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Abstract

Pyrrolizidine alkaloids (PAs) are common phytotoxins with both hepatotoxicity and
pneumotoxicity. Hepatic cytochrome P450 enzymes are known to bioactivate PAs into

reactive metabolites, which can interact with proteins to form pyrrole-protein adducts and

cause intrahepatic cytotoxicity. However, the metabolic and initiation biochemical mechanisms
underlying PA-induced pneumotoxicity remain unclear. To investigate the /7 vivo metabolism
basis for PA-induced lung injury, this study used mice with conditional deletion of the cytochrome
P450 reductase (Cpr) gene and resultant tissue-selective ablation of microsomal P450 enzyme
activities. After oral exposure to monocrotaline (MCT), a pneumotoxic PA widely used to
establish animal lung injury models, liver-specific Cpr-null (LCN) mice, but not extrahepatic
Cpr-low (xh-CL) mice, had significantly lower level of pyrrole-protein adducts in the serum, liver
and lungs compared with wild-type (WT) mice. While MCT-exposed LCN mice had significantly
higher blood concentration of intact MCT, compared to MCT-exposed WT or xh-CL mice.
Consistent with the MCT /n vivo bioactivation data, MCT induced lung injury, represented by
vasculature damage, in WT and xh-CL mice but not LCN mice. Furthermore, reactive metabolites
of MCT were confirmed to exist in the blood efflux from the hepatic veins of MCT-exposed

rats. Our results provide the first mode-of-action evidence that hepatic P450s are essential for

the bioactivation of MCT, and blood circulating reactive metabolites of MCT to the lung causes
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pneumotoxicity. Collectively, this study presents the scientific basis for the application of MCT
in animal lung injury models, and more importantly, warrants public awareness and further
investigations of lung diseases associated with exposure to not only MCT but also different PAs.
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Introduction

Pyrrolizidine alkaloids (PAs) are most common phytotoxins produced by over 6,000 plant
species worldwide. To date, more than 660 PAs and their A-oxide have been identified,

of which over one half are toxic (Edgar et al. 2015; Stegelmeier et al. 1999). Humans

are frequently exposed to PAs through the ingestion of PA-containing herbal medicines,
particularly in China (Lin et al. 2011; Ruan et al. 2015; Yang et al. 2017), or the unwitting
consumption of PA-contaminated foodstuffs such as grains, tea, and honey (Edgar et al.
2011; Prakash et al. 1999).

PAs are widely reported to exert hepatotoxicity, with the underlying mechanism well studied
(Ebmeyer et al. 2020; Lu et al. 2018; Yang et al. 2019; Yang et al. 2020). Outbreaks

of PA poisoning in humans, mostly involving acute liver injury, have been continuously
reported, with most of the cases due to the ingestion of PA-containing herbal products

or PA-contaminated grains (Lin et al. 2011; Mohabbat et al. 1976; Ridker et al. 1985).
Apart from hepatotoxicity, PAs are also pneumotoxic. Previous reports as well as our study
revealed that PAs with different structures can commonly induce lung injury, characterized
by pulmonary endothelial injury and vascular medial hypertrophy (Heath et al. 1975; Kay et
al. 1971; Song et al. 2020). Monocrotaline (MCT), a typical pneumotoxic PA, has been used
in numerous studies to establish the pulmonary arterial hypertension (PAH) model in rodents
(Hill et al. 2017). PAH, initiated by pulmonary vasculature damage, is a life-threatening
disease featured with progressive pulmonary arterial remodeling and right heart failure at
the late stage (Yuan and Rubin 2005). In fact, PAs are not only PAH modelling compounds
but also reported to be possibly associated with human PAH cases (Gyorik and Stricker
2009; Heath et al. 1975). Thus it is important to study the initial biochemical mechanism of
PA-induced lung injury.

