher in the organs of rats treated with the AAI/AAII
mixture than in rats exposed to AAI alone; therefore, an increase in the reductive activation
of AAI in rats in the presence of AAII, which leads to the formation of dA-AAI adducts,
may critically impact on AAI-mediated carcinogenesis, as this pre-mutagenic lesion causes
characteristic A:T→T:A transversion mutations in urothelial tumours of AAN/BEN pa-
tients [4,15,38]. In contrast, the levels of dA-AAII practically remained unchanged in the
organs of rats treated with the AAI/AAII mixture and in rats exposed to AAII alone.

2.2. Activity Levels of Biotransformation Enzymes in the Liver and Kidneys of Rats Treated with
AAI, AAII or AAI/AAII Mixture

Because NQO1 and CYP1A1/2 enzymes can reduce (i.e., activate) AAI and AAII,
their expression might dictate the formation of AA-DNA adducts; however, as CYP1A1/2
enzymes also oxidise AAI (i.e., detoxify AAI) but not AAII [49], their expression might
determine the balance between activation and detoxification pathways of AAI [14,19,20].
As such, we investigated whether the activity levels of these enzymes in the liver and
kidneys is influenced by treatment of rats with AAI, AAII or AAI/AAII mixture, thereby
affecting AAI and AAII DNA adduct formation in vivo (compare Figure 2). The activity
levels of these enzymes involved in AAI and AAII biotransformation were determined
using the marker substrates (reactions) (Figure 3).

Marker activity of the CYP1A (EROD) was detectable in both organs (Figure 3A,B). In
the liver, EROD activity was significantly induced in all treatment groups (1.2–1.6-fold),
with the highest induction level seen in rats treated with the AAI/AAII mixture (Figure 3A).
In the kidneys, EROD activity was strongly increased in rats treated with AAII, while in
rats exposed to AAI, either alone or in combination with AAII (i.e., AAI/AAII mixture), the
activity was actually significantly reduced (Figure 3B). MROD activity, a marker reaction
for CYP1A2, was found in the liver (Figure 3C) but showed very low amounts in the
kidneys (Figure 3D), confirming that CYP1A2 is almost exclusively a hepatic enzyme [50].
Treatment of rats with AAI, AAII or AAI/AAII mixture led to a significant increase in
MROD activity (up to 1.4-fold) in the liver but with no difference observed between the AA
treatment groups (Figure 3C). In the kidneys, AA treatment had no effect on MROD activity
(Figure 3D). Similar results were obtained when CYP1A1 enzyme activity was assessed
via the oxidation of Sudan I to its C-hydroxylated metabolites. In the liver, treatment with
AAI (1.9-fold) and AAII (1.6-fold) led to a significant induction of Sudan I oxidation; after
treatment with the AAI/AAII mixture, Sudan I oxidation was higher than in the controls
(untreated) but statistical significance was not reached (Figure 3E). In the kidneys, again
AA treatment had no effect on Sudan I oxidation (Figure 3F). The activity of POR was
increased in the liver samples of rats exposed to AAI or AAII, but not after treatment with
the AAI/AAII mixture (Figure 3G). The POR enzyme activity was decreased in kidney
samples of rats who received AA treatment relative to control (untreated) rats (Figure 3H).
POR not only acts as an electron donor in catalytic functions of CYPs, thereby modulating
the activity of CYP enzymes, but it is also able to reductively activate AAI, and to some
extent AAII [27,28,51]; however, the observed changes in POR caused by AA treatment did
not influence the activity of CYP1A1/2 (compare Figure 3A–F). In rat liver samples, the
major contribution to AAI oxidative detoxification to AAIa was attributed to the CYP2C
subfamily, particularly CYP2C6 (~17%) and 2C11 (~42%) [52]; therefore, the effects of AAI
and AAII on the specific activity of CYP2C were also investigated. The activity levels of
CYP2C6 in rat liver samples were increased (up to 1.8-fold) after treatment with AAI, AAII
and AAI/AAII mixture relative to control (untreated) rats (Figure 3J). Nevertheless, AAI
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and AAII treatment decreased the activity levels of CYP2C11 in hepatic microsomes, while
the greatest decrease (2-fold) was seen after treatment with AAI/AAII mixture (Figure 3I).

Treatment of rats with AAI, AAII and AAI/AAII mixture led to increased enzyme
activity of cytosolic NQO1 in both organs (Figure 3K,L). The effects of treatment of rats with
AAs were always higher in cytosols of the liver than the kidneys. In liver samples, NQO1
activity was the highest after treatment with AAI/AAII mixture (Figure 3K), whereas
in kidney samples, the strongest effect was seen in AAII-treated rats (Figure 3L). These
findings indicate that both AAI and AAII act as strong inducers of NQO1 in rats and that
the effect of hepatic NQO1 induction is further increased when both AAs are administered
together. The enzyme activity of hepatic sulfotransferase 1A1 (SULT1A1) was significantly
increased after treatment with AAII (1.6-fold) and AAI/AAII mixture (2.3-fold) (Figure 3M);
however, no significant effect on this enzyme activity was found in hepatic cytosols of
rats treated with only AAI. In kidney samples, AA treatment led to decreased (1.4-fold)
SULT1A1 enzyme activity in all treatment groups (Figure 3N).

Figure 3. Cont.
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Figure 3. Measurement of enzyme activity levels in microsomal and cytosolic fractions of livers (left
panels) and kidneys (right panels) from control (untreated) rats and rats treated with AAI, AAII,
or AAI/AAII mixture. CYP1A enzymatic activity in microsomal fractions as measured by EROD
activity (picomoles resorufin per minute per milligram protein) (A,B), MROD activity (picomoles re-
sorufin per minute per milligram protein) (C,D) or Sudan I oxidation (picomole total C-hydroxylated
metabolites per minute per milligram protein) (E,F). POR enzyme activity was measured as nmol
of cytochrome c/mg/minute (G,H). CYP2C11 enzyme activity was measured as testosterone 16α-
hydroxylation (picomoles 16α-hydroxytestosterone per minute per milligram protein) (I). CYP2C6
enzyme activity was measured as diclofenac 4′-hydroxylation (picomoles 4′-hydroxydiclofenac per
minute per milligram protein) (J). CYP2C11 and CYP2C6 activity was only measured in hepatic
microsomes. NQO1 enzyme activity was determined using menadione and cytochrome c as the
substrate and expressed as nanomoles cytochrome c/minutes/mg protein (K,L). SULT1A1 enzyme
activity was determined using a colorimetric assay with p-nitrophenol sulfate as the sulfo-donor
and is expressed as picomoles p-nitrophenol/minute/mg protein (M,N). All values are given as the
means ± SD (n = 3). Numbers above columns (‘F’) indicate fold changes in enzyme activity levels
compared to control (untreated). Comparison was performed by t-test analysis: * p < 0.05, ** p < 0.01,
*** p < 0.001, differences from control. Note different scaling when comparing enzymatic activity
levels in hepatic and renal microsomal or cytosolic fractions.
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2.3. AAIa Formation in Hepatic and Renal Microsomes Isolated from Rats Treated with AAI, AAII
or AAI/AAII Mixture

