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Abstract
Pyrrolizidine alkaloids (PAs) are secondary plant metabolites synthesized by a wide range of plants as protection against 
herbivores. These toxins are found worldwide and pose a threat to human health. PAs induce acute effects like hepatic 
sinusoidal obstruction syndrome and pulmonary arterial hypertension. Moreover, chronic exposure to low doses can induce 
cancer and liver cirrhosis in laboratory animals. The mechanisms causing hepatotoxicity have been investigated previously. 
However, toxic effects in the lung are less well understood, and especially data on the correlation effects with individual 
chemical structures of different PAs are lacking. The present study focuses on the identification of gene expression changes 
in vivo in rat lungs after exposure to six structurally different PAs (echimidine, heliotrine, lasiocarpine, senecionine, sen-
kirkine, and platyphylline). Rats were treated by gavage with daily doses of 3.3 mg PA/kg bodyweight for 28 days and 
transcriptional changes in the lung and kidney were investigated by whole-genome microarray analysis. The results were 
compared with recently published data on gene regulation in the liver. Using bioinformatics data mining, we identified 
inflammatory responses as a predominant feature in rat lungs. By comparison, in liver, early molecular consequences to PAs 
were characterized by alterations in cell-cycle regulation and DNA damage response. Our results provide, for the first time, 
information about early molecular effects in lung tissue after subacute exposure to PAs, and demonstrates tissue-specificity 
of PA-induced molecular effects.
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Abbreviations
ANOVA	� One-way analysis of variance
CYP	� Cytochrome P450 monooxygenase
FDR	� False discovery rate
GO	� Gene ontology
HSOS	� Hepatic sinusoidal obstruction syndrome
IPA	� Ingenuity pathway analysis

NTP	� National Toxicology Program
PA	� Pyrrolizidine alkaloid
PAH	� Pulmonary arterial hypertension
RT-qPCR	� Quantitative reverse transcriptase polymerase 

chain reaction
RIN	� RNA integrity number

Introduction

Pyrrolizidine alkaloids (PAs) are secondary plant metabo-
lites occurring in approximately 3% of all flowering plants 
worldwide. The phytotoxins can be found for example in 
Senecio jacobeae, which is resident in Western Europe, 
South Africa, Australia, New Zealand, and North America 
(Stegelmeier et al. 1999). Furthermore, many other plants 
from families like Boraginaceae (all genera), Asteraceae 
(tribes Senecioneae and Eupatorieae) and Fabaceae con-
tain PAs (Wiedenfeld et al. 2008), which are produced as a 
defense mechanism against herbivores. They are synthesized 
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in an estimated number of 6000 plant species and show a 
huge structural variety (EFSA 2011; Teuscher and Lindeq-
uist 2009). PAs in general consist of a heterocyclic system 
of 1-hydroxymethyl pyrrolizidine esterified with one or two 
monocarboxylic or dicarboxylic acids. According to the 
structure of the necine base, PAs can be divided into four 
groups (retronecine-, heliotridine-, otonecine-, and platyne-
cine-type) (Fig. 1) (Mattocks 1968). The platynecine group 
differs insofar that the PAs belonging to this group do not 
possess the 1,2-unsaturated double bond playing an impor-
tant role in the bioactivation during the metabolism of PAs 
(Fig. 1C). Therefore, platynecine-type PAs are considered 
to be non-toxic. The PA-parent compounds are not bioac-
tive themselves. They are metabolized and thus activated 
by cytochrome P450 monooxygenases (CYPs) (Stegelmeier 
et al. 1999; Mattocks 1968). Upon this bioactivation, the 
formed metabolite undergoes dehydration towards an insta-
ble pyrrolic ester, which can form adducts with nucleophilic 
centers of proteins or DNA. Approximately half of the PAs 
are assumed to be toxic, exhibiting cytotoxic, genotoxic and/
or carcinogenic potential (Fu et al. 2004, 2014; Stegelmeier 
et al. 1999). Health of wild animals, livestock, and humans 
can be affected upon ingestion of contaminated feed or food, 
like herbs, tea, and honey (BfR 2020). The liver is most 
affected. Here, PA exposure predominantly leads to the 
hepatic sinusoidal obstruction syndrome (HSOS, formerly 
named veno-occlusive disease (Chen and Huo 2010; Kakar 
et al. 2010). HSOS is characterized by a prothrombotic 

hypofibrinolytic state due to damage of endothelial cells 
leading to a subsequent blockage of the central vein. Severe 
forms of HSOS can result in multiorgan failure (Gunther 
et al. 2019). PAs are also known to exert pneumotoxicity 
in rats and other species. Especially the PA monocrotaline 
is used as a model substance to induce lung injury in rats 
similar to human pulmonary arterial hypertension (PAH) 
(Hoorn and Roth 1992; Lame et al. 2005). Rats treated 
with monocrotaline show vascular remodeling along with 
increased pulmonary arterial pressure, which may result in 
right ventricular hypertrophy and death. Moreover, mono-
crotaline-induced PAH is characterized by an infiltration of 
lung tissue by macrophages and with signs of inflamma-
tion (Hoorn and Roth 1992; Zhuang et al. 2018). Due to 
the many possible sources of exposure, and the associated 
potential intoxication of humans and livestock, PAs repre-
sent an important research topic. Additionally, the currently 
existing risk assessment of PAs based on chronic, acute or 
subacute animal studies focuses predominantly on effects in 
the liver as the most affected organ (BfR 2020; EFSA 2011; 
Huang et al. 2017; Mei et al. 2007). Thus, our study aimed 
to elucidate effects on the lung in a subacute rat study orally 
treated for 28 days with six structurally different PAs that 
were found to occur most frequently in spices and culinary 
herbs (Kaltner et al. 2020). Gene expression regulation in 
the lung was analyzed to elucidate early-stage effects of PA 
intoxication. The PA representatives echimidine, heliotrine, 
lasiocarpine, senecionine, senkirkine, and platyphylline were 
used to monitor possible structure-specific PA effects.

Fig. 1   Structures of the PAs 
echimidine, heliotrine, lasiocar-
pine, senecionine, senkirkine 
and platyphylline. The PAs 
represent all structure types and 
different esterification



2787Archives of Toxicology (2021) 95:2785–2796	

1 3

Materials and methods

Chemicals

The structurally different PAs echimidine (94% purity), heli-
otrine (91% purity), lasiocarpine (98% purity), senecionine 
(99% purity), and senkirkine (98% purity) were purchased 
from PhytoLab (Verstenbergsgreuth, Germany). Platyphyl-
line (95% purity) was purchased from BOC Sciences (New 
York, USA). PAs were dissolved in 0.15 M NaCl. Due to the 
poorer solubility, senecionine was first dissolved in 0.2 M 
hydrochloric acid, then the pH was adjusted to 6–7 and after-
wards NaCl was added to a final concentration of 0.15 M.

In vivo study

All animal experiments were conducted in compliance with 
the regulations of the German Animal Protection Law (Tier-
schutzgesetz of July 4, 2013) by following the Principles 
of Good Laboratory Practice (OECD, January 21, 1998 
and German Chemicals Law, §19a, Appendix 1, July 2, 
2008). The animal experiments were done at the Fraunhofer 
ITEM, Hanover, Germany. The PA treatment dosing scheme 
(0.1–0.33–1–3.3 mg/kg body weight/day) based on results 
of a National Toxicology program (NTP) study (NTP 2003).

