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Abstract: 1,2-unsaturated Pyrrolizidine Alkaloids (PAs) are secondary plant metabolites that occur as
food contaminants. Upon consumption, they can cause severe liver damage. PAs have been shown to
induce apoptosis, to have cytotoxic and genotoxic effects, and to impair bile acid homeostasis in the
human hepatoma cell line HepaRG. The major mode of action of PAs is DNA- and protein-adduct
formation. Beyond that, nuclear receptor activation has only been observed for one receptor and two
PAs, yielding the possibility that other cellular mediators are involved in PA-mediated toxicity. Here,
the mode of action of Senecionine (Sc), a prominent and ubiquitous representative of hepatotoxic
PAs, was investigated by analyzing 7 hepatic microRNAs (miRNAs) in HepaRG cells. Ultimately,
11 target genes that were predicted with Ingenuity Pathway Analysis software (IPA) were found
to be significantly downregulated, while their assigned miRNAs showed significant upregulation
of gene expression. According to IPA, these targets are positively correlated with apoptosis and
cellular death and are involved in diseases such as hepatocellular carcinoma. Subsequent antagomiR-
inhibition analysis revealed a significant correlation between PA-induced miRNA-4434 induction and
P21-Activated Kinase-1 (PAK1) downregulation. PAK1 downregulation is usually associated with cell
cycle arrest, suggesting a new function of Sc-mediated toxicity in human liver cells.

Keywords: cell cycle; IPA; microRNA; PAK1; pyrrolizidine alkaloids; senecionine

1. Introduction

Pyrrolizidine alkaloids are the most common natural toxins with over 660 different
chemical structures. They are present in more than 6000 plant species worldwide and can
occur as contaminants in food and feed, posing a possible health risk for humans and
livestock [1]. For example, they can be found in products such as tea, honey, culinary
herbs, dietary supplements or herbal preparations such as traditional medicine [2–5]. It
must be stressed that the exposure to pyrrolizidine alkaloids can occur via a wide variety
of foodstuff, which increases the likelihood of ingestion. Because 1,2-unsaturated Pyrro-
lizidine Alkaloids (PAs) have genotoxic properties and are considered to be carcinogenic,
no safe threshold value such as the TDI (Tolerable Daily Intake) can be derived. Therefore,
it is recommended to apply the ALARA principle (As Low As Reasonably Achievable) to
prevent unnecessary exposure [6].

PAs are known to require metabolic activation in the liver, usually provided by mem-
bers of the cytochrome P450 superfamily [7]. The hepatotoxic metabolites may cause acute
toxic effects such as Hepatic Sinusoidal Obstruction Syndrome (HSOS), resulting in ascites,
hepatomegaly, and ultimately death. Chronic intoxication may lead to megalocytosis, liver
cirrhosis and cancer [7–16]. To a lesser extent, PAs are also pneumotoxic, most likely due to
systemic distribution of reactive metabolites to the lung [17].

Pyrrolizidine alkaloids consist of one so-called necine base, which is esterified with one
or two aliphatic mono- or dicarboxylic acids (necic acids). Accordingly, they are classified
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into different structure types, depending on the structure of their necine base (retronecine-,
heliotridine-, otonecine-, and platynecine-type) and further into monoesters, open-chained
diesters and cyclic diesters [18].

Until today, many in vitro studies have been conducted showing that PAs cause
apoptosis [19,20], cytotoxicity [21], and genotoxicity [22] in a structure-dependent manner.
Moreover, they were shown to disturb bile acid homeostasis in the human hepatoma cell
line HepaRG [23,24]. Upon PA treatment, it is consistently observed that the expression
pattern of genes relevant for apoptosis, bile acid homeostasis, and metabolism is highly
deregulated in liver cells in vivo and in vitro [21,23,25]. Nonetheless, some ambiguities
remain regarding the underlying molecular mechanisms of PA-mediated hepatotoxicity.
The major molecular mode of action is the binding of PA metabolites to DNA and proteins
to form adducts via alkylation [7]. Nevertheless, interactions between PAs and specific
regulatory elements may pose additional molecular mechanisms leading to deregulation of
cellular signaling and disturbance of metabolic pathways. Therefore, PA-mediated nuclear
receptor activation was investigated, mainly because nuclear receptors are typical targets
in xenobiotic-induced toxicity. However, no PA-induced activation could be observed,
with the exception of Pregnane X Receptor (PXR), which was exclusively activated by the
PAs echimidine and Lasiocarpine (Lc), resulting in the activation of its target CYtochrome
P450 monooxygenase (CYP) 3A4 [26]. Therefore, it appears likely that cellular signaling
pathways and mediators other than nuclear receptor interference are involved in mediating
the effects of PAs. miRNAs are small, non-coding, 21- to 25-nucleotide-long RNA molecules
that regulate a wide variety of physiological processes such as cell growth, development,
apoptosis, differentiation, and carcinogenesis at the post-transcriptional level [27,28]. In
animals, miRNAs bind their target mRNAs in the 3′-UnTranslated Region (UTR). Depend-
ing on the complementarity of base pairing between the miRNA and the mRNA target,
the binding of the miRNA either leads to mRNA cleavage or translational repression. It is
postulated that translational repression is the predominant mechanism by which metazoan
miRNAs negatively regulate their targets [29]. Many miRNAs are crucial regulators of bile
acid homeostasis, lipid and glucose metabolism, inflammation, apoptosis, and prolifer-
ation [30–32], for example, and are deregulated in many liver diseases [32,33]. Notably,
CYP7A1, the rate-limiting enzyme in bile acid synthesis, is regulated by two miRNAs, with
one of them being the most abundant miRNA in the liver [34]. Interestingly, a correlation
between chronic exposure to the PA riddelliine and an altered miRNA expression pattern
in the liver has been observed in a 12-week feeding study with rats [35]. Moreover, an
integrative analysis studying the miRNA-mRNA interaction after acute incubation with
the PA Monocrotaline (Mc) in high doses found the phagosome signaling pathway to be
a relevant molecular mechanism of PA-induced HSOS in mice [36]. Some miRNAs are
solely expressed in a tissue-specific manner; others circulate in body fluids such as blood
or urine and have been proposed as non-invasive biomarkers for disease prediction and
progression. For example, circulating miRNAs in blood samples from patients suffering
from PA-induced HSOS were positively correlated with the severity of liver injury and
progression of HSOS [37]. Additionally, patients suffering from intrahepatic cholestasis
showed elevated miRNA levels in blood and liver tissue [33]. Therefore, miRNA signa-
tures are currently discussed as early-stage biomarkers for HSOS and other liver-specific
injuries [28,38].