Native forms of PAs are not toxic, and metabolic activation of PAs mediated by

cytochrome P450 enzymes is required to elicit toxicity (Ruan et al. 2014). The reactive
metabolites of PAs, namely dehydro-pyrrolizidine alkaloids (dehydro-PAs) and (+)-6,7-
dihydro-7-hydroxy-1-hydroxymethyl-5AH-pyrrolizine (DHP), which is formed by hydrolysis
of dehydro-PAs, are highly electrophilic and capable of binding with proteins to form
pyrrole-protein adducts, leading to protein dysfunction and cytotoxicity (He et al. 2019; Ma
etal. 2019; Ruan et al. 2014). It is widely reported that PA-induced liver injury is caused
primarily by dehydro-PAs generated from /n situ hepatic P450s metabolism (Lu et al. 2019).
Whereas, for PA-induced lung injury, which was also mediated by the reactive metabolites
of PAs (Song et al. 2020), it remains unexplored whether the pneumotoxic PA metabolites
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are mainly generated in the liver by hepatic P450s or in other tissues by extrahepatic P450s.
In addition, it also remains largely unknown how these reactive metabolites reach the lungs
to elicit pneumotoxicity. A previous study demonstrated a significant increase of the reactive
metabolites of MCT in the lungs after the addition of red blood cells (RBCs) into the in vitro
liver-lung tandem preparation, suggesting that RBCs might contribute to the transport of the
reactive metabolites of MCT from the liver to the lungs (Lafranconi and Huxtable 1984).
However, direct evidence is required to reveal the nature of the reactive metabolites of MCT
that migrate from the liver to the lungs.

In the present study, we investigated the respective roles of hepatic and extrahepatic P450s
in PA metabolic activation by using Cprgene knockout mice. A functional microsomal
P450 system relies on the electron donor, NADPH-dependent cytochrome P450 reductase
(CPR). Unlike the multiplicity of the Cyp genes encoding various P450 enzymes, there

is only one Cprgene in mammals, thus deletion of Cprabrogates the activities of all
microsomal P450 enzymes (Gu et al. 2003). Here we used the liver-specific Cpr-null (LCN)
mice with abrogated hepatic P450 activity (Gu et al. 2003) and the extrahepatic Cpr-low
(xh-CL) mice with diminished extrahepatic P450 activity (Wei et al. 2010). After exposing
the Cpr-null mouse models and wild type (WT) mice to MCT, we compared the formation of
pyrrole-protein adducts, which reflects the rate of P450s-mediated PA metabolic activation,
kinetic profile of MCT in mouse blood, and toxicological effects in mouse livers and lungs.
Moreover, we investigated the /n vivo presence of the reactive metabolites of MCT in blood
circulating from the liver to the lungs in rats.

Materials and methods

Chemicals and animals

MCT (CAS#315-22-0) was purchased from Sigma Aldrich (St. Louis, MO). LCN and
xh-CL mice (both on C57BL/6J background), as well as WT C57BL/6J mice, were
obtained from breeding stocks maintained at the University of Arizona. Validation data

of LCN mice are available in Supplementary material. All procedures involving mice were
approved by the Institutional Animal Care and Use Committee of the University of Arizona.
Male Sprague-Dawley rats were obtained from Laboratory Animal Services Centre at the
Chinese University of Hong Kong (CUHK). Protocols involving rats were approved by the
Animal Experimental Ethics Committee CUHK, under the regulations of Hong Kong SAR
government, and all animals were provided with a certified standard diet and tap water ad
libitum during the experiments.

Pyrrole-protein adducts analysis

Mice were exposed to a single dose of MCT at 120 mg/kg by oral gavage and euthanized
at 48 h after the MCT exposure. Using our previously established derivatization methods
(Lin et al. 2011; Ruan et al. 2015), we determined pyrrole-protein adducts, the biomarker
for PA intoxication, in serum, liver and lung samples collected from adult (2-3-month old)
male and female mice (/=5 per group). Briefly, serum and tissue homogenates were mixed
with two volumes of acetonitrile and three volumes of methanol to precipitate proteins,
and the mixtures were centrifuged at 15,000 x g for 10 min. The protein pellets were then
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mixed with 100 pL of acidic silver nitrate ethanol solution, which contained 20 mg/mL
silver nitrate and 5% trifuoroacetic acid. The mixture was shaken for 30 min at room
temperature, and then centrifuged at 15,000 x g for 10 min. The resultant supernatant (20
pL) was incubated with 4-(dimethylamino)benzaldehyde (20 mg/mL) in ethanol containing
1% perchloric acid (80 L) at 55°C for 10 min. The reaction mixture was further subjected
to liquid chromatography-mass spectrometry (LC-MS) detection for the derivatized pyrrole-
protein adducts. Detailed LC-MS parameters are available in Supplementary material.