Study design and animal treatment have already been 
described in Ebmeyer et al. 2020 and are summarized in 
more detail in the supplemental material.

Gene expression analysis

RNA isolation and sample preparation

Frozen samples were pulverized with the help of mortar and 
pestle cooled with liquid nitrogen. The samples were trans-
ferred to RLT buffer (Qiagen, Hilden, Germany) with 1% 
β-mercaptoethanol. The RNA was extracted according to the 
manufacturer’s instructions via the RNeasy mini kit (Qiagen, 
Hilden, Germany) with the additional use of QiaShredder 
(Qiagen, Hilden, Germany). Quality and quantity of the 
RNA were checked with an Agilent 2100 Bioanalyzer with 
an RNA Nano Lab chip and a Tecan M200 Pro spectropho-
tometer with a NanoQuant Plate at 260 nm and 280 nm. For 
the quality measurements, it was verified that the samples 
had RNA integrity numbers (RIN) higher than nine as well 
as A260/A280 ratios of 1.8–2 and A260/A230 ratios higher 
than two. 300 ng RNA of each sample was shipped. The 
samples were labeled with a GeneChip WT Plus labeling kit 
at Eurofins (Aarhus, Denmark, Comp. No. 7230-GT0028). 
The microarray analysis on Affymetrix Clariom S rat array 
(Thermo Fisher Scientific, Waltham, Massachusetts, USA) 

was performed at Eurofins Genomics Europe Genotyping 
A/S (Eurofins, Aarhus, Denmark). The raw data of this pub-
lication have been deposited in NCBI’s Gene Expression 
Omnibus and are accessible through GEO Series accession 
number GSE166195.

Bioinformatical analysis

Data processing and statistical evaluation were performed in 
the R environment (R Core Team 2018). The raw data were 
normalized and summarized using the RMA (robust multi-
array average) algorithm from the R package oligo version 
1.54.1. The genes were associated with vendor-provided 
annotation information [Release 36 (Thermofisher)] and 
control genes were removed after background correction. 
Moreover, irrelevant genes with low or unchanged expres-
sion were removed (median < 4 or CV < 0.02, respectively) 
so that 12,570 and 12,066 genes remained for lung and kid-
ney data, respectively. Differential gene expression analy-
sis was performed by the R package limma version 3.46.0 
(Ritchie et al. 2015). Linear models were fit and moderated 
t-statistics were computed by the eBayes function. After-
wards, the Benjamini–Hochberg correction was applied 
to exclude false-positive results, and thus differentially 
expressed genes with an adjusted p value < 0.1 were con-
sidered significant. This subset was subjected to principal 
component analysis (PCA) by the R package stats version 
4.0.3. Heatmaps were generated by the R package Com-
plexHeatmap version 2.6.2 (Gu et al. 2016) using default 
settings if not mentioned otherwise. Intersections of gene 
sets were visualized as UpSet plots using R package UpSetR 
version 1.4.0.

For functional interpretation of differential gene expres-
sion results, lists with significant genes were subjected to 
Ingenuity Pathway Analysis (IPA, version 60467501, Qia-
gen Bioinformatics, Redwood City, California, USA). Com-
parison analysis to predict diseases and functions were per-
formed and the resulting z-score was visualized as heatmaps. 
To compare gene expression changes across organs (lung, 
kidney and liver) one-way analysis of variance (ANOVA) 
was performed to extract the top 100 genes that were most 
affected in their expression by PA treatment per organ. Gene 
ontology (GO) Biological Process term enrichment analysis 
was performed using a hypergeometric test by the R pack-
age clusterProfiler version 3.16.1. (Yu et al. 2010), and false 
discovery rate (FDR) was applied to control for multiple 
testing. The data for liver samples were previously published 
by Ebmeyer et al. (2020) and data are accessible through 
GEO Series accession number GSE149678. The complete 
results of differential gene expression analysis in lung and 
kidney are summarized in the Supplementary data, Table S5.

The verification of gene expression analysis by quan-
titative reverse transcriptase polymerase chain reaction 
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(RT-qPCR) is described in detail in the supplemental 
material.

Results

Male Fisher rats were treated daily by oral gavage for 
28  days with 3.3  mg of six structural different PAs/kg 
body weight. General observations, histological aberra-
tions in livers, and liver transcriptomics data are reported 
elsewhere (Ebmeyer et al. 2020). The histological examina-
tions revealed no changes in liver morphology. However, 
the gene expression data showed affected pathways deal-
ing with DNA damage response and cell-cycle regulation. 
The present study elucidates structure-dependent effects of 
PAs on the development of lung toxicity by investigating 
PA-induced changes in lung-histology and pulmonary gene 
expression. Furthermore, the study reports transcriptional 
changes in kidneys and finally compares the organ-specific 
PA-induced transcriptional changes observed in liver, lung, 
and kidney.

Body weight, organ weight and histopathological 
examination

As described in Ebmeyer et al. (2020), the total body weight 
of the animals did not change over the treatment period in 
comparison to the control animals. The relative weight of 
the lungs did also not show any significant changes (Sup-
plementary data, Figure S1). For histopathological examina-
tion, lung slides were stained with hematoxylin and eosin as 
shown in Figure S2 in the supplemental material. The arrows 
highlight signs of perivascular mononuclear cell infiltration 
whereas black triangles indicate multifocal mixed inflamma-
tory cell in the alveoli in the vicinity of the terminal bronchi. 
These lesions represent commonly found non-specific back-
ground effects often observed in rat lungs and were similarly 
observed in treated animals and controls. Taken together, 
body and organ weight observations, as well as histopatho-
logical findings indicate that PA at the doses applied did not 
induce histopathologically detectable changes at the organ 
level. In the following, more subtle molecular effects caused 
by PA-exposure are described.

Transcriptomics analysis in the lung

Altered gene expression patterns in rat lungs after treatment 
with PAs were identified using whole-genome microarrays. 
The analysis was performed with RNA isolated from lungs 
of four animals treated with 3.3 mg echimidine, heliotrine, 
lasiocarpine, senecionine, senkirkine or platyphylline per 

Fig. 2   PCA scores plot and heat map of deregulated genes in rat 
lungs after treatment with six different PAs in comparison to the vehi-
cle control. Rats were treated orally for 28  days with PAs at doses 
of 3.3  mg/kg body weight/day. The RNA of lungs was extracted 
and used for a whole genome microarray analysis with Affymetrix 
Clariom S rat arrays. The expression data were normalized and dif-
ferential gene expression analysis was applied to identify 162 sig-
nificantly deregulated genes. A The PCA scores plot depicts the 
expression variation of the different treatment groups as indicated by 
the colors. Each dot represents one animal. B The heat map shows 
the expression of the 162 differentially expressed genes with their 
scaled expression. Hierarchical clustering was performed according 
to the similarities in scaled gene expression (average linkage cluster-
ing method based on Pearson distance). Each column represents one 
animal. Upregulation of gene expression in comparison to the mean 
is depicted in red color whereas downregulation is depicted in blue 
color