The present study aimed to examine the role of hepatic miRNAs in the regulation of
PA-induced hepatotoxicity in HepaRG cells. For this purpose, relevant hepatic miRNAs
were discovered that are sensible to PA treatment. With quantitative analysis and Ingenuity
Pathway Analysis (IPA), an evidence-based tool for target and pathway prediction, a
selection of target genes was further subjected to analysis to identify the potential engaged
molecular functions and biological pathways involved in PA-mediated toxicity in human
liver cells.
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2. Materials and Methods
2.1. Chemicals

The PAs Lc and senecionine (Sc) (>95% purity) were obtained from PHYTOPLAN
Diehm & und Neuberger GmbH (Heidelberg, Germany). In order to get 5 mM stock
solutions, the PAs were dissolved in 50% acetonitrile (ACN) and 50% water (v/v). All other
chemicals were purchased from Merck KGaA (Darmstadt, Germany) and Thermo Fisher
Scientific (Waltham, MA, USA).

2.2. Cell Culture

The human hepatoma cell line HepaRG was purchased from Biopredic International
(Saint-Grégoire, France). The cells were cultivated at 37 ◦C in a humidified atmosphere
of 5% CO2 [39]. After seeding, cells were cultivated in William’s Medium E with sta-
ble glutamine (PAN-Biotech, Aidenbach, Germany) for proliferation. The medium was
supplemented with 10% Fetal Bovine Serum (FBS; PAN-Biotech, Aidenbach, Germany),
50 µM hydrocortisone hemisuccinate (Merck KGaA, Darmstadt, Germany), 100 U/mL
penicillin and 100 µg/mL streptomycin (Capricorn Scientific, Ebsdorfergrund, Germany)
and 5 µg/mL human insulin (PAN-Biotech, Aidenbach, Germany). After two weeks of
proliferation, 1.7% of DiMethyl SulfOxide (DMSO; Merck KGaA, Darmstadt, Germany)
was added to initiate differentiation and HepaRG cells were cultivated for another two
weeks to fully differentiate before being used for experiments.

2.3. Liver-Specific miRNA Array

For liver-specific miRNA expression screening, HepaRG cells were seeded at a density
of 0.2 × 106 cells per well in 6-well plates and cultivated as described in Section 2.2. After
four weeks of cultivation and 48 h prior to incubation, fully differentiated cells were
adapted to treatment medium containing 1.7% DMSO and a reduced FBS concentration
of 2%. The cells were incubated with 10, 35 and 250 µM of the most potent Lc for 8 h
or with 2.5, 10 and 35 µM Lc for 24 h, respectively. The miRNA was isolated using the
miRNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol,
including a purification step of the miRNA-enriched fraction using the RNeasy MinElute
Cleanup Kit (Qiagen, Hilden, Germany). Initially, cells were lysed with 700 µL QIAzol
lysis reagent. As a miRNA isolation efficiency control, a spike-in control consisting of
three synthetic templates in different concentrations (Qiagen, Hilden, Germany) was
added to the lysis buffer. The subsequent procedure was as follows: incubation for 5 min
at Room Temperature (RT), addition of 140 µL chloroform per sample and thoroughly
mixing, incubation for 3 min at RT, centrifugation for 15 min at 12,000× g at 4 ◦C, transfer
of the upper aqueous phase intro a new tube, addition of one volume of 70% ethanol
(usually 350 µL) and thorough mixing, transfer of the sample into an RNeasy Mini spin
column, and centrifugation for 15 s at 8000× g at RT. The RNeasy Mini spin columns
containing the mRNA fractions were discarded. The flow-through containing the smaller
miRNA fraction was purified as follows: addition of 450 µL 100% ethanol, thorough
mixing, transfer of the sample into an RNeasy MinElute spin column and centrifugation
for 15 s at 8000× g at RT, washing of column with 700 µL RWT buffer and 500 µL RPE
buffer, respectively, for 15 s at 8000× g at RT, final washing with 500 µL 80% ethanol
with subsequent centrifugation for 2 min at 8000× g at RT and subsequent drying by
centrifugation for 5 min at 8000× g at RT. Afterwards, the miRNA fractions were eluted
in 14 µL water and quantified at 260 and 280 nm on a TecanM200Pro spectrometer (Tecan
Group Lt., Männedorf, Switzerland). Next, 10 ng miRNA (naturally occurring as non-
polyadenylated) were polyadenylated by a poly(A) polymerase and reverse transcribed
into cDNA using the miRCURY LNA RT Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. Additionally, as a reverse transcription efficiency control,
a spike-in control consisting of a synthetic RNA target (Qiagen, Hilden, Germany) was
added to the reaction buffer. The reverse transcription step lasted for 60 min at 42 ◦C,
followed by an inactivation step for 5 min at 95 ◦C. Quantitative real-time Polymerase Chain
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Reaction (qPCR) on pre-designed PCR panels with Locked Nucleic Acids (LNA)-enhanced
oligonucleotides (miRCURY LNA miRNA custom PCR array of 84 liver-specific miRNAs
(see Supplementary Materials Table S1 for a list of all miRNAs investigated)) was performed
from 62.5 pg cDNA on an ABI 7900HT Fast Real-Time PCR system (Applied Biosystems,
Foster City, CA, USA) in 384-well format using miRCURY LNA SYBR Green Master Mix
and ROX reference dye (20×) (Qiagen, Hilden, Germany). The thermal profile was as
follows: initiation (2 min, 95 ◦C), denaturation (10 s, 95 ◦C, 40 cycles), annealing/elongation
(1 min, 56 ◦C, 40 cycles) and dissociation curve analysis. Results were analyzed using the
QIAGEN GeneGlobe miRCURY LNA miRNA PCR Data analysis software. That is, Ct
values were evaluated in consideration of an interplate calibrator, RNA isolation efficiency
spike-in controls and reverse transcription efficiency spike-in control, and subsequently
normalized to the expression of a set of housekeeping genes such as the miRNAs miR-103a-
3p, -16-5p, -191-5p, -423-5p and -23a-3p and a small nucleolar RNA (snoRD38D) and referred
to the values of the solvent control (2.5% ACN for 8 h and 0.35% ACN for 24 h), which is in
accordance with the 2−∆∆Ct method [40].