Toxicokinetic study

Blood samples (20-25 uL) were collected from the tail vein of each mouse (/=3 per group)
at the designed time intervals (0, 5 min, 15 min, 30 min, 60 min, 120 min, 240 min, 480
min, and 1440 min) after the oral administration of MCT (120 mg/kg). LC-MS analysis
was performed to determine the serum level of MCT with detailed methods available in
Supplementary material.

Toxicological study

Liver and lung samples were collected from mice (7=5 per group) at 48 h after a single
oral administration of MCT (120 mg/kg). Acute liver injury was detected by measuring
alanine aminotransferase (ALT) activities in serum samples using a kit obtained from
BioAssay Systems (Hayward, CA). Histological changes were inspected using H&E stained
sections of formalin-fixed paraffin-embedded mouse liver and lung samples. The degree
of smooth muscle wall thickening in pulmonary arteries was scored using H&E-stained
mouse lung sections according to a modified method described previously (Shi et al.
2018). Briefly, five cross sections of pulmonary arteries for each mouse (/=5 per group)
were randomly selected for measuring wall thickness, and the results were calculated as
follows: Score of relative thickness of pulmonary arterial medial wall = (external diameter
— internal diameter)/external diameter. Immunohistochemistry (IHC) assay was performed
on formalin-fixed mouse lung sections to investigate the integrity of pulmonary vascular
endothelium, which was stained with an anti-CD31 antibody (Cell Signaling Technology,
Danvers, MA) and counterstained with hematoxylin.

Detection of the reactive metabolites of MCT

To demonstrate the existence of the reactive metabolites of MCT in the blood efflux from the
hepatic vein, cannulation in the inferior vena cava was performed with adult male Sprague
Dawley rats (200-220 g) as previously described (Lebrec et al. 1980). Rats (/7=3 per group)
were then intravenously injected with 65 mg/kg of MCT dissolved in saline. Blood (~0.4
mL), circulating from the liver to lungs, was collected at designated time points (3, 5, 10,

15, 30, 60, 120, and 240 min). The collected blood samples were immediately divided into
RBCs and plasma, both of which were further divided in half. Glutathione (GSH, 0.1 M) and
paired saline vehicle were added into the corresponding half of the RBC or plasma partition
followed by incubation for 2 min at 37 °C to trap the reactive metabolites of MCT and form
pyrrole-GSH conjugates, including pyrrole-monoGSH conjugate (7-pyrrole-GSH conjugate)
and pyrrole-diGSH conjugate, which were then measured by LC-MS analysis with detailed
methods described in Supplementary material.
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Statistical and data analysis

Results

Kinetic parameters were calculated with the WinNonlin program version 4.0 (Pharsight
Corporation, Mountain View, CA), using a non-compartmental model. Statistical analysis
was performed using Prism 7 software (GraphPad, San Diego, CA). Statistical significance
of parameter differences among experimental groups was analyzed by Kruskal-Wallis test or
Friedman test for comparison of multiple variables. A pvalue less than 0.05 was considered
statistically significant.

Hepatic P450 enzymes are essential for in vivo bioactivation of MCT

The formation of pyrrole-protein adducts is the indicator of P450s-mediated metabolic
activation of PAs (Ruan et al. 2014). The respective roles of the hepatic and extrahepatic
P450s in the conversion of MCT into dehydro-MCT were determined by comparing levels
of pyrrole-protein adducts in WT, LCN, and xh-CL mice. After MCT exposure, comparable
levels of pyrrole-protein adducts were found in the respective serum (Fig. 1a), liver (Fig.
1b) and lung (Fig. 1c) samples from MCT-exposed WT mice and xh-CL mice, indicating
that the substantial decrease in extrahepatic Cprexpression and P450 activity in xh-CL
mice did not alter #he in vivo generation of dehydro-MCT. On the other hand, compared
with WT mice and xh-CL mice, LCN mice had significantly lower levels (by >60%) of
pyrrole-protein adducts in all (serum, liver and lung) samples, a result indicating that liver
Cpr deletion inhibited the metabolic activation of MCT /n vivo. Moreover, WT and xh-CL
mice, with competent hepatic P450s, had significantly higher amounts of pyrrole-protein
adducts (by >3-fold) detected in the liver than those in the lungs, indicating the liver as
the main site of MCT bioactivation. These data demonstrated that /77 vivo production of
dehydro-MCT was mainly mediated by hepatic P450s in the liver, while with minimal
contributions by extrahepatic P450s. Furthermore, regardless of the Cprexpression status,
no marked difference in pyrrole-protein adducts level was found between male and female
mice, indicating absence of gender variance in the bioactivation of MCT.