To study AAI detoxification, incubation with AAI in the presence of hepatic or renal
microsomes was carried out under aerobic conditions. All microsomes oxidised AAI to
AAIa, as demonstrated by one metabolite being detectable by HPLC (peak r.t. 24.329 min)
(Figure 4C). The amounts of AAIa were significantly increased in all treatment groups
in both organs (Figure 4A,B). In liver samples, microsomes from rats pre-treated with
AAI/AAII mixture produced the highest amount of AAIa (Figure 4A), while in kidney
samples pre-treatment with AAII resulted in the highest amount of AAIa (Figure 4B). In
hepatic microsomes, increased AAI demethylation after pre-treatment of rats with AAI,
AAII, or AAI/AAII mixture seemed to be paralleled by increased CYP1A enzyme activity.
In contrast, the results obtained in renal microsomes were complex. While the increase in
AAI demethylation after pre-treatment of rats with AAII appeared to parallel increased EROD
activity, decreases in EROD activity in the livers of rats treated with AAI or AAI/AAII mixture
did not correlate with the increased AAIa formation observed in these animals.

Figure 4. Oxidation of AAI to AAIa by microsomes of livers (A) and kidneys (B) from control
(untreated) rats and rats pre-treated with AAI, AAII, or AAI/AAII mixture. All values are given
as the means ± SD (n = 3). Numbers above columns (‘F’) indicate fold changes in AAIa levels
compared to control (untreated). Comparison was performed by t-test analysis: * p < 0.05, ** p < 0.01,
differences from control (untreated). Representative HPLC chromatographs of AAIa metabolite (peak
r.t. at 24.3 min) and AAI (peak r.t. at 37.7 min) produced by rat microsomes incubated with AAI and
NADPH (C). The peaks with the characteristic AAI metabolite (AAIa) and the parent AAI are indicated
in the chromatograms.
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2.4. DNA Adduct Formation by AAI and AAII Ex Vivo Involving Incubation with Hepatic and
Renal Microsomal and Cytosolic Fractions Isolated from Rats Treated with AAI, AAII or
AAI/AAII Mixture

In additional experiments, we investigated the ability of microsomal and cytosolic
fractions isolated from the livers and kidneys of rats treated with AAI, AAII or AAI/AAII
mixture to catalyse AAI- and AAII-derived DNA adduct formation. Microsomal and
cytosolic fractions from control (untreated) animals were used for comparison. NADPH-
dependent DNA adduct formation after AAI and AAII incubation with cytosols and
microsomes was used as a measure of AAI and AAII bioactivation by cytosolic NQO1 and
microsomal CYPs, respectively. In these experiments, the 32P-postlabelling assay was used
again to determine AA-DNA adduct formation. The adduct pattern found on the TLC
sheets when using incubations of hepatic and renal microsomes and cytosols with AAI and
AAII was qualitatively identical to those observed in vivo in liver and kidney tissues of rats
treated with either AAI or AAII (compare Figure 2A,B). After incubation with AAI, the
adduct pattern consisted of three adduct spots, namely dA-AAI, dG-AAI and dA-AAII. We
have shown previously that the dA-AAII adduct can also be generated from AAI, probably
via a demethoxylation reaction of AAI or dA-AAI [25,29]. For AAII, two adduct spots
were detected on TLC after incubation with cytosolic and microsomal fractions, namely
dA-AAII and dG-AAII. No DNA adducts were observed in control incubations carried out
in parallel.

The AAI-derived DNA adducts formed by hepatic and renal microsomes and cytosols
are shown in Figure 5, while the AAII-derived DNA adducts are shown in Figure 6. Total
AA-DNA adduct levels ranged from ~0.5 to 25 adducts per 108 nucleotides, with levels
being up to ~5-fold higher for DNA adducts generated by incubation with AAI than
AAII. Pre-treatment of rats with AAI, AAII or AAI/AAII mixture increased the levels of
AAI- and AAII-derived DNA adducts when AAI and AAII were incubated with DNA
and cytosolic subcellular fractions ex vivo. Increased AA-DNA adduct levels correlated
with NQO1 enzyme activity in cytosolic fractions (compare Figure 3K,L). The greatest
increases in total AA-DNA adduct levels were observed in hepatic cytosols isolated from
rats pre-treated with AAI/AAII mixture and incubated with AAI (10.9-fold; Figure 5C)
and AAII (11.9-fold; Figure 6C) compared to cytosols isolated from control (untreated) rats.
In contrast, total AA-DNA adduct levels were only 2-fold higher in renal cytosols isolated
from rats pre-treated with AAI/AAII mixture relative to control (untreated) rats, either in
incubation with AAI (Figure 5D) or AAII (Figure 6D).

Pre-treatment of rats with AAI, AAII or AAI/AAII mixture also led to enhanced
AA-DNA adduct formation (up to ~2-fold) in ex vivo hepatic or renal microsomal incuba-
tions with AAI (Figure 5A,B) and AAII (Figure 6A,B). For incubations with AAI or AAII
and hepatic microsomes, the increases in total AA-DNA adduct levels corresponded to
increased CYP1A enzyme activity levels (compare Figure 3A,C,E). For incubations with
AAI or AAII and renal microsomes, no such association was found.
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Figure 5. DNA adduct formation ex vivo by AAI in rat microsomal fractions of livers (A) and kidneys (B) from control
(untreated) rats and rats pre-treated with AAI, AAII or AAI/AAII mixture, as determined by 32P-postlabelling. DNA adduct
formation ex vivo by AAI in rat cytosolic fractions of livers (C) and kidneys (D) from control (untreated) and rats pre-treated
with AAI, AAII or AAI/AAII mixture, as determined by 32P-postlabelling. All values are given as the means ± SD (n = 3).
Numbers above columns (‘F’) indicate fold changes in DNA adduct levels compared to control (untreated). Comparison
was performed by t-test analysis: * p < 0.05, *** p < 0.001, differences from control (untreated). Note different scaling when
comparing AA-DNA adduct levels in microsomal and cytosolic fractions. Negative control incubations were performed
either (i) without cytosol or microsomes, (ii) without NADPH, (iii) without DNA or (iv) without AAI and were devoid of
DNA adducts.
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Figure 6. DNA adduct formation ex vivo by AAII in rat microsomal fractions of livers (A) and kidneys (B) from control
(untreated) and rats pre-treated with AAI, AAII or AAI/AAII mixture, as determined by 32P-postlabelling. DNA adduct
formation ex vivo by AAII in rat cytosolic fractions of livers (C) and kidneys (D) from control (untreated) and rats pre-treated
with AAI, AAII or AAI/AAII mixture, as determined by 32P-postlabelling. All values are given as the means ± SD (n = 3).
Numbers above columns (‘F’) indicate fold changes in DNA adduct levels compared to control (untreated). Comparison
was performed by t-test analysis: *** p < 0.001, differences from control (untreated). Note: Different scaling was used when
comparing AA-DNA adduct levels in microsomal and cytosolic fractions. Negative control incubations were performed
either (i) without cytosol or microsomes, (ii) without NADPH, (iii) without DNA or (iv) without AAI and were devoid of
DNA adducts.