2.4. RNA Isolation and qPCR Analysis

To investigate the deregulation of gene expression of the selected liver-specific miR-
NAs, HepaRG cells were seeded, cultivated and adapted to treatment medium as described
in Section 2.3. The cells were incubated with 35 µM Sc for 2, 4, 6, 8 and 24 h, respectively. The
mRNA and miRNA were isolated using the miRNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol, including a purification step of miRNA-enriched
fractions using the RNeasy MinElute Cleanup Kit (Qiagen, Hilden, Germany). Cell lysis
and total RNA isolation occurred as mentioned in Section 2.3. with the exception that
no spike-in control was added. Additionally, the RNeasy Mini spin columns containing
the mRNA fractions were not discarded, but stored at 4 ◦C until further isolation. The
flow-through containing the smaller miRNA fractions was purified and miRNA eluted as
mentioned in Section 2.3. Afterwards, mRNA isolation occurred as follows: washing of
RNeasy Mini columns once with 700 µL RWT buffer and twice with 500 µL RPE buffer with
centrifugation for 15 s at 8000× g at RT between each step, respectively, and drying by cen-
trifugation for 1 min at full speed at RT. The samples were eluted in 30 µL water. Both the
miRNA enriched samples and the total RNA samples were quantified at 260 and 280 nm
on a TecanM200Pro spectrometer (Tecan Group Lt., Männedorf, Switzerland).

Five hundred ng miRNA were polyadenylated and reverse transcribed into cDNA
using the miScript II RT Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
protocol. The cDNA was synthesized by using a poly(T) primer with a 5′ universal tag,
enabling the alignment with a universal primer during qPCR amplification. qPCR was
performed from 227.3 pg cDNA on an ABI 7900HT Fast Real-Time PCR system in 384-well
format using miScript SYBR Green PCR Kit (Qiagen, Hilden, Germany) with 10x universal
primer and 10x miRNA-specific miScript Primer Assay (Qiagen, Hilden, Germany). The
thermal profile was as follows: initial activation (15 min, 95 ◦C), 3-step cycling (40 cycles in
total) with denaturation (15 s, 94 ◦C), annealing (30 s, 55 ◦C), elongation (34 s, 70 ◦C), and
dissociation curve analysis. Ct values were evaluated according to the 2−∆∆Ct method [40]
by normalizing the respective Ct-values to the expression level of miR-103a and referring
to the solvent control (0.35% ACN).

One microgram of total RNA was reverse transcribed into cDNA using the High-
Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems, Foster City, CA, USA)
according to the manufacturer’s protocol. Using 20 ng cDNA, qPCR was conducted on an
ABI 7900HT Fast Real-Time PCR system in 384-well format with Maxima SYBR Green/ROX
qPCR Mastermix (Thermo Fisher Scientific, Waltham, MA, USA) and 300 nM of each primer
(synthesized at Eurofins Genomics, Ebersberg, Germany, see Table 1). The thermal profile
was as follows: initial denaturation (15 min, 95 ◦C), 3-step cycling (40 cycles in total)
with denaturation (30 s, 95 ◦C), annealing and elongation (1 min, 60 ◦C), final elongation
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(10 min, 60 ◦C), and dissociation curve analysis. Ct values were evaluated according to the
2−∆∆Ct method and normalized to the housekeeping gene GUSB (β-glucuronidase).

Table 1. Sequences of primers used for qPCR analysis of target genes.