2789Archives of Toxicology (2021) 95:2785–2796	

1 3

kg body weight. The microarray data were processed as 
described in the material and methods section. A PCA plot 
and a heatmap of the subset of dysregulated genes in rat 
lungs after treatment with six different PAs are shown in 
Fig. 2. The PCA scores plot (Fig. 2A) and the heat map 
with hierarchical clustering (Fig. 2B) revealed that the con-
trol group and the platyphylline-treated group show clear 
differences in comparison to the other treatment groups 
analyzed in the present study. Whereas, the control and the 
platyphylline-treated groups separate among PC2, these 
two treatment groups differ from all other groups on PC1. 
Animals treated with lasiocarpine tend to cluster more with 
the control and platyphylline-treated animals than the other 
treatment groups. For the other treatment groups, namely 
echimidine, heliotrine, senecionine, and senkirkine, no clear 
clustering tendency was observed. The observations made 
based on the PCA scores plot were also visible in the heat 
map with hierarchical clustering. Differential gene expres-
sion analysis (padj < 0.1) revealed a total of 162 differen-
tially expressed genes across all treatment groups (Fig. 3, 
the complete results are shown in Supplementary Table S5). 
The highest incidence of differentially expressed genes was 
detected in the lungs of animals treated with heliotrine, fol-
lowed by the echimidine, the senkirkine and senecionine 
treatment groups. Animals treated with platyphylline or lasi-
ocarpine showed only slight pulmonary gene regulation in 
all analyzed animals in this treatment groups. Subsequently, 
genes showing common regulation in expression in several 
treatment groups were examined in more detail (Fig. 4A). 

By comparison of gene regulation among the different 
treatment groups, a total set of 53 differentially expressed 
genes showed regulation in more than one treatment group 
(Fig. 4). The UpSet diagram shows the numbers of genes 
that are deregulated in one treatment group (indicated by 
individual dots below the graph) and the numbers of genes 
commonly deregulated in different treatment groups (con-
nected dots). The numbers of genes only deregulated in one 
single treatment were highest for heliotrine (55 of 108) and 
platyphylline (20 of 27). This observation is reflected in the 
PCA scores plot (Fig. 2A), where platyphylline (PC1) and 
heliotrine (PC2) show the highest difference from the control 
and from each other. A total number of seven genes showed 
deregulation in four treatment groups (C3ar1, Mal, Tlr8 and 
Tlr13 by echimidine, heliotrine, senecionine, and senkirkine; 
Ckmt2, Ankrd1, Cmya5 by echimidine, heliotrine, sene-
cionine, and platyphylline). The cluster map furthermore 
illustrates the statistical significance of commonly deregu-
lated genes. Interestingly, for the downregulated genes, the 
treatment of rats with echimidine and heliotrine induced 
the most pronounced deregulation. On the other hand, for 
the upregulated genes, heliotrine and senkirkine showed a 
higher number of significantly deregulated genes than the 
other treatment groups. The downregulated genes Actn2, 
Ckm, Cmya5, Csrp3, Hrc, Mybpc3, Myh6, Myl4, Myom1, 
Myoz2, Pln, Sln, Smpx, Srl, Tnnc1, Tnnt2 and Trim54 are, 
among others, involved in proper muscle function. Other 
downregulated genes were found to be involved in onco-
genesis (Ankrd1, Eef1a2), immune response (Ankrd1) or 
apoptosis (Dnase1). Elucidating the functions of upregu-
lated genes, the most prominent functions affected comprise 
cancer development and immune response including inflam-
matory processes. The expression of two genes encoding 
toll-like receptors (Tlr7 and Tlr8) known to be involved in 
the innate immune system (Souyris et al. 2018) was upregu-
lated. Furthermore, gene expression of the integrins Itgal, 
Itgb2 and Itgax responsible for the regulation of develop-
ment, immune response, cancer development, and homeo-
stasis (Hynes 2002) was upregulated. Moreover, the genes 
Fcgr3a, Pilra and Pilrb encode for parts of the immuno-
globulin G receptor or immunoglobulin-like receptors. Can-
cer development and progression was seen to be affected by 
Tnfrsf1a, Adrbk2, Pld4, Gnat1 and Samsn1 in other stud-
ies (Greco et al. 2015; Gao et al. 2017; Sang et al. 2016; 
Jiang et al. 2017; Kanda et al. 2016; Noll et al. 2014). The 
genes Emr4, Steap4, C3ar1, Pstpip2 and Clec4a1, which 
were also upregulated due to PA treatment, were found to be 
involved in the regulation of inflammatory reactions (Stacey 
et al. 2002; Moldes et al. 2001; Scarl et al. 2017; Brennan 
et al. 2019; Yao et al. 2018). Furthermore, the mRNA levels 
of the transporters Slc38a7 and Slc13a4 were identified to 
be increased after PA treatment. In general, the Slc trans-
porter family is responsible for the transport of essential 

Fig. 3   Bar plot of the number of deregulated genes in lungs from rats 
treated by gavage with six different PAs for 28 days, as compared to 
control conditions. The deregulated genes were determined by differ-
ential gene expression analysis (adjusted p value < 0.1) of microarray 
data from RNA of the treated animals. The data was normalized and 
corrected beforehand (see materials and methods section for details)
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substances and metabolites into cells and therefore plays 
a major role in cellular maintenance (Zhang et al. 2019). 
For verification of the whole genome microarray data set, 
five genes differentially expressed upon PA treatment were 
randomly chosen, and their gene expression was analyzed in 
the same RNA sample as for the microarray with RT-qPCR 
(Supplementary data, Figure S3). The tendencies of gene 

expression changes observed in the whole genome microar-
ray could be reproduced by RT-qPCR. A more global view 
and interpretation of the detected gene expression patterns 
can be achieved by using Ingenuity Pathway analysis (IPA). 
Data of differentially expressed genes were loaded into IPA 
and used for predictions regarding the diseases and biofunc-
tions affected by PAs in the lung (Fig. 5). IPA analysis of 

Fig. 4   Commonly deregu-
lated genes in lungs from rats 
exposed to different PAs. Rats 
were treated for 28 days by oral 
gavage with six structurally 
different PAs. Gene expression 
was analyzed using whole-
genome microarray. After statis-
tical evaluation, the significantly 
deregulated genes (padj < 0.1) 
were evaluated for commonly 
deregulated genes across the 
different treatment groups. 
In total, 53 genes revealed a 
significant deregulation in more 
than one treatment group. A 
The UpSet diagram visual-
izes the number of commonly 
deregulated genes in more than 
one treatment groups. Thereby, 
the numbers represent the num-
ber of deregulated genes in the 
specific intersection. The dots 
show in which treatment groups 
this common gene deregula-
tion occurred. B The heatmap 
shows the expression of the 53 
genes with significant deregula-
tion in more than one treatment 
group. Upregulation is depicted 
in red; downregulation in blue. 
Significance of gene expression 
changes is indicated as follows: 
* padj < 0.1, **padj < 0.05, 
***padj < 0.01
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the 30 most influenced biofunctions and thus resulting dis-
eases revealed that the PAs lasiocarpine and platyphylline 
did not lead to predicted alterations, whereas for the other 
PAs several influenced biofunctions were identified, with the 
immune response being predominantly affected. Moreover, 
pathways involved in proper muscle function were predicted 
to be altered. The complete IPA prediction can be found in 
Supplementary Table S3.