3. Discussion

The extract of AA prepared from plants of the Aristolochiaceae family has been classi-
fied as carcinogenic to humans (group I) by the IARC [8]. It is responsible for two serious
renal diseases, AAN and BEN, both of which are associated with the development of upper
urothelial cancer [9–13,15–17]. Despite the known carcinogenic properties of AA [2–7], Aris-
tolochiaceae species are still used in traditional herbal medicine, particularly in Asia, where
potentially millions of people are exposed to the nephrotoxic and carcinogenic effects of
AA [11,39,53–59]. While AAI, the major component of the plant extract, has been identified
as a crucial factor for the development of UUC by inducing specific A:T→T:A transver-
sion mutations in the DNA of patients suffering from AAN and BEN [4,13,38,40,42], the
effects of the second major component, AAII, remain to better understood. Importantly,
AA genotoxicity is mediated not only via AAI, but also via AAII, which also forms DNA
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adducts in urothelial tissue of AAN patients and in target organs of experimental ani-
mals [23–30,33,34]. Considering the fact that patients suffering from AAN or BEN or users
of traditional herbal medicine are exposed to the natural mixture, which consists of both
AAI and AAII, it is of high importance to understand how AAI and AAII contribute to
AA-induced genotoxicity, how AAII can affect AAI metabolism and vice versa; however, no
comprehensive study has yet been carried out to our knowledge.

The aim of the present study was to investigate AAI and AAII metabolism, which are
pathways of oxidative detoxification and reductive bioactivation, resulting in AA-DNA
adduct formation in rats treated with AAI, AAII or AAI/AAII mixture. One key question
of this study was how enzymes participating in AAI biotransformation are affected by co-
exposure to AAII in vivo. Although previous studies showed AA-DNA adduct formation
24 h after administration, in the present study rats were sacrificed and analysed after 48 h
in order to simultaneously measure and identify AA metabolites in urine [48].

The ability of both AAs to form covalent DNA adducts was studied using the ultra-
sensitive 32P-postlabelling method, which was successfully employed previously and has
been proven to be a powerful tool for understanding pathways of AA biotransformation.
Our present study not only demonstrates the predictable formation of AA-DNA adducts
in all rat organs tested, as described previously [23,24,32,36,44,60–62], but importantly the
ability of AAII to enhance total AA-DNA adduct formation. The highest levels of AA-DNA
adducts were observed in the renal tissue samples of rats, confirming the kidneys as the
main target organs of genotoxicity, while the liver plays a role as the major biotransfor-
mation organ, particularly in the oxidative detoxification of AAI. Several studies have
found that DNA adduct formation caused by AAI is higher than that by AAII [18,23,25,44].
These findings were supported by other data showing that AAII is a poorer substrate of
biotransformation enzymes in vitro [26,27,30,45,49]; however, in the present study, total
AA-DNA adduct levels in the liver were similar after treatment with AAI and AAII, while
in the kidneys the total AA-DNA adduct levels were higher after treatment with AAII than
AAI. This discrepancy might be explained by the various experimental models, treatment
protocols and detection methods used or also by the different efficiency levels of enzymes
participating in the detoxification and activation of AAI and AAII. Nevertheless, a study in
gpt delta transgenic mice also showed that treatment with AAII induced higher levels of
AA-DNA adducts in the kidneys than treatment with AAI [63]. More importantly, levels
of dA-AAI adducts, which are known to be responsible for the induction of characteris-
tic A:T→T:A transversion mutations, were elevated 3.6- and 4.5-fold in liver and kidney
samples of rats treated with the AAI/AAII mixture compared to rats treated with AAI
alone; thus, the presence of AAII might critically impact on the reductive activation of
AAI to reactive cyclic acylnitrenium ions, thereby increasing AAI-DNA adduct formation.
Moreover, these results confirm the findings of our study measuring urinary metabolites,
which previously showed that AAII impacts AAI metabolism [48].

In the present study, AA-DNA adduct formation in vivo was overall in accordance
with activity levels of AA metabolising enzymes determined in hepatic and renal micro-
somal and cytosolic fractions. AA can increase both the protein expression and enzyme
activity level of cytosolic NQO1, the major enzyme reductively activating AA to reactive
N-hydroxyaristolactam-nitrenium ions, resulting in AA-DNA adducts [15,21,61,62,64–66].
This was confirmed in the present study, further demonstrating that exposure to AAI/AAII
mixture increased NQO1 activity by 1.5-fold in both hepatic and renal cytosols compared
to cytosols isolated from rats treated with AAI alone; however, the underlying mechanism
of NQO1 induction remains to be fully clarified. Some previous studies demonstrated that
NQO1 induction caused by several chemicals, such as 2,3,7,8-tetrachlorodibenzo[1,4]dioxine,
azodyes, butylated hydroquinones, Sudan I and III and polycyclic aromatic hydrocarbons,
is closely associated with the effects of reactive oxygen species (ROS) [67–72]. It is believed
that NQO1 is induced through the interactions of the transcription factor NRF2 with the
antioxidant response elements in the promoter region of their genes. The transcription
factor NRF2 is, under normal conditions, regulated by KEAP1, the protein targeting NRF2
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for degradation; however, the presence of the above-mentioned chemicals, including ROS,
causes the inactivation of KEAP1 protein, resulting in the accumulation of NRF2 in the
nucleus. Consequently, higher levels of NQO1 are expressed [67,73–75]. Interestingly, ROS
generation and oxidative damage to DNA were also described in some human cell lines
after AAI exposure [76,77]; thus, the production of ROS caused by the treatment of rats
with AAI (and AAII) might contribute to NQO1 induction.