Gene Ensembl ID Forward Primer (5′–3′) Reverse Primer (5′–3′)

ACVR2A ENSG00000121989 TGTTTTGGGCACAGGTTATTGT CAAGGTGGGGTTTTATGGGGA
AOX1 ENSG00000138356 TCCCTGCCATCTGTGACATG CCGACTCTCCCAGACCCTTA

ATP6V1H ENSG00000047249 CCAAAACTGTGGCCATGCTA TGCTGGTGAGAGGCTTCAGA
ATP7A ENSG00000165240 CAAAACCAGGCGTCTCAACC TCGTCCACTGCTGTTTTCGG

BOK ENSG00000176720 CACACACAGCCTTCCCTTGA GCCTGTATCTCCTGAGTGCC
CASP2 ENSG00000106144 GAATTCCACCGGTGCAAGGA TGGATGATGGGGAGGTGACA
FBXW7 ENSG00000109670 TATACTCCCTGCCCTTCCCC CCAACATCCTGCACCACTGA
FOXO1 ENSG00000150907 CAGGGGTGGCCATGTAAGTC GGAACAAGAACGTGGAATCTGC
GAS2 ENSG00000148935 GTGCCGAGATTTAGGGGTGG GCAATCCGGCCAAGCTCTAG
GUSB ENSG00000169919 CACCAGGGACCATCCAATAC ATGTAGGTGGTGGGTGTCGT
IFIH1 ENSG00000115267 CAAAAGAAGTGTGCCGACTATCA TGCACCATCATTGTTCCCCA

LEPROT ENSG00000213625 ATTGAGTTCCCAGGCCAAGC AGACCCAAAACTCAGGCAGG
PAK1 ENSG00000149269 GCCTGACATGATACCCTGCC AGCAAACATCCCCAACACCC

PATZ1 ENSG00000100105 AGTCTGGTCAGGGAAGTAGGG ACACAATGTCCCTACCTGCC
PRKAR1A ENSG00000108946 ACTTTGCTGGAGTGGTGGTG TGGTCTTGAACTCCTGGGCT
RACGAP1 ENSG00000161800 CTGTCCCCTTCCCTGCATTC TGCACAACAATGGAGGGGAT

REL ENSG00000162924 CTTCATGCCCCTTCCCAGTC ACGTTGACAACCCAGCTGTT
SFXN1 ENSG00000164466 AACAGGGTCATGCTTGGATCA GGCTTCTTGAGGTCTCTGGC

SLC25A29 ENSG00000197119 GCCCACACTGTAGAGTCACG AGAAAGGGGCTGGAGTGTCT
SLC4A4 ENSG00000080493 CAAACATTGCAACTCAGGGCT TTCACATTGTAGGACTGGGACA
STX17 ENSG00000136874 TGTTAGCAAGGGTCAGCACG TCAAGCACCACTCAGCAATGT

ST6GAL1 ENSG00000073849 AGCCCACTTTCCCTCTCCAT TGCCTCTCTCACTGAACCGT

2.5. Ingenuity Pathway Analysis

The target genes of miRNAs with significantly altered expression values in HepaRG
cells after treatment with 35 µM Sc for 24 h were predicted with Ingenuity Pathway Analysis
software (IPA, version 70750971, Qiagen Bioinformatics, Redwood City, CA, USA). IPA
uses experimentally validated targeting interactions from TarBase [41], miRecords [42] and
Ingenuity expert findings, and predicted miRNA–mRNA interactions from TargetScan [43].
The predicted target genes were compared to the gene expression dataset from a whole
genome microarray conducted with primary human hepatocytes incubated with 100 µM Sc
for 24 h [44]. The matched targets were prioritized according to their miRNA and mRNA
relationship. This included opposing expression pairing and “highly predicted” and/or
“experimentally observed” confidence of miRNA-target gene correlation. Subsequently,
IPA core analysis and expression analysis with the matched target genes were performed
to predict affected diseases and functions and to determine possible signaling pathways
involved in PA toxicity.

2.6. AntagomiR Experiments

In order to identify the targets of the miRNA-4434 (also known as human miRNA-4516)
and to assess if this specific miRNA expression is sensitive to PA exposure in HepaRG cells,
so-called antagomiR experiments were conducted. For this purpose, HepaRG cells were
seeded, cultivated and adapted to treatment medium as described in Section 2.3. The cells
were incubated with 35 µM Sc and transfected with Lipofectamine RNAiMAX (Thermo
Fisher Scientific Waltham, MA, USA) reagent with either miRCURY LNA miRNA Power
Inhibitor (antagomiR)-4434 (5′-3′ sequence: TTCTACTTTACTTCTCCT, matches miRNA-
4434 in its seed region GGAGAAG), miScript Inhibitor Negative Control (5′-3′ sequence:
TAACACGTCTATACGCCCA; both from Qiagen, Hilden, Germany) as an antagomiR-
Negative Control (antagomiR-NC) or water as a negative treatment control. RNAiMAX
and antagomiR-4434, antagomiR-NC or water were prepared separately in Opti-MEM
reduced serum medium before being mixed 1:1 and incubated for 5 min at RT. Afterwards,
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the antagomiR-lipid complexes were added to the cells, resulting in a final concentration of
100 pmol (50 nM) or 150 pmol (75 nM) antagomiR-4434 or anagomiR-NC per 6-well, re-
spectively. According to the manufacturer’s protocol, antisense effects are usually assessed
24–72 h after transfection. Therefore, in this case, total RNA was isolated 48 h after transfec-
tion and isolation was conducted with the RNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions, as described elsewhere [45]. Quantity and
purity of isolated RNA were measured at 260 and 280 nm on a TecanM200Pro spectrometer.
Then, 1 µg total RNA was reverse transcribed into cDNA and qPCR was performed from
20 ng cDNA as described in Section 2.4.