Transcriptomics analysis in the kidney

Gene expression was also investigated in the kidney. There-
fore, the kidneys from rats treated with 3.3 mg/kg body 

weight of the representative PAs senecionine or senkirkine 
showing high effects in the gene regulation in the liver were 
analyzed exemplarily as described in the materials and meth-
ods section. The data evaluation and statistical workflow 
were the same as for the lung samples. The evaluation of 
gene regulation in kidney samples revealed no significantly 
deregulated genes in comparison to the control group. Fur-
thermore, a PCA showed no remarkable overall differences 
of gene expression in treatment groups in comparison to the 
control group (Supplementary Figure S6).

Fig. 5   Predicted diseases and 
biofunctions in rat lungs due to 
treatment with six structurally 
different PAs. The significantly 
differentially expressed genes 
(padj < 0.1) were used for func-
tional analysis with Ingenuity 
Pathway analysis (IPA) soft-
ware. The software compares 
the data with literature data and 
predicts the probably influenced 
diseases and biofunctions. The 
prediction is based on the IPA 
activation z-score. Depicted are 
the activation z-scores (z-score 
cut off = 2) of the 30 most 
influenced diseases and biofunc-
tions. The predicted pathways 
are hierarchically clustered. 
The complete list of predicted 
pathways can be found in Sup-
plementary Table S3
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Comparison with the liver

To gain better insight into the differences or similarities of 
the early molecular effects in the liver, lung, and kidney, 
we compared our data to a previously published liver data 
set from the same animals (Ebmeyer et al. 2020). ANOVA 
was performed for each data set to extract the top 100 genes 
that were most affected by PA treatment per organ. Subse-
quently, GO term enrichment analysis was applied based on 
these gene sets to compare PA effects in liver, lung, and kid-
ney. The GO term enrichment plot depicts that PA-induced 
deregulation of gene expression results in different pat-
terns of deregulated pathways in the liver, lung, and kidney 
(Fig. 6A). The microarray analysis and data evaluation of 
the liver revealed that mostly pathways involved in cell-cycle 
regulation and DNA damage response were regulated upon 
PA treatment (Ebmeyer et al. 2020). In contrast, gene expres-
sion analysis in the lung showed more regulation in pathways 
associated with an immune and inflammatory response. For 
the kidney samples, gene expression data was used to detect 
tendencies of deregulation even if the regulation was not 
statistically significant. Here, the most prominent pathways 
affected after PA treatment were inflammatory response and 
immune response. Overall, the enrichment plot allows the 
conclusion that PAs regulate remarkably different patterns 
of cellular pathways in the observed organs, with only minor 
overlaps for immune response between lung and liver. The 
heatmap in Fig. 6B shows the regulation of genes involved 
in immune response in the liver, lung, and kidney. The genes 
were chosen on the basis of the IPA prediction and GO term 
annotation. The depicted tendencies reveal that genes that 
are differentially regulated in the lung show no significant 
regulation in the liver and kidney. The same effect is observ-
able when the expression of genes found to be regulated in 
the lung in more than one treatment group was compared 
with the expression of the same genes in the liver or vice 
versa (Supplementary Figures S4 and S5).

Discussion

PAs can pose a threat to human health due to their toxic 
and/or carcinogenic potential. These secondary plant 
metabolites can occur in food, tea or in food supplements. 
Therefore, the uptake can accumulate over different food 
groups (BfR 2020). According to the literature, there have 
been cases of intoxication of two children with highly 
contaminated tea reaching a dose of 0.8–1.7 mg/kg body 
weight and 3 mg/kg body weight (Stillman et al. 1977; 
Fox et al. 1978). Concluding, the dose of 3.3 mg/kg body 
weight applied in this study represents a dose that can be 
reached in extreme cases. As described in the introduc-
tion, PAs can induce severe liver and lung toxicity and 

toxicological research is predominantly focused on PA-
induced hepatoxicity. Renal excretion of most PAs (Swick 
et al. 1982) also makes the kidneys a putative additional 
target organ. Nevertheless, data of PA-induced effects in 
the kidney are lacking. For this reason, we additionally 
examined the gene regulation in this organ to detect pos-
sible early effects of toxicity. Several studies were per-
formed to evaluate the effect of PAs on gene expression 
patterns in the liver (Mei et al. 2007; Ebmeyer et al. 2020); 
the latter, presenting results of a whole-genome microarray 
analysis of the livers of the same animals also examined 
in this study. A main outcome was that predicted regu-
lated pathways were predominantly related to DNA dam-
age response and cell-cycle regulation. However, only a 
few studies evaluated the effects of PAs in gene expres-
sion in the lung or in human lung cells. Most of the stud-
ies focused on monocrotaline since this PA is often used 
to induce PAH in rats (Xiao et al. 2020; Kishimoto et al. 
2015; Fu et al. 2014). Therefore, the present study aimed 
to provide information which pathways are affected in rat 
lung after repeated-dose exposure to six structurally differ-
ent PAs. After oral treatment of rats with six different PAs, 
each administered at a dose of 3.3 mg PA/kg body weight, 
we observed a change in transcription patterns in the lung 
especially for the PAs heliotrine and senkirkine (Fig. 3) 
that are completely different from the effects observed in 
the liver. IPA analysis of differentially regulated genes in 
the lungs predicted regulation of several pathways deal-
ing with immune response and inflammation. Transcrip-
tome analysis of monocrotaline-treated rats showed a 
strong linkage of the initiation and progression of PAH 
to inflammation markers after administration of a single 
dose of 40 mg monocrotaline/kg body weight (Xiao et al. 
2020), as well as mitochondrial damage, angiogenesis, 
and fibrosis after administration of 60 mg monocrotaline/
kg body weight (Potus et al. 2018). Furthermore, other 
studies showed that the response to injection of 60 mg 
monocrotaline/kg body weight was associated with p53 
and HIF signaling pathways (Wang et al. 2019). Addi-
tionally, the progression and severity of PAH in humans 
is highly dependent on genetic predisposition. The gene 
BMPR2 is named in several studies as an important fac-
tor in the progression of PAH in humans and also in the 
monocrotaline rat model of PAH (Garcia-Rivas et al. 2017; 
Tuder et al. 2013; Lane et al. 2000; Machado et al. 2015; 
Cheng et al. 2017). Nevertheless, also other genes were 
found to play a fundamental role in the initiation or pro-
gression of PAH in humans and rats: BMP9, CAV1, KV1.5, 
KCNK3, EIF2AK4, ENG, SMAD9, ALK1 (as reviewed in: 
Wang et al. 2016; Austin et al. 2012; Marsboom et al. 
2017; Yuan et al. 1998; Remillard et al. 2007; Navas 2017; 
Eyries et al. 2014; Tu et al. 2019; Ramos et al. 2008; Jas-
min et al. 2006; Lee et al. 2018). However, the expression 
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Fig. 6   Comparison of gene 
deregulation in liver, lung and 
kidney in rats after treatment 
for 28 days with 6 different 
PAs. Rats were treated daily 
by oral gavage with 3.3 mg/kg 
body weight of the respective 
PA. RNA was extracted from 
the organs and whole-genome 
microarray analysis was per-
formed. A GO term enrich-
ment analysis was performed 
to compare the predictions of 
deregulated pathways in liver, 
lung, and kidney. The regulated 
pathways, dependent on the 
adjusted p value and gene ratio, 
are depicted. B The heatmap 
shows chosen genes, on the 
basis of IPA prediction and 
GO term enrichment analysis 
involved in immune response 
and inflammatory responses, 
with their logarithmic fold 
change in comparison to the 
control groups from liver, lung, 
and kidney. The deregulation of 
these genes is compared in the 
three organs according to their 
log2 fold change. The genes and 
PAs are hierarchically clustered
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of these genes was not significantly deregulated in our 
study (Supplementary Table S2). The disturbance of BMP 
signaling and/or TGF-beta signaling pathways is a promi-
nent feature of PAH (Olschewski et al. 2018; Hurst et al. 
2017; Machado et al. 2015). Thus, we compared our gene 
expression data with these pathways using IPA. The analy-
sis showed that only some genes involved in the TGF-
beta signaling pathway were slightly but not significantly 
regulated in this study but no genes of the BMP signaling 
pathway were identified to be regulated in our data set. 
Hence, the PA-treated animals did not show any signs of 
PAH neither in histopathological examination nor in gene 
expression analysis. This phenomenon could be explained 
by the relatively low doses used in our study. In our study, 
the most substantial result is the predicted regulation of 
several pathways dealing with inflammation and immune 
response (Fig. 5). For additional verification of this find-
ing, we investigated the deregulation of genes known to 
be involved in inflammatory processes in lungs from mice 
from another study treated with senecionine in a high dose, 
acute study (Supplementary Table S1). The investigated 
gene expression also revealed deregulation of the regarded 
inflammation marker in comparison to the control group. 
This shows that the gene expression analysis allows the 
detection of possible early events of PAH in our subacute 
and in our acute study (Tuder et al. 2013; Mamazhaky-
pov et al. 2021). Additionally, the applied doses of PAs in 
our study induced gene expression changes of some genes 
associated with smooth muscle cells. This could be a first 
hint for PAH since disturbance of smooth muscle cells is a 
key factor in the pathobiology of pulmonary hypertension 
(Gao et al. 2017). In contrast to the other PAs, lasiocar-
pine showed the lowest number of significantly deregu-
lated genes in the lung (Fig. 3) even though lasiocarpine 
is known to be one of the most potent PAs in the liver 
(Lester et al. 2019; Merz and Schrenk 2016). This may be 
associated with the fast hepatic metabolism of lasiocarpine 
resulting in predominant severe liver damage even though 
in the examined animals for this study this effect was 
not observable. Moreover, Geburek et al. (2020) showed 
that the metabolism rate varies strongly for different PAs 
by incubation with rat or human liver microsomes. PAs 
like heliotrine and senkirkine, showing low metabolism 
rates with liver microsomes led to more pronounced gene 
expression regulation in the lungs in the present study. It 
may thus be hypothesized that the metabolism rate in the 
liver is reverse proportional to the damage in the lung. The 
reactive metabolites can be transported via blood from 
liver to lung as shown by He and colleagues. The group 
found metabolites in plasma and red blood cells after oral 
administration of 120 mg/kg BW monocrotaline in mice 
(He et al. 2021). Gene expression analysis of the kidneys 
revealed no significant changes. This can be explained 