The crucial role of NQO1 in AAI bioactivation in vivo and in vitro was described in
previous studies [15,21,61,62,64–66]. Although the results of the present study indicate that
NQO1 is responsible for the enhanced AA-DNA adduct formation in vivo, the increases in
the levels of AA-DNA adducts formed in the kidneys and livers of the rats treated with
AAI/AAII mixture compared to those treated with AAI alone does not fully correspond to
the NQO1 enzyme activity detected in the renal and hepatic cytosols of these rats; thus,
other mechanisms may contribute to the elevated levels of AA-DNA adducts in the liver
and kidneys. This could include the ability of AAII to affect the oxidative detoxification
of AAI. The oxidative metabolism of AAII has not been studied in detail, although this
compound is present in high concentrations in some Aristolochia species and may even
exceed the concentration of AAI [1,46,47]. Some studies assumed higher genotoxicity of
AAII than AAI [63] and indicated that AAII induces more severe kidney and liver dys-
function [78]; however, other studies have demonstrated that AAII is not metabolised
to AAIa in vitro, unlike AAI [49], and using the same rat model we previously showed
that the major detoxification metabolites found in the urine were N-hydroxyaristolactam
II and 7-hydroxyaristolactam II [48]. These findings indicate that AAII metabolism via
activation is preferred to the oxidation pathway. Moreover, another study showed that
AAII is capable of acting as a competitive inhibitor of AAI detoxification catalysed by
CYP enzymes in vitro, with an inhibition constant (Ki) of 11.3 µM [49]; hence, AAII might
interfere in AAI detoxification, albeit it is itself not metabolised via these reactions. Subse-
quently, insufficient AAI detoxification might result in higher AAI concentrations in tissues,
meaning more AAI is available for activation to cyclic acylnitrenium intermediates leading
to AAI DNA adduct formation. Indeed, the inhibition of detoxification resulting in higher
AAI concentrations available for reductive activation was found previously [61,62]. We
suggest that this phenomenon might have occurred in the present study, i.e., the biotrans-
formation of AAI resulting in increased AA-DNA adduct levels detected in vivo. According
to previous results obtained during the first phase of our study, the levels of AAIa and aris-
tolactam Ia, the main detoxification metabolites of AAI, found in the urine of rats treated
with AAI/AAII mixture were ~2-3-fold decreased on the first day after administration
compared to those treated with AAI alone [48].

The activation of AAI resulting in AA-DNA-adduct formation might also be mod-
ulated by the limited ability to detoxify AAI to AAIa [61,62]. Oxidative detoxification
of AAI to the demethylated product AAIa has been investigated in detail in previous
studies that identified CYP1A and CYP2C as the main enzymes catalysing these reactions
in rats [20,52,79–89]. In the present study, enzymatic activity levels of CYP1A1/2 were
determined using marker reactions, namely EROD for CYP1A, MROD for CYP1A2 and
Sudan I oxidation for CYP1A1. The results demonstrated increased levels of CYP1A1/2
activity levels in the liver after treatment with AAI, AAII or AAI/AAII mixture. These
findings suggest that there is increased capability of AAI detoxification in rat liver; however,
although the most effective enzymes detoxifying AAI in rats and humans are CYP1A1 and
CYP1A2 [79,81,82], the protein expression levels of these enzymes in the rat liver are very
low (~2%) [90]. As such, the real contribution of the CYP1A subfamily to AAI detoxification
in this organ is less significant than the contributions of other CYP enzymes. Specifically,
enzymes of the CYP2C subfamily account for up to 55% of total CYP enzymes in rat
liver [90] and are predominantly involved in AAI detoxification, particularly CYP2C11,
which contributes up to 42% [52]. CYP2C11 is typically expressed in male rats [91] and
represents approximately 50% of the CYP2C subfamily in the liver [92,93]; hence, the
participation of CYP2C11 in the oxidative detoxification of AAI in rats is crucial for AAI
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metabolism and must be taken into consideration. Indeed, combined exposure of the
rats to AAI and AAII (i.e., AAI/AAII mixture) resulted in a significant decrease (2-fold)
in CYP2C11 enzyme activity compared to control (untreated) rats. Moreover, CYP2C11
activity decreased by 20% relative to the rats exposed to AAI alone. Furthermore, POR en-
zyme activity in hepatic microsomes did not change after treatment of rats with AAI/AAII
mixture relative to control (untreated) rats, whereas it increased ~2-fold when rats were
treated with AAI alone. POR is an essential component of the CYP monooxygenase system,
where it supplies 2 electrons for CYP-mediated activation of the oxygen [94–97]. As such,
decreased POR enzyme activity after treatment with AAI/AAII mixture might also contribute
to less detoxification of AAI, thereby increasing AA-DNA adduct formation in rats.

On the other hand, both AAI and AAII induced enzyme activity levels of other detox-
ification enzymes in hepatic microsomes of treated rats, such as CYP2C6 and CYP1A.
Although the contents of these enzymes are lower in the rat liver (10% CYP2C6 and 2%
CYP1A), their contribution to AAI oxidation in rat liver is not negligible (both at ~17%) [52].
Here, the ability to oxidatively O-demethylate AAI to AAIa was demonstrated in vitro
using hepatic and renal microsomes. Our results were in accordance with the elevated
enzymatic activity levels of CYP1A1/2 and 2C6 determined in hepatic and renal micro-
somes isolated from rats treated with AAI or AAII. In hepatic microsomes, higher levels of
AAIa were formed, confirming that the liver is the main organ responsible for AAI detoxi-
fication, as described previously [20,52,79,81–84,86,89]. Preliminary findings examining
the hydroxylation of AAII to AAIa by hepatic and renal microsomes in vitro indicated that
no hydroxylated (detoxification) product is formed (Stiborova et al., unpublished data).
These findings are in agreement with previous studies [49] and our recent data showing
that no AAIa was detectable in the urine of AAII-treated rats [48]. This indicates that
AAII is metabolised specifically via the reduction pathway, ultimately leading to DNA
adduct formation.

While the treatment with AAI or AAII alone resulted in similar increases in AAIa
formation (~1.5-fold) in hepatic microsomes compared to control (untreated) rats, treatment
with AAI/AAII mixture led to a greater increase (almost 2-fold). This indicates that despite
the inhibition of CYP2C11 enzyme activity leading to a considerable decrease in AAI detox-
ification in the rat liver, treatment with AAI/AAII mixture positively affects CYP enzymes
detoxifying AAI, particularly CYP1A1 and 1A2. Nevertheless, both CYP1A1 and 1A2 play
a dual role in AA metabolism, since they are capable of both detoxifying and activating
AAI. Previous studies have highlighted this phenomenon using genetically modified exper-
imental animals (e.g., Cyp1a knockout mice), recombinant enzymes, specific inhibitors and
inducers, in silico approaches and site-directed mutagenesis [52,60,61,79,82,86,87,98,99]. As
such, we also tested the ability of microsomes to reductively activate AAI and AAII (i.e.,
catalyse AA-DNA adduct formation) ex vivo. Elevated levels of AA-DNA adducts were
generated ex vivo in hepatic or renal microsomes when DNA was incubated with AAI or
AAII. Increased AA-DNA adduct formation corresponded to the determined CYP enzyme
activity, particularly in hepatic microsomes; however, while CYP1A1/2 mediated AA-DNA
adduct formation in microsomes, in cytosols, AA-DNA adduct formation was mediated by
NQO1. NQO1 enzyme activity was found to be elevated both in hepatic and renal cytosols
isolated from rats pre-treated with AAI, AAII or AAI/AAII mixture.