2.7. Cell Viability Assay

In order to exclude antagomiR-mediated cytotoxicity on PA-incubated HepaRG cells,
cells were seeded at a density of 9000 cells per well in the inner 60 wells of a 96-well plate
and cultivated as described in Section 2.2. After differentiation, cells were incubated with
35 µM Sc and transfected with either antagomiR-4434 or antagomiR-NC at concentrations
of 25, 50, 75 and 100 nM, respectively, as described in Section 2.5. Transfection reagent
with water was used as a negative control and 0.01% Triton-X-100 served as positive
control for cytotoxicity. The Neutral Red Uptake (NRU) assay was applied for assessing the
cell viability. Briefly, 120 µL 3-amino-7-dimethylamino-2-methylphenazine hydrochloride
(neutral red) reagent dissolved in cell culture medium (40 µg/mL) was added per well
and incubated for 2 h at 37 ◦C. Afterwards, the supernatant was discarded, cells were
washed twice with Phosphate Buffered Saline (PBS) and dye crystals dissolved in 150 µL
desorption solution (1% acetic acid in 50% ethanol). After shaking for 10 min (under
protection from light), fluorescence was measured at λex = 530 nm and λem = 645 nm on a
TecanM200Pro spectrometer.

2.8. Statistical Analysis

Statistical analysis was performed using SigmaPlot 14.0 software (Systat Software,
Erkrath, Germany). All qPCR data were subjected to logarithmic tranformation and
statistically significant differences were calculated by Student’s t-test in the case of single
comparison analyses. If applicable, p-values were subjected to False Discovery Rate (FDR)
correction [46]. Results were considered as significant at p < 0.05 and are indicated in the
graphs by * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Results
3.1. Sc Induces miRNA Expression in HepaRG Cells

First, the miRNA expression profile in HepaRG cells was analyzed with a customized
liver-specific miCURY LNA Array covering 84 miRNAs. Compared to the control group,
the number of deregulated miRNAs above 1 log2 Fold Change (FC) or below 1 log2 FC
tended to be highest at 250 µM after 8 h and at 35 µM after 24 h, respectively (see Supple-
mentary Figure S1). Among the top deregulated miRNAs, a selection of five downregulated
and four upregulated miRNAs were chosen to be investigated within senecionine (Sc)-
treated HepaRG cells. Sc was used for qPCR in order to have greater certainty for general
PA effects and to exclude very specific effects of one single PA. To this end, HepaRG cells
were treated with 35 µM of Sc and miRNA expression was analyzed after five different time
points. Seven out of nine miRNAs proved to be differentially expressed after Sc treatment.
The results are summarized in a heat map in Figure 1. Interestingly, all but one miRNA
showed an increased expression compared to the solvent control in a time-dependent
manner and for three miRNAs, the upregulation was highest after 8 h. miRNA-122-3p (alias
miRNA-122*) was the only one which showed significant downregulation after 24 h.
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Figure 1. miRNA expression in differentiated HepaRG cells after exposure to 35 µM Sc at 5 different
time-points. The results were evaluated using the 2−∆∆Ct method [40]. Results are shown as log2

fold changes (log2 FC) and as mean of three independent biological replicates. Gene expression
values were referred to the solvent control (ctrl) of the respective time point but, for clarity, only
the ctrl values of the 2 h time point are depicted here. Up- or downregulation of gene expression is
indicated in green or red, respectively. The higher the values, the stronger the coloration. Mean values
and standard deviations (SD) are summarized in the Supplementary Materials Table S2. Statistical
analysis was performed using Student’s t-test as this is a case of single comparison analysis. That
is, each miRNA expression value of one time point was compared to the ctrl of this respective time
point. Subsequently, p-values were subjected to FDR correction. Significant differences are depicted
as follows: * p < 0.05, ** p < 0.01, *** p< 0.001.

3.2. Prediction of Biological Consequences of PA-Mediated miRNA Level Alterations

Subsequently, the target genes of seven miRNAs that were identified to have signif-
icantly altered expression log2 FC values in HepaRG cells (see Figure 1) were predicted
with IPA software (see Figure 2 for workflow).

The predicted target genes (773 in total) were compared to the gene expression dataset
from a whole genome microarray conducted with primary human hepatocytes incubated
with 100 µM Sc for 24 h [44]. Matched and prioritized targets (143 target genes) were
submitted to a so-called IPA expression analysis to predict affected diseases and functions.
In Figure 3 the top “diseases and bio functions” of the deregulated target genes of seven
selected miRNAs predicted in Sc-treated primary human hepatocytes are shown. “Cancer”
and “organismal injury and abnormalities” are the two main diseases and disorders that
are regulated by the highest number of predicted targets. Among molecular and cellular
functions, “cell death and survival” has the highest number of target genes with the most
pronounced statistical significance. “Liver hyperproliferation” is the top hepatotoxicity
function with 57 target genes involved, followed by “hepatocellular carcinoma” with
16 target genes.

Based on the expression analysis, 21 target genes involved in cellular growth and
development, apoptosis and inflammation were chosen to be further investigated by qPCR
in HepaRG cells incubated with 35 µM Sc for five different time points. The results are
depicted in Figure 4 as a heat map. A total of 11 out of 21 genes showed an opposing
expression pairing (indicated by superscript number 1); that is, significant downregula-
tion, while their attributed miRNAs were upregulated. For the miRNA-4434 in particular,
interaction with 5 out of 11 targets was predicted. These five targets comprised Growth
Arrest-Specific protein 2 (GAS2), P21-Activated Kinase-1 (PAK1), LEPtin Receptor Overlap-
ping Transcript (LEPROT), POZ/BTB and AT hook containing Zinc finger 1 (PATZ1) and
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ST6 beta-GALactoside alpha-2,6-sialyltransferase 1 (ST6GAL1). Therefore, this miRNA was
chosen for further experiments.