Hepatic P450s significantly influence the systemic clearance of MCT

A Kinetic study was performed to investigate the effect of hepatic P450 deficiency

on circulating levels of MCT in MCT-exposed mice. As shown in Fig. 2, after oral
administration, MCT was rapidly absorbed in all mouse groups to reach the maximum
serum concentration at approximately 30 min. In comparison with WT mice, LCN

mice showed markedly higher serum MCT levels at multiple time points examined. The
determined kinetic parameters (Table 1) are also compared among the three genotypic
groups. LCN mice had over 2-fold higher Gpax and AUC values compared with WT

mice, a result consistent with an anticipated, large decrease in hepatic MCT metabolism

in LCN mice. Besides, compared with xh-CL mice, LCN mice also showed significantly
higher Gyax and AUC values, whereas xh-CL mice had no significant difference in any PK
parameters compared with WT mice. The data indicated that dysfunctional hepatic P450s
largely decreased MCT metabolism, while diminished extrahepatic P450 activity did not
alter MCT metabolism. Consistently, LCN mice also had lower CL/F values compared with
WT mice (by >3-fold in males and >2-fold in females) and xh-CL mice (by >2-fold in males
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and >1.5-fold in females), further confirming that deficiency of hepatic P450s resulted in
lower efficiency of eliminating MCT. Besides, male WT mice demonstrated higher CL/F
compared with female WT mice, indicating higher MCT elimination efficiency in male WT
mice. Apart from WT mice, no significant difference in the serum level and elimination rate
of MCT was found between male and female mice of the same genotype (LCN or xh-CL).

Liver-specific Cpr deletion abolishes MCT-induced lung injury

Toxicological assays were performed in parallel to investigate the toxicity outcome of MCT
exposure. As shown in Fig. 3a, MCT-exposed WT male mice showed slightly elevated
serum ALT activity compared to vehicle-treated WT males, but the value was within the
normal physiological range (Okamoto et al. 2001). Apart from WT male mice, serum ALT
activity levels were not significantly elevated after MCT exposure in any of the other mouse
groups. Consistently, no obvious pathological changes were found in H&E-stained liver
sections from any of the MCT-exposed mice (Fig. 3b). It should be noted that some vacuoles
(presumably lipid droplets, as was reported previously in LCN mouse (Xue et al. 2011))
were observed in hepatocytes from both control and MCT exposed LCN mice, which should
not be considered as MCT-induced liver lesions.

Under the same conditions that were non-toxic to the liver, MCT exposure caused
pulmonary toxicity. Analyses of H&E-stained lung sections revealed that both WT and
xh-CL mice, but not LCN mice, sustained significant lung injury represented by congestion
and adventitia disruption in pulmonary arteries (Fig. 4a), arterioles (Fig. 4b), and pulmonary
veins (Fig. 4c). The genotypic difference in sensitivity to MCT-induced pulmonary injury
was further confirmed by quantitative analysis of the degree of smooth muscle wall
thickening in pulmonary arteries, which is the typical lesion of PA-induced lung injury
(Heath et al. 1975). As shown in Fig. 4d, compared to saline-treated control mice, MCT
exposure significantly increased pulmonary artery wall thickness in WT (by 50% in males
and 41% in females) mice, but not in LCN mice. Besides, the degree of arterial wall
thickening in xh-CL mice was also higher than that in LCN mice.

Moreover, because PA exposure characteristically induce endothelial cell damage, IHC
assays were performed to investigate the integrity of pulmonary vascular endothelium, with
use of antibodies to CD31, a specific marker for endothelial cells. The results demonstrated
that MCT-exposed WT and xh-CL mice, but not LCN mice, had damaged (CD31-positive)
endothelium in pulmonary arteries (Fig. 5a) and veins (Fig. 5b). Taken together, competent
hepatic P450s, but not extrahepatic P450s, were indispensable for MCT-induced lung injury.

Reactive metabolites of MCT generated in the liver are transported into the lungs via
circulating blood

The fact that the amount of hepatic pyrrole-protein adducts was remarkably greater than

that of pulmonary pyrrole-protein adducts (Fig. 1), and that the level of pulmonary
pyrrole-protein adducts was substantially reduced when hepatic P450 activity was markedly
diminished (in LCN mice) supports the hypothesis that liver-derived dehydro-PAs and their
hydrolyzed product DHP were transported via circulating blood from the liver into the lungs.
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To directly prove this hypothesis, we exposed rats to MCT. Rats were used, instead of mice,
to facilitate surgical collection of hepatic blood perfusion.