To summarise, our study has demonstrated increased AA-DNA adduct formation
in the livers and kidneys of the rats treated with AAI/AAII mixture compared to rats
treated with AAI or AAII alone. Enhanced AA-DNA adduct formation might be caused
partially by both decreased AAI detoxification as a result of CYP2C11 inhibition during
treatment with AAI/AAII mixture and by NQO1 induction, the key enzyme predominantly
activating AA to DNA adducts. Moreover, our results indicate that AAII might act as an
inhibitor of AAI detoxification in vivo, while AAII itself is not oxidatively detoxified by
CYP enzymes to AAIa in rats. Consequently, higher amounts of AAI might remain in liver
and kidney tissues, which can be reductively activated, resulting in enhanced AAI-DNA
adduct formation. The complex cellular responses observed during AAI biotransformation
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in the presence of AAII are summarised in Figure 7. These results indicate that AAII present
in the plant extract AA enhances the genotoxic properties of AAI (i.e., AAI DNA adduct
formation). As patients suffering from AAN or BEN are exposed to the plant extract (i.e.,
AAI/AAII mixture), our findings are crucial to better understanding the host factors critical
for AAN- and BEN-associated urothelial malignancy. Collectively, our results highlight that
more attention should be given to AAII when mechanisms underlying AAI carcinogenesis
of the plant extract AA are being examined.

Figure 7. Schematic summary showing the effects of the presence of AAII on AAI-derived DNA adduct
formation in the liver and kidneys in rats. Higher NQO1 induction in rats pre-treated with AAI/AAII
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mixture compared to rats pre-treated with AAI alone leads to increased AAI-derived DNA adduct
formation (i.e., dA-AAI) ex vivo in rat hepatic cytosolic incubations with AAI; no change was
observed in incubations with rat renal cytosols. AAIa formation was slightly increased in rat
hepatic microsomes isolated from rats pre-treated with AAI/AAII mixture compared to rats pre-
treated with AAI alone and incubated ex vivo with AAI. No differences in AAIa formation were
observed in renal microsomes. Higher induction of NQO1 in livers and kidneys of rats treated with
AAI/AAII mixture combined with hepatic CYP2C11 inhibition relative to rats treated with AAI alone
leads to increased AAI-derived DNA adduct formation (i.e., dA-AAI) in vivo. Collectively, these
results indicate that AAII present in the plant extract AA enhances the genotoxic properties of AAI
(i.e., AAI DNA adduct formation). ‘F’ indicates fold increases in rats (pre)treated with AAI/AAII
mixture compared to animals treated with AAI alone. Comparison was performed by t-test analysis:
** p < 0.01, *** p < 0.001. NS, not significant.

4. Materials and Methods
4.1. Carcinogens

AAI (CAS number 313-67-7) and AAII (CAS number 475-80-9) were purified from
the commercially available plant extract AA (Sigma, St Louis, MO, USA) by reverse-phase
chromatography as reported previously [44]. The purity levels of AAI and AAII (as
sodium salts) were checked by mass spectrometry (MS). High-resolution MS data were in
agreement with data published previously [44].

4.2. Animal Treatment and Sample Preparation

The study was conducted as described previously [48] in accordance with the Reg-
ulations for the Care and Use of Laboratory Animals (419/2012, Ministry of Agriculture,
Czech Republic), which is in compliance with the Declaration of Helsinki. Briefly, groups of
male Wistar rats (~150–170 g, 5 weeks old; n = 3/group) were treated i.p. with a single dose
of either 20 mg/kg body weight (bw) AAI, 20 mg/kg bw AAII or 20 mg/kg bw of AAI plus
20 mg/kg bw of AAII (AAI/AAII mixture). Animals in the control groups received the
vehicle (corn oil) only. After administration, rats were housed in metabolic cages, which
allowed the separated collection of urine and faeces. The results of these investigations
were published previously [48]. On the second day after treatment, animals were sacrificed
by cervical dislocation. Liver and kidney tissues were collected immediately, frozen in
liquid nitrogen and stored at −80 ◦C. DNA samples from liver and kidney tissues used
for DNA adduct analyses by 32P-postlabelling were isolated by phenol–chloroform extrac-
tion [31]. DNA quantity levels were assessed by UV-VIS spectrophotometry on a Carry 300
spectrophotometer (Varian, Palo Alto, CA, USA). Microsomes and cytosols were isolated
from the rat tissues by procedures described previously [100,101]. Protein concentrations
in the microsomal and cytosolic fractions were determined using the bicinchoninic acid
protein assay with bovine serum albumin as a standard. Pooled microsomal and cytosolic
samples (n = 3 rats/group) were used in further experiments. All microsomal and cytosolic
samples were free of residual AAI, AAII or AAI/AAII metabolites, as determined by
HPLC [79].

4.3. DNA Adduct Analysis by 32P-Postlabelling

The nuclease P1 enrichment version of 32P-postlabelling analysis with separation by
thin-layer chromatography (TLC) on polyethylenimine–cellulose (PEI) plates was carried
out as described previously [31,102]. TLC sheets were scanned using Instant Imager
technology and DNA adduct levels (RAL, relative adduct labelling) were calculated as
reported. AAI- and AAII-derived DNA adducts were identified using reference standards
as described previously [31].
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4.4. Enzyme Activity Assays

In hepatic and renal cytosols, NQO1 activity was measured using menadione (2-
methyl-1,4-naphthoquinone) as a substrate; the assay was improved by the addition
of cytochrome c and NQO1 activity, expressed as nmol cytochrome c reduced [79,99].
SULT1A1 enzyme activity was monitored by the formation of p-nitrophenol from a 5′-
phosphoadenosine 3′-phosphosulfate (PAPS)-regenerating system [44,103,104]. Microsomal
samples were characterised for specific CYP1A1/2 and 1A2 activity levels, namely ethoxyre-
sorufin O-deethylation (EROD) for CYP1A1/2 and methoxyresorufin O-demethylation
(MROD) for CYP1A2 [105]. CYP1A1 enzyme activity was also determined as the capability
for Sudan I hydroxylation to 4′-hydroxy-, 6-hydroxy- and 4′,6-dihydroxy-Sudan I [106].
CYP enzyme activity can be modulated by cytochrome P450 oxidoreductase (POR), the elec-
tron donor to CYP enzymes. POR enzyme activity was determined using cytochrome c as
a substrate [82,107]. The specific activity levels of CYP2C6 and 2C11 in hepatic microsomes
only were characterised by their marker reaction, namely diclofenac 4′-hydroxylation and
testosterone 16α-hydroxylation, respectively [108,109].