by the fact, that most PAs are excreted renally as more 
stable and soluble N-oxides which exert no toxic proper-
ties (BfR 2020). We demonstrate in the present study that 
repeated-dose application of 3.3 mg PA/kg body weight 
leads to molecular changes related to pulmonary pathobi-
ology and lung inflammation, underlining the sensitivity 
of omics approaches to observe early subtle changes with 
high sensitivity, in the absence of manifest histopathologi-
cally observable effects.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00204-​021-​03108-x.

Authors contributions  JB, HS, JE, JR, DS, JH, AB, SH were involved 
in script reviewing and editing. JE and DR were involved in the statisti-
cal evaluation of the liver samples. JB, HS and JR were involved in the 
statistical evaluation of the lung samples and the comparison of liver 
and lung. JB did lung sample preparation, statistical evaluation, and 
script writing. JE did study planning and sample preparation of liver 
samples. OC, DS, JH and GG were involved in the conductance of the 
animal study, sample preparation and providing. SH did the conceptu-
alization, supervision, planning and editing.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. This work was supported by the German Federal Institute for 
Risk Assessment (Grant numbers 1329-554, 1322-624).

Availability of data and material  The raw data of this publication have 
been deposited in NCBI’s Gene Expression Omnibus and are accessible 
through GEO Series accession number GSE166195.

Code availability  Not applicable.

Declarations 

Conflict of interest  The authors declare that there are no conflicts of 
interest.

Ethics approval  All animal experiments were approved by the local 
authorities (mice study: Recklinghausen, Germany, rat study: Hanno-
ver, Germany).

Consent to participate  Not applicable.

Consent for publication  Not applicable.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

https://doi.org/10.1007/s00204-021-03108-x
http://creativecommons.org/licenses/by/4.0/


2795Archives of Toxicology (2021) 95:2785–2796	

1 3

References

Austin ED, Ma L, LeDuc C et al (2012) Whole exome sequencing to 
identify a novel gene (caveolin-1) associated with human pulmo-
nary arterial hypertension. Circ Cardiovasc Genet 5(3):336–343. 
https://​doi.​org/​10.​1161/​CIRCG​ENETI​CS.​111.​961888

BfR (2020) Aktualisierte Risikobewertung zu Gehalten an 1-2-ungesät-
tigten Pyrrolizidinalkaloiden in Lebensmitteln. BfR Opinion No 
026/2020:1–64. https://​doi.​org/​10.​17590/​20200​617-​130910

Brennan FH, Jogia T, Gillespie ER et al (2019) Complement recep-
tor C3aR1 controls neutrophil mobilization following spinal cord 
injury through physiological antagonism of CXCR2. JCI Insight. 
https://​doi.​org/​10.​1172/​jci.​insig​ht.​98254

Chen Z, Huo JR (2010) Hepatic veno-occlusive disease associated with 
toxicity of pyrrolizidine alkaloids in herbal preparations. Neth J 
Med 68(6):252–260

Cheng G, Wang X, Li Y, He L (2017) Let-7a-transfected mesenchymal 
stem cells ameliorate monocrotaline-induced pulmonary hyper-
tension by suppressing pulmonary artery smooth muscle cell 
growth through STAT3-BMPR2 signaling. Stem Cell Res Ther 
8(1):34. https://​doi.​org/​10.​1186/​s13287-​017-​0480-y

Ebmeyer J, Rasinger JD, Hengstler JG et al (2020) Hepatotoxic pyr-
rolizidine alkaloids induce DNA damage response in rat liver in 
a 28-day feeding study. Arch Toxicol 94(5):1739–1751. https://​
doi.​org/​10.​1007/​s00204-​020-​02779-2

EFSA (2011) Scientific opinion on pyrrolizidine alkaloids in food and 
feed - EFSA Panel on Contaminants in the Food Chain (CON-
TAM). EFSA J 9(11):2406–2540. https://​doi.​org/​10.​2903/j.​efsa

Eyries M, Montani D, Girerd B et al (2014) EIF2AK4 mutations cause 
pulmonary veno-occlusive disease, a recessive form of pulmonary 
hypertension. Nat Genet 46(1):65–69. https://​doi.​org/​10.​1038/​ng.​2844

Fox DW, Hart MC, Bergeson PS, Jarrett PB, Stillman AE, Huxtable 
RJ (1978) Pyrrolizidine (Senecio) intoxication mimicking Reye 
syndrome. J Pediatr 93(6):980–982. https://​doi.​org/​10.​1016/​
s0022-​3476(78)​81227-x