The reactive metabolites of PAs are extremely unstable and nearly impossible to directly
detect them by analytical instruments (Huxtable et al. 1996; Pan et al. 1993). We determined
the reactive metabolites of MCT, including dehydro-MCT and DHP, by adding GSH

as a trapping reagent (Mattocks and Jukes 1990) into freshly-collected blood to form

stable pyrrole-GSH conjugates for the analysis (Fig. 6a). LC-MS detection of both pyrrole-
monoGSH conjugate and pyrrole-diGSH conjugate confirmed the presence of the reactive
metabolites of MCT in the blood. Over the 240-min sampling period, pyrrole-monoGSH and
pyrrole-diGSH conjugates were detected in both saline-added RBCs and plasma, indicating
the endogenous formation of pyrrole-GSH conjugates induced by MCT exposure. Compared
with the saline-added counterparts, the exogenous addition of GSH to RBCs and plasma

of MCT-exposed rats led to significant increases in the detected amounts of pyrrole-GSH
conjugates (Fig. 6b, 6¢, & 6e), although the difference of pyrrole-monoGSH conjugate
detected in GSH- and saline-added RBCs was not statistically significant (Friedman test),
while apparently higher level of pyrrole-monoGSH conjugate was detected in GSH-added
RBCs over the 240-min sampling period (Fig. 6d). The results confirmed the presence of
the reactive metabolites of MCT in blood circulation. Interestingly, despite the coexistence
of pyrrole-monoGSH conjugate and pyrrole-diGSH conjugate in blood samples of MCT-
exposed rats, the level of pyrrole-monoGSH conjugate was approximately 100-fold higher
than that of pyrrole-diGSH conjugate. Collectively, these data confirmed that the reactive
metabolites of MCT produced in the liver were transported via circulating blood into the
lungs.

Discussion

PAH is a public health problem with poor survival rate (Gerges et al. 2015). The
development of PAH is attributed to multifactorial etiologies such as exposure to
pneumotoxins (Yuan and Rubin 2005). MCT, a PA mostly produced by plants from
Crotalaria spp., has been extensively used to establish the PAH model in rodents for many
years (Hill et al. 2017). In addition, various other PAs can also induce lung injury (Song

et al. 2020). In the present study, MCT, a representative pneumotoxic PA, was investigated
to delineate the initial biochemical mechanism of PA-induced PAH. Considering that P450s-
mediated metabolic activation of PAs is required for their toxic effect (Ruan et al. 2014), it is
thus important to investigate the metabolic mechanism of PA-induced lung injury. Although
P450s are most abundant in the liver, some extrahepatic tissues, such as the lungs and small
intestine, have been reported to be highly efficient in target-tissue bioactivation of certain
toxins (Ding and Kaminsky 2003). The Cpr-knockout mouse models enable the delineation
of the roles of organ-specific P450s in PA metabolism (Gu et al. 2003; Hessel-Pras et

al. 2020; Wei et al. 2010). The present study for the first time directly demonstrated the
influence of tissue-specific suppression of P450 activity in the liver versus extrahepatic
tissues on PA metabolism, especially metabolic activation, and resultant lung toxicity.

Pyrrole-protein adducts, which are derived from the covalent binding of the reactive
metabolites of PAs with various proteins, are the biomarker of PA exposure and are
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proportionally related to toxicity severity (Lin et al. 2011). The amount of pyrrole-protein
adducts is positively correlated with the generation of the reactive metabolites of PAs,
thereby reflecting the rate of P450s-mediated PA bioactivation (Ruan et al. 2014). After
MCT exposure, we found comparable levels of pyrrole-protein adducts in the blood, liver
and lungs of WT and xh-CL mice, a result indicating that diminished extrahepatic P450
activity did not affect the generation of the reactive metabolites of MCT. Compared to WT
and xh-CL mice, the significant decrease of levels of pyrrole-protein adducts in LCN mice
demonstrated that the loss of hepatic P450 function led to remarkable inhibition of the
metabolic activation of PAs. However, the small amount of residual pyrrole-protein adducts
found in MCT-exposed LCN mice may reflect minor contributions by extrahepatic P450s
or other enzymes to the production of the reactive metabolites of MCT. Nevertheless, our
findings provided the first direct evidence that hepatic P450s play a predominant role in the
metabolic activation of PAs in vivo.