4.5. Microsomal Incubation to Study AAI Demethylation

Incubation mixtures contained 100 mM potassium phosphate buffer (pH 7.4), 1 mM
NADPH, 0.5 mg rat hepatic or renal microsomal protein (microsomes of untreated (con-
trol) rats or rats treated with AAI, AAII or AAI/AAII mixture) and 10 µM AAI in a final
volume of 500 µL, which were incubated at 37 ◦C for 10 min. AAI oxidation to AAIa
was determined to be linear up to 25 min. Control incubations were carried out either (i)
without microsomes, (ii) without NADPH or (iii) without AAI. AAI and its metabolite AAIa
were separated by reverse-phase HPLC, identified by mass spectrometry and quantified
as described previously [79]. Briefly, HPLC was carried out with a Nucleosil 100-5 C18,
250 × 4.0 mm, 5 mm (Macherey–Nagel) column, using a linear gradient of acetonitrile
(20 to 60% acetonitrile in 55 min) in 100 mM triethylamonium acetate with a flow rate of
0.5 mL/minutes. A Dionex HPLC pump P580 with a UV/VIS UVD 170S/340S spectropho-
tometer detector set to 254 nm was used. Peaks were integrated with CHROMELEON™
6.01 integrator. A peak eluting at a retention time (r.t.) of 24.329 min was identified as
AAIa using mass spectroscopy analysis [79]. A typical HPLC chromatogram is shown in
Figure 4C.

4.6. Cytosolic and Microsomal Formation of AAI- and AAII-Derived DNA Adducts

The de-aerated and nitrogen-purged cytosolic or microsomal incubation mixtures
contained 50 mM Tris-HCl buffer (pH 7.4), 0.2% Tween 20, 1 mM NADPH, 0.5 mg rat
hepatic or renal protein (i.e., either cytosols or microsomes isolated from untreated rats
or rats treated with AAI, AAII or AAI/AAII mixture) and 0.5 mg calf thymus DNA
(2 mM dNp), as well as 0.5 mM AAI, AAII or both in a final volume of 750 µL. Incubations
with cytosols or microsomes were performed at 37 ◦C for 60 min. AAI- and AAII-derived
DNA adduct formation was found to be linear up to 2 h [51,110]. Control incubations were
performed either (i) without cytosol or microsomes, (ii) without NADPH, (iii) without
DNA or (iv) without AAI or AAII. After extraction with ethyl acetate, DNA was isolated
from the residual water phase by the phenol–chloroform extraction method, as described
above. DNA adduct analyses using 32P-postlabelling were performed as described above.

4.7. Statistical Analyses

Statistical data analysis was performed used Student’s t-test. All p-values were two-
tailed and considered significant at the 0.05 level.

Author Contributions: Conceptualisation, M.S. and F.B.; experimental work, M.S., F.B., A.D., M.B.
Š.D., J.M., P.H. and V.M.A.; analysis and interpretation of the data, M.S., F.B. and V.M.A.; writing—
original draft preparation, M.S., V.M.A. and F.B.; writing—review and editing, V.M.A., F.B., P.H.,
H.H.S. and J.M.; supervision, M.S.; funding acquisition, M.S. All authors have read and agreed to the



Int. J. Mol. Sci. 2021, 22, 10479 18 of 22

published version of the manuscript, except M.S., who passed away before the manuscript could
be completed.

Funding: This research was supported by Grant Agency of the Czech Republic (grant 18-10251S).

Institutional Review Board Statement: The study was conducted in accordance with the Act on
the Protection of Animals against Cruelty (246/1992) and the Regulations for the Care and Use of
Laboratory Animals (419/2012, Ministry of Agriculture, Czech Republic), which is in compliance
with the Declaration of Helsinki. Experimental protocol 48/2015 was approved by Ministry of Health
of the Czech Republic (29 July 2015).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This article offers new insights into the topic of aristolochic-acid-mediated
carcinogenesis, which was a matter of the heart for Marie Stiborová. Sadly, she passed away
shortly after her seventieth birthday before the manuscript could be completed. Stiborová was an
inspirational scientist, outstanding teacher and a dedicated mentor to many young scientists. She is
greatly missed.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Heinrich, M.; Chan, J.; Wanke, S.; Neinhuis, C.; Simmonds, M.S.J. Local Uses of Aristolochia Species and Content of Nephrotoxic

Aristolochic Acid 1 and 2-A Global Assessment Based on Bibliographic Sources. J. Ethnopharmacol. 2009, 125, 108–144. [CrossRef]
2. Arlt, V.M.; Stiborova, M.; Schmeiser, H.H. Aristolochic Acid as a Probable Human Cancer Hazard in Herbal Remedies: A Review.

Mutagenesis 2002, 17, 265–277. [CrossRef]
3. Nik-Zainal, S.; Kucab, J.E.; Morganella, S.; Glodzik, D.; Alexandrov, L.B.; Arlt, V.M.; Weninger, A.; Hollstein, M.; Stratton, M.R.;

Phillips, D.H. The Genome as a Record of Environmental Exposure. Mutagenesis 2015, 30, 763–770. [CrossRef] [PubMed]
4. Kucab, J.E.; Zou, X.; Morganella, S.; Joel, M.; Nanda, A.S.; Nagy, E.; Gomez, C.; Degasperi, A.; Harris, R.; Jackson, S.P.; et al.

A Compendium of Mutational Signatures of Environmental Agents. Cell 2019, 177, 821–836.e16. [CrossRef]
5. Matsumura, S.; Sato, H.; Otsubo, Y.; Tasaki, J.; Ikeda, N.; Morita, O. Genome-Wide Somatic Mutation Analysis via Hawk-SeqTM

Reveals Mutation Profiles Associated with Chemical Mutagens. Arch. Toxicol. 2019, 93, 2689–2701. [CrossRef] [PubMed]
6. Elhajouji, A.; Hove, T.T.; O’Connell, O.; Martus, H.; Dertinger, S.D. Pig-a Gene Mutation Assay Study Design: Critical Assessment

of 3- versus 28-Day Repeat-Dose Treatment Schedules. Mutagenesis 2020, 35, 349–358. [CrossRef]
7. Volkova, N.V.; Meier, B.; González-Huici, V.; Bertolini, S.; Gonzalez, S.; Vöhringer, H.; Abascal, F.; Martincorena, I.; Campbell,

P.J.; Gartner, A.; et al. Mutational Signatures Are Jointly Shaped by DNA Damage and Repair. Nat. Commun. 2020, 11, 2169.
[CrossRef]

8. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans Pharmaceuticals. A Review of Human Carcinogens.
IARC Monogr. Eval. Carcinog. Risks Hum. 2012, 100, 1–401.