Fu PP, Xia Q, Lin G, Chou MW (2004) Pyrrolizidine alkaloids–genotox-
icity, metabolism enzymes, metabolic activation, and mechanisms. 
Drug Metab Rev 36(1):1–55. https://​doi.​org/​10.​1081/​dmr-​12002​8426

Fu J, Chen YF, Zhao X et al (2014) Targeted delivery of pulmonary 
arterial endothelial cells overexpressing interleukin-8 receptors 
attenuates monocrotaline-induced pulmonary vascular remod-
eling. Arterioscler Thromb Vasc Biol 34(7):1539–1547. https://​
doi.​org/​10.​1161/​ATVBA​HA.​114.​303821

Gao L, Zhou Y, Zhou SX et al (2017) PLD4 promotes M1 macrophages 
to perform antitumor effects in colon cancer cells. Oncol Rep 
37(1):408–416. https://​doi.​org/​10.​3892/​or.​2016.​5216

Garcia-Rivas G, Jerjes-Sanchez C, Rodriguez D, Garcia-Pelaez J, 
Trevino V (2017) A systematic review of genetic mutations in 
pulmonary arterial hypertension. BMC Med Genet 18(1):82. 
https://​doi.​org/​10.​1186/​s12881-​017-​0440-5

Geburek I, Preiss-Weigert A, Lahrssen-Wiederholt M, Schrenk D, 
These A (2020) In vitro metabolism of pyrrolizidine alkaloids—
metabolic degradation and GSH conjugate formation of different 
structure types. Food Chem Toxicol 135:110868. https://​doi.​org/​
10.​1016/j.​fct.​2019.​110868

Greco E, Aita A, Galozzi P et al (2015) The novel S59P mutation in 
the TNFRSF1A gene identified in an adult onset TNF receptor 
associated periodic syndrome (TRAPS) constitutively activates 
NF-κB pathway. Arthritis Res Ther 17(1):93. https://​doi.​org/​10.​
1186/​s13075-​015-​0604-7

Gu Z, Eils R, Schlesner M (2016) Complex heatmaps reveal patterns 
and correlations in multidimensional genomic data. Bioinformatics 
32(18):2847–2849. https://​doi.​org/​10.​1093/​bioin​forma​tics/​btw313

Gunther S, Perros F, Rautou PE et  al (2019) Understanding the 
similarities and differences between hepatic and pulmonary 

veno-occlusive disease. Am J Pathol 189(6):1159–1175. https://​
doi.​org/​10.​1016/j.​ajpath.​2019.​02.​007

He Y, Lian W, Ding L et al (2021) Lung injury induced by pyrrolizidine 
alkaloids depends on metabolism by hepatic cytochrome P450s 
and blood transport of reactive metabolites. Arch Toxicol 
95(1):103–116. https://​doi.​org/​10.​1007/​s00204-​020-​02921-0

Hoorn CM, Roth RA (1992) Monocrotaline pyrrole alters DNA, RNA 
and protein synthesis in pulmonary artery endothelial cells. Am 
J Physiol 262(6 Pt 1):L740–L747. https://​doi.​org/​10.​1152/​ajplu​
ng.​1992.​262.6.​L740

Huang Z, Chen M, Zhang J, Sheng Y, Ji L (2017) Integrative analysis 
of hepatic microRNA and mRNA to identify potential biologi-
cal pathways associated with monocrotaline-induced liver injury 
in mice. Toxicol Appl Pharmacol 333:35–42. https://​doi.​org/​10.​
1016/j.​taap.​2017.​08.​007

Hurst LA, Dunmore BJ, Long L et al (2017) TNFalpha drives pul-
monary arterial hypertension by suppressing the BMP type-II 
receptor and altering NOTCH signalling. Nat Commun 8:14079. 
https://​doi.​org/​10.​1038/​ncomm​s14079

Hynes RO (2002) Integrins: bidirectional, allosteric signaling 
machines. Cell 110(6):673–687. https://​doi.​org/​10.​1016/​s0092-​
8674(02)​00971-6

Jasmin J-F, Mercier I, Dupuis J, Tanowitz HB, Lisanti MP (2006) Short-
term administration of a cell-permeable caveolin-1 peptide prevents 
the development of monocrotaline-induced pulmonary hyperten-
sion and right ventricular hypertrophy. Circulation 114(9):912–920. 
https://​doi.​org/​10.​1161/​CIRCU​LATIO​NAHA.​106.​634709

Jiang T, Yang C, Ma L et al (2017) Overexpression of GRK3, promoting 
tumor proliferation, is predictive of poor prognosis in colon cancer. 
Dis Markers 2017:1202710. https://​doi.​org/​10.​1155/​2017/​12027​10

Kakar F, Akbarian Z, Leslie T et al (2010) An outbreak of hepatic 
veno-occlusive disease in Western afghanistan associated with 
exposure to wheat flour contaminated with pyrrolizidine alkaloids. 
J Toxicol 2010:313280. https://​doi.​org/​10.​1155/​2010/​313280

Kaltner F, Rychlik M, Gareis M, Gottschalk C (2020) Occurrence and 
risk assessment of pyrrolizidine alkaloids in spices and culinary 
herbs from various geographical origins. Toxins (basel). https://​
doi.​org/​10.​3390/​toxin​s1203​0155

Kanda M, Shimizu D, Sueoka S et al (2016) Prognostic relevance of 
SAMSN1 expression in gastric cancer. Oncol Lett 12(6):4708–
4716. https://​doi.​org/​10.​3892/​ol.​2016.​5233

Kishimoto Y, Kato T, Ito M et al (2015) Hydrogen ameliorates pulmo-
nary hypertension in rats by anti-inflammatory and antioxidant 
effects. J Thorac Cardiovasc Surg 150(3):645–54 e3. https://​doi.​
org/​10.​1016/j.​jtcvs.​2015.​05.​052

Lame MW, Jones AD, Wilson DW, Segall HJ (2005) Monocrotaline pyr-
role targets proteins with and without cysteine residues in the cytosol 
and membranes of human pulmonary artery endothelial cells. Prot-
eomics 5(17):4398–4413. https://​doi.​org/​10.​1002/​pmic.​20040​2022

Lane KB, Machado RD, Pauciulo MW et al (2000) Heterozygous ger-
mline mutations in BMPR2, encoding a TGF-beta receptor, cause 
familial primary pulmonary hypertension. Nat Genet 26(1):81–84. 
https://​doi.​org/​10.​1038/​79226

Lee H, Kim KC, Hong YM (2018) Change of voltage-gated potassium 
channel 1.7 expressions in monocrotaline-induced pulmonary 
arterial hypertension rat model. Korean J Pediatr 61(9):271–278. 
https://​doi.​org/​10.​3345/​kjp.​2018.​06457

Lester C, Troutman J, Obringer C et al (2019) Intrinsic relative potency 
of a series of pyrrolizidine alkaloids characterized by rate and 
extent of metabolism. Food Chem Toxicol 131:110523. https://​
doi.​org/​10.​1016/j.​fct.​2019.​05.​031