Results of the toxicokinetic study were consistent with the findings of pyrrole-protein adduct
analysis. Compared with WT and xh-CL mice, hepatic P450 deficiency in LCN mice led

to dramatically reduced PA metabolism, manifest as lower clearance and higher serum
concentration of MCT. On the contrary, the suppression of extrahepatic P450 activity in
xh-CL mice did not influence MCT metabolism, as indicated by the essentially comparable
kinetic parameters between xh-CL and WT mice. Combined with the marked decrease in
metabolic activation of MCT and the resultant decrease in the formation of pyrrole-protein
adducts in LCN mice, the kinetic data confirmed that competency of hepatic P450s, not
extrahepatic P450s, is essential for systemic metabolism and bioactivation of orally ingested
MCT.

Significant lung injury, represented by vasculature damage, was observed in MCT-exposed
WT and xh-CL mice but not in LCN mice. The reduction in cytotoxicity and lung

injury in MCT-exposed LCN mice was consistent with the largely decreased hepatic MCT
metabolism and markedly lowered levels of serum, liver and lung pyrrole-protein adducts in
LCN mice, compared to WT and xh-CL mice. These results firmly support that PA-induced
lung injury is critically dependent on the metabolic activation of PAs mediated by hepatic
P450s.

Our data further support the concept that liver-produced the reactive metabolites of PAs are
responsible for the MCT-induced lung injury. The presence of pyrrole-protein adducts in
the serum of MCT-treated mice suggested that the reactive metabolites of MCT generated
from the liver were released into blood, where they reacted with proteins in serum and/or
hepatocytes and subsequently released pyrrole-protein adducts into the blood. Further
studies using blood efflux from the hepatic veins of MCT-exposed rats confirmed the
presence of reactive metabolites of MCT capable of forming pyrrole-GSH conjugates with
endogenously added GSH in both RBCs and plasma (Fig. 6). The fact that the reactive
MCT metabolites are detected in both plasma and RBCs suggested that proteins in both
compartment (e.g., hemoglobin in RBCs and albumin in plasma) may serve as the carriers
for transport of the reactive metabolites of MCT from the liver to the lungs (Fig. 7).
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This study also provides an interesting insight regarding stability of the reactive metabolites
of MCT in the blood. The experimental procedure, from the blood collection and processing
to GSH addition, took at least 5 min to complete, after which, the reactive metabolites

of MCT were still intact and able to form conjugates with GSH. This finding, suggesting
relatively high stability of these reactive metabolites in blood, is contrary to previous reports,
which revealed that the reactive metabolites of PAs, especially dehydro-PAs, were highly
unstable /n vitro with half-life ranging from 1.8 sec to 2.7 sec (Mattocks and Jukes 1990).
The apparent contradiction between previous /n vitro results and the present /in vivo findings
may be explained by the possibility that blood components including RBCs and plasma not
only transported, but also stabilized the reactive metabolites of PAs in the body, an idea

that has been proposed previously using isolated liver and lung preparations (Lafranconi
and Huxtable 1984; Pan et al. 1991; Yan and Huxtable 1995) or blood of rats injected with
dehydro-MCT (Lame et al. 1997). Similar “Trojan horse” effects have also been reported
previously for nanoparticles in RBCs, macrophages, and lymphocytes (Choi et al. 2007; Pan
et al. 1991). Apart from dehydro-PAs, there are also secondary metabolites derived from
dehydro-PAs. For instance, dehydro-PAs can be hydrolyzed to DHP, while the reactivity of
DHP is much less than that of dehydro-PAs. Moreover, dehydro-PAs and DHP can further
interreact with GSH and amino acids (e.g., cysteine) to form pyrrole-GSH or pyrrole-amino
acid conjugates, and these secondary reactive metabolites were reported to interact with
DNA (He et al. 2019; He et al. 2020a; He et al. 2020b; Xia et al. 2018). It is thus
extrapolated that these secondary metabolites of PAs are reactive but to a much less extent
compared with dehydro-PAs. Nevertheless, a significantly prolonged half-life of all reactive
metabolites of MCT in blood would at least partly explain the susceptibility of the lung
vasculature to MCT intoxication. Further investigations are warranted to reveal i) the exact
cells or proteins responsible for reversible binding with reactive metabolites of PAs in blood;
ii) the mechanisms for stabilizing reactive metabolites of PAs; iii) the process of releasing
the reactive metabolites of PAs into other organs (e.g., the lungs) and resultant intoxications.