9. Gökmen, M.R.; Cosyns, J.-P.; Arlt, V.M.; Stiborová, M.; Phillips, D.H.; Schmeiser, H.H.; Simmonds, M.S.J.; Cook, H.T.; Vanher-
weghem, J.-L.; Nortier, J.L.; et al. The Epidemiology, Diagnosis, and Management of Aristolochic Acid Nephropathy: A Narrative
Review. Ann. Intern. Med. 2013, 158, 469–477. [CrossRef] [PubMed]

10. Grollman, A.P. Aristolochic Acid Nephropathy: Harbinger of a Global Iatrogenic Disease. Environ. Mol. Mutagen. 2013, 54, 1–7.
[CrossRef]

11. Debelle, F.D.; Vanherweghem, J.-L.; Nortier, J.L. Aristolochic Acid Nephropathy: A Worldwide Problem. Kidney Int. 2008, 74,
158–169. [CrossRef]

12. Arlt, V.M.; Stiborová, M.; vom Brocke, J.; Simões, M.L.; Lord, G.M.; Nortier, J.L.; Hollstein, M.; Phillips, D.H.; Schmeiser, H.H.
Aristolochic Acid Mutagenesis: Molecular Clues to the Aetiology of Balkan Endemic Nephropathy-Associated Urothelial Cancer.
Carcinogenesis 2007, 28, 2253–2261. [CrossRef] [PubMed]

13. Grollman, A.P.; Shibutani, S.; Moriya, M.; Miller, F.; Wu, L.; Moll, U.; Suzuki, N.; Fernandes, A.; Rosenquist, T.; Medverec, Z.;
et al. Aristolochic Acid and the Etiology of Endemic (Balkan) Nephropathy. Proc. Natl. Acad. Sci. USA 2007, 104, 12129–12134.
[CrossRef] [PubMed]

14. Stiborová, M.; Frei, E.; Arlt, V.M.; Schmeiser, H.H. Metabolic Activation of Carcinogenic Aristolochic Acid, a Risk Factor for
Balkan Endemic Nephropathy. Mutat. Res. 2008, 658, 55–67. [CrossRef] [PubMed]

15. Stiborová, M.; Arlt, V.M.; Schmeiser, H.H. Balkan Endemic Nephropathy: An Update on Its Aetiology. Arch. Toxicol. 2016, 90,
2595–2615. [CrossRef] [PubMed]

16. Schmeiser, H.H.; Kucab, J.E.; Arlt, V.M.; Phillips, D.H.; Hollstein, M.; Gluhovschi, G.; Gluhovschi, C.; Modilca, M.; Daminescu,
L.; Petrica, L.; et al. Evidence of Exposure to Aristolochic Acid in Patients with Urothelial Cancer from a Balkan Endemic
Nephropathy Region of Romania. Environ. Mol. Mutagen. 2012, 53, 636–641. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jep.2009.05.028
http://doi.org/10.1093/mutage/17.4.265
http://doi.org/10.1093/mutage/gev073
http://www.ncbi.nlm.nih.gov/pubmed/26443852
http://doi.org/10.1016/j.cell.2019.03.001
http://doi.org/10.1007/s00204-019-02541-3
http://www.ncbi.nlm.nih.gov/pubmed/31451845
http://doi.org/10.1093/mutage/geaa014
http://doi.org/10.1038/s41467-020-15912-7
http://doi.org/10.7326/0003-4819-158-6-201303190-00006
http://www.ncbi.nlm.nih.gov/pubmed/23552405
http://doi.org/10.1002/em.21756
http://doi.org/10.1038/ki.2008.129
http://doi.org/10.1093/carcin/bgm082
http://www.ncbi.nlm.nih.gov/pubmed/17434925
http://doi.org/10.1073/pnas.0701248104
http://www.ncbi.nlm.nih.gov/pubmed/17620607
http://doi.org/10.1016/j.mrrev.2007.07.003
http://www.ncbi.nlm.nih.gov/pubmed/17851120
http://doi.org/10.1007/s00204-016-1819-3
http://www.ncbi.nlm.nih.gov/pubmed/27538407
http://doi.org/10.1002/em.21732
http://www.ncbi.nlm.nih.gov/pubmed/22987305


Int. J. Mol. Sci. 2021, 22, 10479 19 of 22
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the Liver Microsomal CYP2C11 and CYP2C6 Expression in Male Wistar Rats. Xenobiotica Fate Foreign Compd. Biol. Syst. 2012, 42,
731–736. [CrossRef]

94. Goeptar, A.R.; Scheerens, H.; Vermeulen, N.P. Oxygen and Xenobiotic Reductase Activities of Cytochrome P450. Crit. Rev. Toxicol.
1995, 25, 25–65. [CrossRef] [PubMed]

95. Hanukoglu, I. Electron Transfer Proteins of Cytochrome P450 Systems. Adv. Mol. Cell Biol. 1996, 14, 29–56. [CrossRef]
96. Laursen, T.; Jensen, K.; Møller, B.L. Conformational Changes of the NADPH-Dependent Cytochrome P450 Reductase in the

Course of Electron Transfer to Cytochromes P450. Biochim. Biophys. Acta 2011, 1814, 132–138. [CrossRef] [PubMed]
97. Pudney, C.R.; Khara, B.; Johannissen, L.O.; Scrutton, N.S. Coupled Motions Direct Electrons along Human Microsomal P450

Chains. PLoS Biol. 2011, 9, e1001222. [CrossRef]
98. Jerabek, P.; Martinek, V.; Stiborova, M. Theoretical Investigation of Differences in Nitroreduction of Aristolochic Acid I by

Cytochromes P450 1A1, 1A2 and 1B1. Neuro Endocrinol. Lett. 2012, 33 (Suppl. S3), 25–32.
99. Levova, K.; Moserova, M.; Nebert, D.W.; Phillips, D.H.; Frei, E.; Schmeiser, H.H.; Arlt, V.M.; Stiborova, M. NAD(P)H:Quinone

Oxidoreductase Expression in Cyp1a-Knockout and CYP1A-Humanized Mouse Lines and Its Effect on Bioactivation of the
Carcinogen Aristolochic Acid I. Toxicol. Appl. Pharmacol. 2012, 265, 360–367. [CrossRef]

100. Stiborová, M.; Stiborová-Rupertová, M.; Borek-Dohalská, L.; Wiessler, M.; Frei, E. Rat Microsomes Activating the Anticancer Drug
Ellipticine to Species Covalently Binding to Deoxyguanosine in DNA Are a Suitable Model Mimicking Ellipticine Bioactivation in
Humans. Chem. Res. Toxicol. 2003, 16, 38–47. [CrossRef]