Machado RD, Southgate L, Eichstaedt CA et al (2015) Pulmonary 
arterial hypertension: a current perspective on established and 
emerging molecular genetic defects. Hum Mutat 36(12):1113–
1127. https://​doi.​org/​10.​1002/​humu.​22904

https://doi.org/10.1161/CIRCGENETICS.111.961888
https://doi.org/10.17590/20200617-130910
https://doi.org/10.1172/jci.insight.98254
https://doi.org/10.1186/s13287-017-0480-y
https://doi.org/10.1007/s00204-020-02779-2
https://doi.org/10.1007/s00204-020-02779-2
https://doi.org/10.2903/j.efsa
https://doi.org/10.1038/ng.2844
https://doi.org/10.1016/s0022-3476(78)81227-x
https://doi.org/10.1016/s0022-3476(78)81227-x
https://doi.org/10.1081/dmr-120028426
https://doi.org/10.1161/ATVBAHA.114.303821
https://doi.org/10.1161/ATVBAHA.114.303821
https://doi.org/10.3892/or.2016.5216
https://doi.org/10.1186/s12881-017-0440-5
https://doi.org/10.1016/j.fct.2019.110868
https://doi.org/10.1016/j.fct.2019.110868
https://doi.org/10.1186/s13075-015-0604-7
https://doi.org/10.1186/s13075-015-0604-7
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1016/j.ajpath.2019.02.007
https://doi.org/10.1016/j.ajpath.2019.02.007
https://doi.org/10.1007/s00204-020-02921-0
https://doi.org/10.1152/ajplung.1992.262.6.L740
https://doi.org/10.1152/ajplung.1992.262.6.L740
https://doi.org/10.1016/j.taap.2017.08.007
https://doi.org/10.1016/j.taap.2017.08.007
https://doi.org/10.1038/ncomms14079
https://doi.org/10.1016/s0092-8674(02)00971-6
https://doi.org/10.1016/s0092-8674(02)00971-6
https://doi.org/10.1161/CIRCULATIONAHA.106.634709
https://doi.org/10.1155/2017/1202710
https://doi.org/10.1155/2010/313280
https://doi.org/10.3390/toxins12030155
https://doi.org/10.3390/toxins12030155
https://doi.org/10.3892/ol.2016.5233
https://doi.org/10.1016/j.jtcvs.2015.05.052
https://doi.org/10.1016/j.jtcvs.2015.05.052
https://doi.org/10.1002/pmic.200402022
https://doi.org/10.1038/79226
https://doi.org/10.3345/kjp.2018.06457
https://doi.org/10.1016/j.fct.2019.05.031
https://doi.org/10.1016/j.fct.2019.05.031
https://doi.org/10.1002/humu.22904


2796	 Archives of Toxicology (2021) 95:2785–2796

1 3

Mamazhakypov A, Viswanathan G, Lawrie A, Schermuly RT, Rajago-
pal S (2021) The role of chemokines and chemokine receptors in 
pulmonary arterial hypertension. Br J Pharmacol 178(1):72–89. 
https://​doi.​org/​10.​1111/​bph.​14826

Marsboom G, Chen Z, Yuan Y et al (2017) Aberrant caveolin-1-me-
diated Smad signaling and proliferation identified by analysis of 
adenine 474 deletion mutation (c.474delA) in patient fibroblasts: 
a new perspective on the mechanism of pulmonary hypertension. 
Mol Biol Cell 28(9):1177–1185. https://​doi.​org/​10.​1091/​mbc.​
E16-​11-​0790

Mattocks AR (1968) Toxicity of pyrrolizidine alkaloids. Nature 
217(5130):723–728. https://​doi.​org/​10.​1038/​21772​3a0

Mei N, Guo L, Liu R, Fuscoe JC, Chen T (2007) Gene expression 
changes induced by the tumorigenic pyrrolizidine alkaloid rid-
delliine in liver of Big Blue rats. BMC Bioinform 8(Suppl 7):S4. 
https://​doi.​org/​10.​1186/​1471-​2105-8-​S7-​S4

Merz KH, Schrenk D (2016) Interim relative potency factors for the 
toxicological risk assessment of pyrrolizidine alkaloids in food 
and herbal medicines. Toxicol Lett 263:44–57. https://​doi.​org/​10.​
1016/j.​toxlet.​2016.​05.​002

Moldes M, Lasnier F, Gauthereau X et al (2001) Tumor necrosis fac-
tor-alpha-induced adipose-related protein (TIARP), a cell-surface 
protein that is highly induced by tumor necrosis factor-alpha and 
adipose conversion. J Biol Chem 276(36):33938–33946. https://​
doi.​org/​10.​1074/​jbc.​M1057​26200

Navas TP, Tenorio CastanoPalomino Doza JJ et al (2017) An homozy-
gous mutation in KCNK3 is associated with an aggressive form 
of hereditary pulmonary arterial hypertension. Clin Genet 
91(3):453–457. https://​doi.​org/​10.​1111/​cge.​12869

Noll JE, Hewett DR, Williams SA et al (2014) SAMSN1 is a tumor 
suppressor gene in multiple myeloma. Neoplasia 16(7):572–585. 
https://​doi.​org/​10.​1016/j.​neo.​2014.​07.​002

NTP (2003) Toxicology and carcinogenesis studies of riddelliine (CAS 
No 23246-96-0) in F344/N rats and B6C3F1 mice (gavage stud-
ies). Nation Toxicol Program Techn Rep Ser (508):1–280

Olschewski A, Berghausen EM, Eichstaedt CA et al (2018) Pathobiol-
ogy, pathology and genetics of pulmonary hypertension: update 
from the Cologne Consensus Conference 2018. Int J Cardiol 
272S:4–10. https://​doi.​org/​10.​1016/j.​ijcard.​2018.​09.​070

Potus F, Hindmarch CCT, Dunham-Snary KJ, Stafford J, Archer SL 
(2018) Transcriptomic signature of right ventricular failure in 
experimental pulmonary arterial hypertension: deep sequencing 
demonstrates mitochondrial, fibrotic, inflammatory and angio-
genic abnormalities. Int J Mol Sci. https://​doi.​org/​10.​3390/​ijms1​
90927​30

R Core Team (2018) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria

Ramos MF, Lamé MW, Segall HJ, Wilson DW (2008) Smad signal-
ing in the rat model of monocrotaline pulmonary hypertension. 
Toxicol Pathol 36(2):311–320. https://​doi.​org/​10.​1177/​01926​
23307​311402

Remillard CV, Tigno DD, Platoshyn O et al (2007) Function of Kv1.5 
channels and genetic variations of KCNA5 in patients with idio-
pathic pulmonary arterial hypertension. Am J Physiol Cell Physiol 
292(5):C1837–C1853. https://​doi.​org/​10.​1152/​ajpce​ll.​00405.​2006

Ritchie ME, Phipson B, Wu D et al (2015) limma powers differential 
expression analyses for RNA-sequencing and microarray studies. 
Nucleic Acids Res 43(7):e47. https://​doi.​org/​10.​1093/​nar/​gkv007

Sang M, Hulsurkar M, Zhang X et al (2016) GRK3 is a direct target of 
CREB activation and regulates neuroendocrine differentiation of 
prostate cancer cells. Oncotarget 7(29):45171–45185. https://​doi.​
org/​10.​18632/​oncot​arget.​9359

Scarl RT, Lawrence CM, Gordon HM, Nunemaker CS (2017) STEAP4: 
its emerging role in metabolism and homeostasis of cellular iron 
and copper. J Endocrinol 234(3):R123-r134. https://​doi.​org/​10.​
1530/​joe-​16-​0594