Figure 2. Workflow of miRNA target gene prediction with IPA. The target genes of 7 differentially
and significantly expressed miRNAs in HepaRG cells were predicted with IPA (773 predicted targets)
and compared to the dataset of a whole genome microarray conducted with primary human hepato-
cytes [44]. Among the 8623 Differentially Expressed Genes (DEGs) of the primary human hepatocytes
after Sc-treatment (100 µM, 24 h), 143 targets were found to overlap with the predicted miRNA target
genes. Out of these, 21 targets that simultaneously showed both a significant deregulation in the
microarray as well as a high (predicted) confidence of miRNA-target interaction, were selected to
be further investigated in HepaRG cells exposed to 35 µM of Sc for 5 different time points. A total
of 11 out of 21 target genes showed an opposing expression pairing to their annotated miRNAs
(indicated by superscript number 1), as verified by qPCR in HepaRG cells. IPA analysis revealed that
5 out of 11 targets were regulated by one miRNA (miRNA-4434).

Figure 3. Top 3 pathways in 3 “diseases and bio functions” of deregulated target genes in primary
human hepatocytes listed in IPA after expression analysis with 7 miRNAs. IPA target gene prediction
of 7 significantly deregulated miRNAs in HepaRG cells treated with 35 µM of Sc for 24 h was
compared to the gene expression data from Sc-treated primary human hepatocytes (100 µM, 24 h) [44].
The numbers of deregulated target genes (number of molecules) predicted to be involved in diseases
and bio functions are depicted as bar charts and their lower range of the p-value is shown in −log2

FC (orange graph).
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Figure 4. Target gene expression in differentiated HepaRG cells after exposure to 35 µM Sc at
5 different time points. The results were evaluated using the 2−∆∆Ct method [40]. Results are shown
as log2 FC and as mean of three biological replicates. Gene expression values were referred to the
solvent control (ctrl) of the respective time point but, for clarity, only the ctrl values of the 2 h time
point are depicted here. Up- or downregulation of gene expression is indicated in green or red,
respectively. The higher the values, the stronger the coloration. Mean values and standard deviations
are summarized in the Supplementary Materials Table S3. Superscript number 1 indicates the target
genes that show an opposite regulation to their annotated miRNAs and the black arrows indicate the
predicted regulatory miRNAs, respectively. Statistical analysis was performed using Student’s t-test
as this is a case of single-comparison analysis. That is, each target gene expression value of one time
point was compared to the solvent control of this respective time point. Subsequently, p-values were
subjected to FDR correction. Significant differences are depicted as follows: * p < 0.05, ** p < 0.01,
*** p< 0.001.
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3.3. MiR-4434 Negatively Regulates PAK1 Gene Expression in HepaRG Cells

In order to investigate whether it is indeed the PA-mediated induction of miR-4434 lev-
els that leads to the downregulation of the pre-selected target genes, differentiated HepaRG
cells were treated with 35 µM of the PA Sc and, subsequently, transiently transfected either
with the synthetic miRNA antagonist antagomiR-4434 or with an antagomiR-NC (both at
50 and 75 nM concentrations) or with transfection reagent and water only, as a negative
treatment control. The miRNA inhibitor does not degrade its target, but forms a stable
complex with it, resulting in an inhibition of miRNA-4434 function. The antagomiR-NC
is non-homologous to any mammalian gene and was used to examine if the results of
the antagomiR-4434-mediated inhibition were specific. That is, results achieved with the
antagomiR-NC should be similar to results from negative treatment control (transfection
reagent and water only). It was ensured that the combined incubation with antagomiR and
Sc was non-cytotoxic (see Supplementary Materials Figure S2). The gene expression of all
21 target genes was assessed after 48 h and the values of the Sc-treated cells were always
referred to their respective solvent control (antagomiR-4434, antagomiR-NC, or negative
treatment control) (see Supplementary Materials Figure S3). When comparing antagomiR-
4434-transfected cells with the negative control (antagomiR-NC) within the Sc-treatment
group, the antisense effect of the antagomiR and its subsequent effect on miR-4434 target
gene expression becomes evident. Here, the inhibition of miR-4434 led to significantly
attenuated downregulation of PAK1 gene expression, with increased significance at the
higher antagomiR concentration (Figure 5).

Figure 5. PAK1 gene expression in differentiated HepaRG cells after exposure to 35 µM Sc and
antagomiR-mediated inhibition of miR-4434 after 48 h. The results were evaluated according to the
2−∆∆Ct method [40]. (a) After housekeeper normalization, the values of the Sc-treated cells were
referred to the respective solvent control (0.35% ACN). Noteworthy, the different treatments (antagomiR-
4434, antagomiR-NC and negative treatment control) were referred to their respective solvent controls.
AntagomiR/antagomiR-NC treatment was applied in the two concentrations 50 and 75 nM. Results
are shown as log2 FC and as mean of three replicates. Mean values and standard deviations are
summarized in the Supplementary Materials Table S4. (b) For normalized PAK1 expression analysis
within the Sc-treated cells, antagomiR-4434 treatment was referred to antagomiR-NC treatment. Again,
antagomiR/antagomiR-NC treatment was applied in the two concentrations 50 and 75 nM. Additionally,
the negative treatment control was referred to antagomiR-NC to ensure specific antagomiR-mediated
inhibition. Statistical analysis was performed using Student’s t-test as this is a case of single-comparison
analysis. That is, the value of PAK1 gene expression with antagomiR-4434 treatment (50 and 75 nM,
respectively) was compared to the value of PAK1 gene expression with antagomiR-NC treatment
(50 and 75 nM, respectively). Significant differences are depicted as follows: * p < 0.05, *** p < 0.001.
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4. Discussion