It is noteworthy that oral administration of MCT at 120 mg/kg induced pulmonary vascular
damage but not liver injury in WT and xh-CL mice. This result, that MCT-induced lung
injury may occur without symptomatic hepatic damage, is of special interest because most
reported human PA-poisoning cases were represented by acute liver injury with explicit
clinical symptoms, which were most likely caused by exposures to high dosages of PAs
(Lin et al. 2011; Mohabbat et al. 1976; Suparmi et al. 2020). It appears that the lung is a
preferred target organ in mice with the relatively low-level of MCT exposure, where acute
hepatotoxicity manifestations are not apparent. It remains to be determined whether this
apparent lung specificity of MCT toxicity is dose-related or species specific, and whether it
is due to a greater capacity of the mouse liver than the lung vasculature to protect against
the reactive metabolites of MCT. In that regard, MCT has been found to cause both liver
and lung toxicity in rats at doses of 70 mg/kg (Song et al. 2020). Interestingly, Song et al.
compared the level of pyrrole-protein adducts, which is positively related to the cytotoxicity,
in the liver and lungs of rats exposed to different PAs at the same dose. Monocrotaline
generates higher adducts level ratio (lung/liver) than that in other PAs, supporting that
monocrotaline, in certain exposure level, is more pneumotoxic than hepatotoxic (Song et
al. 2020). Additionally, it should be noted that the MCT exposure-induced pulmonary
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vasculature lesions in mice, including endothelium damage and arterial smooth muscle
thickening, have been reported to be initiators for PAH development (Tuder et al. 2013).
Further investigation is warranted indeed.

Our study showed significant lung injury after MCT exposure in mice with competent
hepatic P450 activity. It should be noted that the dose (120 mg/kg of MCT) used in animal
studies is much higher than the estimated average human PA exposure level: 0.019 pg/kg
BW for children and 0.026 pg/kg BW for adults in median (Dusemund et al. 2018; EFSA
2016). Therefore, the present findings should be considered in the context of acute severe
PA poisonings but not representative for potential risks posed by low dietary exposure in the
general population.

To conclude, the present study provides the first mode-of-action evidence for a major role
of hepatic P450 enzymes in PA-induced lung injury. We demonstrate that functional hepatic
P450s are indispensable for the metabolic activation of PAs. Further, our data support the
notion that the reactive metabolites of PAs generated in the liver are carried by blood efflux
from the liver and transported into the lungs to exert pneumotoxicity. Given that hepatic
P450 functions may vary due to induction, inhibition, or genetic polymorphism, our results
provide the mechanistic basis for assessing the sensitivity of individuals to PA-induced lung
injury and potential drug targets for medical intervention. Our findings also warrant further
investigation into the possible roles of PA exposure in human pulmonary vascular diseases,
especially those with unknown or unexplained causes.
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Abbreviations in the order of appearance

PAs pyrrolizidine alkaloids

MCT monocrotaline

PAH pulmonary arterial hypertension

Dehydro-PAs dehydro-pyrrolizidine alkaloids

DHP (2)-6,7-dihydro-7-hydroxy-1-hydroxymethyl-5+-
pyrrolizine

RBCs red blood cells
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CPR NADPH-cytochrome P450 reductase
LCN liver-specific Cpr-null
xh-CL extrahepatic Cpr-low
WT wild type
LC-MS liquid chromatography-mass spectrometry
GSH glutathione
ALT alanine aminotransferase
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Fig. 1.