Souyris M, Cenac C, Azar P et al (2018) TLR7 escapes X chromo-
some inactivation in immune cells. Sci Immunol. https://​doi.​org/​
10.​1126/​sciim​munol.​aap88​55

Stacey M, Chang GW, Sanos SL et al (2002) EMR4, a novel epider-
mal growth factor (EGF)-TM7 molecule up-regulated in activated 
mouse macrophages, binds to a putative cellular ligand on B lym-
phoma cell line A20. J Biol Chem 277(32):29283–29293. https://​
doi.​org/​10.​1074/​jbc.​M2043​06200

Stegelmeier BL, Edgar JA, Colegate SM et al (1999) Pyrrolizidine 
alkaloid plants, metabolism and toxicity. J Nat Toxins 8(1):95–116

Stillman AS, Huxtable R, Consroe P, Kohnen P, Smith S (1977) 
Hepatic veno-occlusive disease due to pyrrolizidine (Senecio) 
poisoning in Arizona. Gastroenterology 73(2):349–352

Swick RA, Cheeke PR, Patton NM, Buhler DR (1982) Absorption and 
excretion of pyrrolizidine (Senecio) alkaloids and their effects 
on mineral metabolism in rabbits. J Anim Sci 55(6):1417–1424. 
https://​doi.​org/​10.​2527/​jas19​82.​55614​17x

Teuscher E, Lindequist U (2009) Biogene Gifte. Wissenschaftliche 
Verlagsgesellschaft, Stuttgart

Tu L, Desroches-Castan A, Mallet C et al (2019) Selective BMP-9 
inhibition partially protects against experimental pulmonary 
hypertension. Circ Res 124(6):846–855. https://​doi.​org/​10.​1161/​
circr​esaha.​118.​313356

Tuder RM, Archer SL, Dorfmuller P et al (2013) Relevant issues in 
the pathology and pathobiology of pulmonary hypertension. J Am 
Coll Cardiol 62(25 Suppl):D4-12. https://​doi.​org/​10.​1016/j.​jacc.​
2013.​10.​025

Wang G, Fan R, Ji R et al (2016) Novel homozygous BMP9 non-
sense mutation causes pulmonary arterial hypertension: a 
case report. BMC Pulm Med 16:17. https://​doi.​org/​10.​1186/​
s12890-​016-​0183-7

Wang Z, Yang K, Zheng Q et al (2019) Divergent changes of p53 in 
pulmonary arterial endothelial and smooth muscle cells involved 
in the development of pulmonary hypertension. Am J Physiol 
Lung Cell Mol Physiol 316(1):L216–L228. https://​doi.​org/​10.​
1152/​ajplu​ng.​00538.​2017

Wiedenfeld H, Roeder E, Bourauel T, Edgar J (2008) Pyrrolizidine 
alkaloids - structure and toxicity. Verlag V&R Unipress, Bonn

Xiao G, Wang T, Zhuang W et al (2020) RNA sequencing analysis 
of monocrotaline-induced PAH reveals dysregulated chemokine 
and neuroactive ligand receptor pathways. Aging (albany NY) 
12(6):4953–4969. https://​doi.​org/​10.​18632/​aging.​102922

Yao Y, Yu H, Liu Y et al (2018) PSTPIP2 inhibits the inflammatory 
response and proliferation of fibroblast-like synoviocytes in vitro. 
Front Pharmacol 9:1432. https://​doi.​org/​10.​3389/​fphar.​2018.​01432

Yu G, Li F, Qin Y, Bo X, Wu Y, Wang S (2010) GOSemSim: an R 
package for measuring semantic similarity among GO terms and 
gene products. Bioinformatics 26(7):976–978. https://​doi.​org/​10.​
1093/​bioin​forma​tics/​btq064

Yuan X-J, Wang J, Juhaszova M, Gaine SP, Rubin LJ (1998) Attenuated 
K+ channel gene transcription in primary pulmonary hyperten-
sion. Lancet 351(9104):726–727. https://​doi.​org/​10.​1016/​s0140-​
6736(05)​78495-6

Zhang Y, Zhang Y, Sun K, Meng Z, Chen L (2019) The SLC trans-
porter in nutrient and metabolic sensing, regulation, and drug 
development. J Mol Cell Biol 11(1):1–13. https://​doi.​org/​10.​1093/​
jmcb/​mjy052

Zhuang W, Lian G, Huang B et al (2018) Pulmonary arterial hyperten-
sion induced by a novel method: twice-intraperitoneal injection 
of monocrotaline. Exp Biol Med (maywood) 243(12):995–1003. 
https://​doi.​org/​10.​1177/​15353​70218​794128

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1111/bph.14826
https://doi.org/10.1091/mbc.E16-11-0790
https://doi.org/10.1091/mbc.E16-11-0790
https://doi.org/10.1038/217723a0
https://doi.org/10.1186/1471-2105-8-S7-S4
https://doi.org/10.1016/j.toxlet.2016.05.002
https://doi.org/10.1016/j.toxlet.2016.05.002
https://doi.org/10.1074/jbc.M105726200
https://doi.org/10.1074/jbc.M105726200
https://doi.org/10.1111/cge.12869
https://doi.org/10.1016/j.neo.2014.07.002
https://doi.org/10.1016/j.ijcard.2018.09.070
https://doi.org/10.3390/ijms19092730
https://doi.org/10.3390/ijms19092730
https://doi.org/10.1177/0192623307311402
https://doi.org/10.1177/0192623307311402
https://doi.org/10.1152/ajpcell.00405.2006
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.18632/oncotarget.9359
https://doi.org/10.18632/oncotarget.9359
https://doi.org/10.1530/joe-16-0594
https://doi.org/10.1530/joe-16-0594
https://doi.org/10.1126/sciimmunol.aap8855
https://doi.org/10.1126/sciimmunol.aap8855
https://doi.org/10.1074/jbc.M204306200
https://doi.org/10.1074/jbc.M204306200
https://doi.org/10.2527/jas1982.5561417x
https://doi.org/10.1161/circresaha.118.313356
https://doi.org/10.1161/circresaha.118.313356
https://doi.org/10.1016/j.jacc.2013.10.025
https://doi.org/10.1016/j.jacc.2013.10.025
https://doi.org/10.1186/s12890-016-0183-7
https://doi.org/10.1186/s12890-016-0183-7
https://doi.org/10.1152/ajplung.00538.2017
https://doi.org/10.1152/ajplung.00538.2017
https://doi.org/10.18632/aging.102922
https://doi.org/10.3389/fphar.2018.01432
https://doi.org/10.1093/bioinformatics/btq064
https://doi.org/10.1093/bioinformatics/btq064
https://doi.org/10.1016/s0140-6736(05)78495-6
https://doi.org/10.1016/s0140-6736(05)78495-6
https://doi.org/10.1093/jmcb/mjy052
https://doi.org/10.1093/jmcb/mjy052
https://doi.org/10.1177/1535370218794128

	Pyrrolizidine alkaloid-induced transcriptomic changes in rat lungs in a 28-day subacute feeding study
	Abstract
	Introduction
	Materials and methods
	Chemicals
	In vivo study
	Gene expression analysis
	RNA isolation and sample preparation
	Bioinformatical analysis


	Results
	Body weight, organ weight and histopathological examination
	Transcriptomics analysis in the lung
	Transcriptomics analysis in the kidney
	Comparison with the liver

	Discussion
	References