This study aimed to investigate the PA-induced effects on miRNA expression. Further-
more, miRNA-mediated effects on potential target genes were considered as an additional,
however indirect, molecular regulator in PA-mediated hepatotoxicity. In the last years,
miRNAs have emerged as very important players in the regulation of a variety of bio-
logical processes in many cell types, including those in the liver [32]. miRNA function
ensures fine tuning of target gene expression, and subsequently protein abundance and
protein distribution under constantly changing cellular conditions [47]. For example, in
the liver intracellular miRNA levels regulate lipid and glucose metabolism [48], inflam-
mation [49–51], apoptosis and necrosis [52–54], cell cycle and proliferation [55], as well as
epithelial–mesenchymal transition during liver regeneration [56] and liver fibrosis [57,58].
Alterations in physiological miRNA levels correlate with various liver diseases such as
viral hepatitis, alcoholic and nonalcoholic steatohepatitis, drug-induced liver injury, and
autoimmune liver disease [32]. In metazoan cells, it is generally assumed that transla-
tional repression, presumably occurring during translation initiation, is the predominant
mechanism by which miRNAs negatively regulate their target genes [29]. Therefore, it
could be concluded that protein analysis is the investigative method of choice. However,
transcript degradation of the target mRNA is an unfailing secondary effect triggered by the
initial event of translational repression [59–61]. Therefore, qPCR analysis of target mRNA
expression is a reliable and widely used method to assess the effects of miRNA-mediated
gene silencing and was also applied here.

To elucidate the regulatory effects of miRNAs on their target genes is rather challenging
because of its sheer complexity. For example, one miRNA can regulate many targets, and
one target can be regulated by many different miRNAs in turn. Furthermore, miRNAs can
directly bind their target gene, or they can indirectly regulate a target gene via binding to
regulatory molecules like transcription factors, which have their own mode of action [62].
Thus, miRNAs can actually decrease, increase or not change the expression levels of
their target genes [63]. This study aimed to achieve the first insights into the mechanistic
of miRNA expression in HepaRG cells to understand its implication in PA-mediated
hepatotoxicity. Therefore, for simplicity we only considered target genes that showed
reverse correlation in gene expression in relation to their assigned miRNAs. Thus, target
genes potentially showing a positive correlation or no correlation at all could have been
overlooked. In general, miRNA upregulation upon PA-treatment has been described before.
For example, miRNA-34a, which is considered to be a biomarker for exposure to genotoxic
compounds, showed significant upregulation after chronic PA ingestion in a feeding study
with rats [35]. Furthermore, blood samples from patients with HSOS showed elevated
levels of miRNA-148a-3p, miRNA-362-5p, and miRNA-194-5p, which could be correlated
to the severity of the PA-induced liver injury [37].

Upon Sc-incubation, seven liver-specific miRNAs could be verified to be significantly
deregulated in HepaRG cells. All but one showed increased gene expression in a time-
dependent manner. For miRNA-4301, miRNA-5100 and miRNA-4454, upregulation was
highest after 8 h, showing the early responsiveness of miRNA levels. miRNA-4301 and
miRNA-5100 have been observed to regulate proliferation and apoptosis in lung and
breast cancer cells [64–67], but according to our assessment there are no reports on their
implication in hepatic diseases. For miRNA-4454, it was reported that upregulation pos-
itively enhances hepatic carcinoma progression [68], miR-223 is a common regulator in
various liver diseases [69], and miRNA-3663-3p was shown to be downregulated in hepa-
tocellular carcinoma cells, thus positively regulating cell proliferation of cancer cells [70].
The involvement of these three miRNAs in liver diseases might pose an interface be-
tween their PA-induced upregulation and possible carcinogenic properties that have been
described for PAs [71–73]. miRNA-4434 had the highest upregulation of all miRNAs in-
vestigated. This miRNA plays a role in different tumors, either as promoter or inhibitor
of proliferation [74–76]. However, reports on its relevance in liver function and disease
are rare. One study observed miRNA-4434 to be inhibited by a long non-coding RNA



Foods 2022, 11, 532 12 of 17

(lncRNA) called Long Stress Induced Non-Coding Transcripts 5 (LSINCT5) in hepato-
cellular carcinoma progression, potentially resulting in inhibited miRNA-4434 induced
apoptosis [77]. miRNA-122-3p (alias miRNA-122*, derived from the antisense strand of the
precursor (pre)-miRNA; [78]) was the only miRNA that showed a significant downregula-
tion only after 24 h. Noteworthy, miRNA-122-3p downregulation has been observed during
early and advanced liver fibrosis [79]. As fibrosis is a disease which is also observed after
chronic PA-intoxication, this could point towards a connection between downregulated
miRNA-122-3p levels and PA-mediated toxicity resulting in fibrosis. The most abundant
miRNA in the liver, miRNA-122-5p (alias miRNA-122a, derived from the sense strand of
the pre-miRNA), did not show a statistically relevant deregulation in gene expression after
Sc-treatment at any time-point and was therefore excluded from further analysis.