P)?rrole—protein adducts levels in serum, liver and lung samples of WT, LCN, and xh-CL
mice. Adult male (a—c) and female (d—f) mice of various genotypes, all on the C57BL/6
genetic background, were treated with a single oral administration of MCT via gavage at
120 mg/kg or saline (vehicle control). Data are presented as means = SD (/7=5). Friedman
test was used. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. <LOQ, below limit of
quantitation.
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Toxicokinetic profiles of serum MCT in WT, LCN, and xh-CL mice. Adult male (a) and
female (b) mice of various genotypes were treated with a single oral administration of MCT
via gavage at 120 mg/kg. Blood (20-25 L) was collected via the tail vein at various times
(0—24 h) for the analysis of serum MCT levels. Data are presented as means = SD (/7=3).
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Fig. 3.
Toxicological assay on control or MCT-exposed mouse liver. Blood and liver were collected

from adult (2-3 months old) male and female mice (7=5 per group) at 48 h after a

single oral administration of MCT (120 mg/kg) or saline (vehicle control). (a) Serum

ALT activity. Kruskal-Wallis test was used. *p<0.05. (b) Representative histopathological
changes indicated by H&E staining on control or MCT-exposed mouse liver sections. Scale
bars = 200 um. Arrowheads point to vacuoles in hepatocytes of LCN mice.
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Fig. 4.

Histopathological analysis of MCT-induced changes in pulmonary vasculature. Lungs were
collected from adult (2-3 months old) male and female mice at 48 h after a single oral
administration of MCT (120 mg/kg) or saline (vehicle control). Representative data from
H&E stained lung sections are shown for pulmonary arteries (a), arterioles (b) and veins (c).
Normal pulmonary vasculature (green arrows) and characteristic MCT-induced pathologic
changes (yellow arrows) are indicated. Scale bars=200 um. (d) Scoring on the relative
thickness of pulmonary arterial wall of control or MCT-exposed mice. Data are presented as
means + SD (/=5). Kruskal-Wallis test was used. *p<0.05.
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Figure 5.
IHC detection of MCT-induced endothelium damage in pulmonary vasculature. Paraffin-

embedded lung sections were immunostained with an antibody to CD31, a marker

for endothelial cells. The sections were counterstained with hematoxylin (purple). CD31-
positive endothelial cells were stained brown. Representative data are shown for pulmonary
arteries (a) and veins (b). Green arrows indicate normal intact endothelium of the pulmonary
vasculature, whereas red arrows indicate damaged endothelium with loss of CD31-positive
endothelial cells. Scale bars=100 um.
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Fig. 6.

Dgtection of reactive metabolites of MCT in liver efflux blood of MCT-treated rats. Adult
male SD rats (200-220 g) were anesthetized and treated with a single administration of
MCT via intravenous injection at 65 mg/kg, and blood efflux from the liver (400 pL) was
collected via the cannulated vein at various times (0-240 min) for further processing as
illustrated (a). Pyrrole-diGSH conjugates (b, ¢) and pyrrole-monoGSH conjugates (d, €)
were determined in RBCs (b, d) or plasma (c, ). Data are presented as means + SD (7=3).
Friedman test was used to compare GSH-added RBCs or plasma with saline-vehicle RBCs
or plasma. **p<0.01, ***p<0.001, ****p<0.0001.
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Reactive metabolites of monocrotaline generated in the liver cause lung injury
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Fig. 7.

chhematic illustration of the initial biochemical mechanism of MCT-induced lung injury.
The metabolic activation of the ingested MCT is mediated by hepatic P450 enzymes. The
reactive metabolites of MCT generated in the liver are carried by blood efflux from the liver
and transported into the lungs to form pulmonary pyrrole-protein adducts, thereby causing
lung injury.
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Table 1

Toxicokinetic parameters of serum MCT after a single oral administration of MCT at 120 mg/kg

Male Female
wT LCN xh-CL wT LCN xh-CL
Crnax (Hg/mL) 406+087 11243140 523+171 4244040 1pq+17¢ 571+066
AUCo. (minxug/mL)  189+23  746+058 %€ 227434 20741 5o6+46 24636
tyyo (Min) 565+384 605+160 4264340 5514364  482+231  380%3L9
CL/F (mL/min) 242+21 662+1997 178413 174232' 6920204 128+14

Data from Fig. 2 are used to calculate toxicokinetic parameters.

Page 21

Cmax: maximum peak concentration. AUC(-t: the area under the concentration versus time curve from zero to the last time point tested. #/2

half-life of serum MCT concentration. CL/F: apparent clearance rate. Data are presented as mean+SD (/7=3). Friedman test was used.

45=0.0023

%-0.0005

gp<0.0001, vs. WT male mice

bp:0.0094

€5=0.0010

h .
=0.0001, vs. xh-CL male mice

€5=0.0109

" =0.0381

/p=0.0002, vs. WT female mice

Ip:0.0098, vs. WT male mice

kp:0.0245, vs. xh-CL female mice.
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