101. Stiborová, M.; Miksanová, M.; Sulc, M.; Rýdlová, H.; Schmeiser, H.H.; Frei, E. Identification of a Genotoxic Mechanism for the
Carcinogenicity of the Environmental Pollutant and Suspected Human Carcinogen O-Anisidine. Int. J. Cancer 2005, 116, 667–678.
[CrossRef]

102. Schmeiser, H.H.; Stiborova, M.; Arlt, V.M. 32P-Postlabeling Analysis of DNA Adducts. Methods Mol. Biol. Clifton NJ 2013, 1044,
389–401. [CrossRef]

103. Frame, L.T.; Ozawa, S.; Nowell, S.A.; Chou, H.C.; DeLongchamp, R.R.; Doerge, D.R.; Lang, N.P.; Kadlubar, F.F. A Simple
Colorimetric Assay for Phenotyping the Major Human Thermostable Phenol Sulfotransferase (SULT1A1) Using Platelet Cytosols.
Drug Metab. Dispos. Biol. Fate Chem. 2000, 28, 1063–1068. [PubMed]

104. Krais, A.M.; Speksnijder, E.N.; Melis, J.P.M.; Singh, R.; Caldwell, A.; Gamboa da Costa, G.; Luijten, M.; Phillips, D.H.; Arlt,
V.M. Metabolic Activation of 2-Amino-1-Methyl-6-Phenylimidazo [4,5-b]Pyridine and DNA Adduct Formation Depends on P53:
Studies in Trp53(+/+),Trp53(+/−) and Trp53(−/−) Mice. Int. J. Cancer 2016, 138, 976–982. [CrossRef] [PubMed]

105. Burke, M.D.; Thompson, S.; Weaver, R.J.; Wolf, C.R.; Mayer, R.T. Cytochrome P450 Specificities of Alkoxyresorufin O-Dealkylation
in Human and Rat Liver. Biochem. Pharmacol. 1994, 48, 923–936. [CrossRef]

106. Stiborová, M.; Martínek, V.; Rýdlová, H.; Hodek, P.; Frei, E. Sudan I Is a Potential Carcinogen for Humans: Evidence for Its
Metabolic Activation and Detoxication by Human Recombinant Cytochrome P450 1A1 and Liver Microsomes. Cancer Res. 2002,
62, 5678–5684. [PubMed]

107. Arlt, V.M.; Stiborova, M.; Hewer, A.; Schmeiser, H.H.; Phillips, D.H. Human Enzymes Involved in the Metabolic Activation of the
Environmental Contaminant 3-Nitrobenzanthrone: Evidence for Reductive Activation by Human NADPH:Cytochrome P450
Reductase. Cancer Res. 2003, 63, 2752–2761.

108. Kobayashi, K.; Urashima, K.; Shimada, N.; Chiba, K. Substrate Specificity for Rat Cytochrome P450 (CYP) Isoforms: Screening
with CDNA-Expressed Systems of the Rat. Biochem. Pharmacol. 2002, 63, 889–896. [CrossRef]

109. Yamazaki, H.; Shimizu, M.; Nagashima, T.; Minoshima, M.; Murayama, N. Rat Cytochrome P450 2C11 in Liver Microsomes
Involved in Oxidation of Anesthetic Agent Propofol and Deactivated by Prior Treatment with Propofol. Drug Metab. Dispos. Biol.
Fate Chem. 2006, 34, 1803–1805. [CrossRef]

110. Stiborová, M.; Frei, E.; Sopko, B.; Sopková, K.; Marková, V.; Lanková, M.; Kumstýrová, T.; Wiessler, M.; Schmeiser, H.H. Human
Cytosolic Enzymes Involved in the Metabolic Activation of Carcinogenic Aristolochic Acid: Evidence for Reductive Activation by
Human NAD(P)H:Quinone Oxidoreductase. Carcinogenesis 2003, 24, 1695–1703. [CrossRef]

http://doi.org/10.3390/ijms17020213
http://www.ncbi.nlm.nih.gov/pubmed/26861298
http://doi.org/10.1371/journal.pone.0164215
http://doi.org/10.1186/s41021-015-0010-z
http://doi.org/10.3109/00498259409038673
http://www.ncbi.nlm.nih.gov/pubmed/7771104
http://doi.org/10.1016/S1734-1140(11)70713-7
http://doi.org/10.1002/bdd.774
http://www.ncbi.nlm.nih.gov/pubmed/21968795
http://doi.org/10.3109/00498254.2012.661099
http://doi.org/10.3109/10408449509089886
http://www.ncbi.nlm.nih.gov/pubmed/7734059
http://doi.org/10.1016/S1569-2558(08)60339-2
http://doi.org/10.1016/j.bbapap.2010.07.003
http://www.ncbi.nlm.nih.gov/pubmed/20624491
http://doi.org/10.1371/journal.pbio.1001222
http://doi.org/10.1016/j.taap.2012.09.004
http://doi.org/10.1021/tx0200818
http://doi.org/10.1002/ijc.21122
http://doi.org/10.1007/978-1-62703-529-3_21
http://www.ncbi.nlm.nih.gov/pubmed/10950850
http://doi.org/10.1002/ijc.29836
http://www.ncbi.nlm.nih.gov/pubmed/26335255
http://doi.org/10.1016/0006-2952(94)90363-8
http://www.ncbi.nlm.nih.gov/pubmed/12384524
http://doi.org/10.1016/S0006-2952(01)00843-7
http://doi.org/10.1124/dmd.106.011627
http://doi.org/10.1093/carcin/bgg119

	Introduction 
	Results 
	DNA Adduct Formation in Rats Treated with AAI, AAII or AAI/AAII Mixture 
	Activity Levels of Biotransformation Enzymes in the Liver and Kidneys of Rats Treated with AAI, AAII or AAI/AAII Mixture 
	AAIa Formation in Hepatic and Renal Microsomes Isolated from Rats Treated with AAI, AAII or AAI/AAII Mixture 
	DNA Adduct Formation by AAI and AAII Ex Vivo Involving Incubation with Hepatic and Renal Microsomal and Cytosolic Fractions Isolated from Rats Treated with AAI, AAII or AAI/AAII Mixture 

	Discussion 
	Materials and Methods 
	Carcinogens 
	Animal Treatment and Sample Preparation 
	DNA Adduct Analysis by 32P-Postlabelling 
	Enzyme Activity Assays 
	Microsomal Incubation to Study AAI Demethylation 
	Cytosolic and Microsomal Formation of AAI- and AAII-Derived DNA Adducts 
	Statistical Analyses 

	References