The comparison analysis between IPA-predicted mRNA targets and differentially
expressed genes obtained from a whole genome microarray [44] revealed a target match of
143 genes that are involved in many diseases and disorders such as cancer in general and
hepatocellular carcinoma in particular, with cellular growth and proliferation as underlying
molecular and cellular functions. Of course, this analysis is a rather generalized evaluation.
Therefore, out of these targets, a set of 21 genes regulating processes in cellular growth,
development, apoptosis and inflammation was chosen to be verified in Sc-treated HepaRG
cells and subjected to further IPA analysis. For cAMP-dependent PRotein Kinase type I-
Alpha Regulatory subunit (PRKAR1A), a miRNA-dependent regulation was also observed
in Mc-treated mice for type II-alpha subunit (Prkar2a). Moreover, in the same study, target
gene V-type proton ATPase subunit e 2 (Atp6v0e2) also showed a significant upregulation
in a miRNA-dependent way [36]. Here, another subunit type (ATP6V1H) was selected.
Both PRKAR1A and ATP6V1H showed upregulation of gene expression, as was observed
in the study mentioned above. A small subgroup of 11 genes showed reverse correlation
in gene expression in comparison to their assigned miRNAs. These five miRNAs out of
the initial set of seven were miRNA-223, miRNA-3663-3p, miRNA-4301, miRNA-4434, and
miRNA-5100. According to IPA analysis, the 11 dysregulated genes generally promote
apoptosis and necrosis and decrease cellular survival. Interestingly, miRNA-4434 was pre-
dicted to be an upstream regulator of 5 out of the 11 genes, which was the highest number
of annotated targets for one miRNA. Surprisingly, it was not a well-established hepatic
miRNA such as miRNA-223 or miRNA-122-5p, but the rather less-known miRNA-4434.
The five target genes are involved in processes such as cell cycle progression (GAS2 and
PAK1), growth hormone signaling (LEPROT), apoptosis (PATZ1) and immunity (ST6GAL1),
suggesting a correlation between PA-induced upregulation of miRNAs and subsequent
downregulation of these five target genes, presumably resulting in disturbed cellular func-
tion. Ultimately, antagomiR-mediated inhibition of miRNA-4434 resulted in significantly
altered gene expression pattern of the target gene PAK1, strongly indicating a biological
connection. The PAK1 gene encodes one family member of the serine/threonine-specific
intracellular protein kinases that are involved in a number of cellular functions includ-
ing cell cycle regulation, apoptosis, and cytoskeletal motility, usually through substrate
phosphorylation [80]. PAK1 is a regulator in key signaling pathways which are relevant
for cell cycle progression and proliferation. On the one hand, PAK1 is overexpressed
in many cancers and positively correlates with promotion of cell survival, invasion and
metastasis, and drug resistance [81]. In the context of tumor therapy, for example, PAK1
triggers DNA repair caused by genotoxic therapeutic agents [82]. On the other hand, PAK1
hinders cell cycle progression upon inhibition [83]. Additionally, miRNA interaction with
PAK1 expression has been described previously: in hepatocellular carcinoma development,
miRNA-485-5p was observed to suppress PAK1 levels, and lncRNA-mediated binding
of miRNA-485-5p resulted in the upregulation of PAK1 during hepatocellular carcinoma
progression [84]. Here, a PA-induced upregulation of miRNA-4434 can be assumed to
negatively regulate PAK1 expression, presumably resulting in cell-cycle arrest. Notably, an
implication of PAs in cell cycle regulation, which is closely linked to DNA damage, has
been observed before [85]. This effect was observed to be higher for the more toxic PAs in
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comparison to the less toxic PAs. In conclusion, we suggest that the identification of the
regulatory mechanism of miRNA-4434-initiated and PAK1-induced dysregulation of cell
cycle signaling may help to understand the molecular mode of action of some hepatotoxic
and carcinogenic effects of Sc.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11040532/s1: Table S1: miRNAs investigated with miR-
CURY LNA miRNA custom PCR array, including 84 liver-specific miRNAs, 7 housekeeping genes,
1 interplate calibrator, 3 RNA isolation efficiency spike-in controls and 1 reverse transcription effi-
ciency spike-in control; Figure S1: miRNA expression profile in differentiated HepaRG cells after
exposure to Lc and determined with miRCURY LNA miRNA Array; Table S2: miRNA expression in
differentiated HepaRG cells after exposure to 35 µM Sc at 5 different time-points; Table S3: Target gene
expression in differentiated HepaRG cells after exposure to 35 µM of Sc for 5 time points; Figure S2:
Cytotoxicity of differentiated HepaRG cells after antagomiR/antagomiR-NC- and Sc-incubation;
Figure S3: Target gene expression in differentiated HepaRG cells after exposure to 35 µM Sc and
antagomiR-mediated inhibition of miR-4434 after 48 h; Table S4: Target gene expression in differ-
entiated HepaRG cells after exposure to 35 µM Sc and antagomiR-mediated inhibition of miR-4434
after 48 h.
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PATZ1 POZ/BTB and AT hook containing Zinc finger 1
PRKAR1A/2A cAMP-dependent PRotein Kinase type I (II)-Alpha Regulatory subunit
PXR Pregnane X Receptor
qPCR quantitative real-time Polymerase Chain Reaction
RT Room Temperature
Sc Senecionine
ST6GAL1 ST6 beta-GALactoside alpha-2,6-sialyltransferase 1
TDI Tolerable Daily Intake
UTR 3′-UnTranslated Region
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