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ABSTRACT: Ionic liquids (ILs), traditionally considered environ-
mentally benign solvents, have shown potential toxicity to
organisms, raising concerns about their safety. Among them, 1-
octyl-3-methylimidazolium (M8OI) has been detected at high
concentrations in soils and exhibits hepatotoxic properties. To
uncover the molecular mechanisms underlying this toxicity, whole-
transcriptome sequencing was performed, coupled with benchmark
dose (BMD) modeling, to derive transcriptomic points-of-departure
(tPOD) through dose—response analysis. The transcriptomic
analysis identified 425, 667, and 567 differentially expressed genes
(DEGs) following low (10 gmol/L), medium (50 ymol/L), and
high (200 umol/L) doses of MS8OI exposure, respectively.
Enrichment analysis revealed significant perturbations in pathways
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related to cytokine—cytokine receptor interaction and IL-17 signaling. BMD modeling yielded tPOD values of 1.51 ymol/L (median
of the 20 most sensitive genes, omicBMD,;), 2.98 pmol/L (tenth percentile of all genes, omicBMD)4y,), 6.83 mol/L (mode of the
first peak of all gene BMDs, omicBMD,,,4.), and 5.9 pmol/L for pathway-level analysis. These transcriptomics-derived tPODs were
at least 105-fold lower than M8OI’s hepatotoxic concentration, as indicated by its ECy, of 723.6 ymol/L in HepG2 cells. Functional
analysis of the transcriptomic data identified legionellosis, rheumatoid arthritis, and transcriptional misregulation in cancer as the
most sensitive pathways affected by M8OI These findings highlight the molecular mechanisms driving M8OI-induced
hepatotoxicity and underscore the utility of transcriptomics in deriving sensitive and quantitative toxicity thresholds. The results
provide critical insights for guideline-driven toxicological evaluations and regulatory decision-making, supporting a more

comprehensive assessment of IL safety.
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1. INTRODUCTION

Ionic liquids (ILs) are a unique class of organic salts with
distinctive physicochemical properties. They are nonflam-
mable, exhibit negligible vapor pressure, and possess high
thermal and chemical stability. Additionally, ILs demonstrate
excellent solubility in both aqueous and lipid environments."*
These characteristics make them ideal as environmentally safe
“green solvents” for various pharmaceutical, physical, and
chemical processes.” As such, ILs have garnered recognition
as a “quiet revolution in materials science” due to their
potential to replace volatile organic solvents.” It is foreseeable
that their utilization, along with consequent release into the
environment and subsequent human exposure, will undergo
substantial growth in the near future.”’

Research on ILs has intensified, focusing on their environ-
mental behavior and ecological risks.” Recent studies have
highlighted the toxicity of ILs to organisms, particularly alkyl-
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imidazolium ionic liquids such as 1-octyl-3-methylimidazolium
(M8OI). High concentrations of M8OI near landfill sites in
the North East of England have the potential to induce an
autoimmune liver condition known as primary biliary
cholangitis (PBC).” Moreover, liver toxicity, characterized by
oxidative stress, DNA damage, and mitochondria-mediated
apoptosis, has been observed in zebrafish,'® silver carps,'" and
Paramisgurnus dabryanus'” exposed to M8OL In rodent liver
cells, human cholangiocytes, and hepatocarcinoma cells, M8OI
has been found to inhibit mitochondrial oxidative phosphor-

Received: June 19, 2024 ENVIRONMENT s
Revised:  November 18, 2024

Accepted: November 19, 2024 f%ﬁl

Published: December 12, 2024

i

https://doi.org/10.1021/envhealth.4c00120
Environ. Health 2025, 3, 373—-379


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qing+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaole+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kejia+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qingqing+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiao+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingguang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yongning+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/envhealth.4c00120&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00120?ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00120?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00120?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00120?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00120?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ehnea2/3/4?ref=pdf
https://pubs.acs.org/toc/ehnea2/3/4?ref=pdf
https://pubs.acs.org/toc/ehnea2/3/4?ref=pdf
https://pubs.acs.org/toc/ehnea2/3/4?ref=pdf
pubs.acs.org/EnvHealth?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/envhealth.4c00120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/EnvHealth?ref=pdf
https://pubs.acs.org/EnvHealth?ref=pdf
https://pubs.acs.org/ACS_partner_journals?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

Environment & Health

pubs.acs.org/EnvHealth

ylation, ultimately leading to cell apoptosis."”~"> Mouse
models have also demonstrated that M8OI caused hepatocyte
vacuolation and mild liver cholangiopathy.'® Despite the
considerable industrial interest in ILs, the current under-
standing of their environmental and health impacts remains
relatively limited for risk regulation.

Omics technologies, particularly whole transcriptomics,
enable comprehensive analysis of molecular changes without
requiring prior knowledge of toxicity mechanisms.'” The
transcriptomic Point of Departure (tPOD) method capitalizes
on the principle that alterations in gene expression are
generally preceded by chronic chemical-induced physiological
effects in organisms. These changes can be sensitively
measured using transcriptomic techniques.'® This advance-
ment has led to the introduction of transcriptomic benchmark
dose (BMD) analysis, which uses transcriptomic data to
pinpoint the lowest doses that induce significant biological
changes.'” Consequently, this approach provides a sophisti-
cated means for hazard assessment and risk management.

Using transcriptomic analyses, we aim to unveil the
molecular targets and pathways disrupted by M8OI exposure
in human liver cells, exploring its hepatotoxic implications.
Additionally, applying transcriptomic BMD analysis to
determine the tPODs is essential for hazard evaluation. This
approach could provide crucial insights for assessing the risk of
MS8OI as a potential environmental contaminant.

2. MATERIALS AND METHODS

2.1. Chemicals and Reagents

1-octyl-3-methylimidazole chloride salt (M8OI, purity >98.0%) was
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).
Fetal bovine serum (FBS) was from Gibco by Thermo Fisher
Scientific Inc. (Shanghai, China). Penicillin—streptomycin was from
Genom (Hangzhou, China). Dulbecco’s modified Eagle medium
(DMEM) was purchased from Gibco (Thermo Fisher Scientific Inc.,
Shanghai, China). The human hepatocyte cells (HepG2 cells) were
obtained from the Chinese Academy of Sciences (Cell Biology of
Shanghai Institute, Shanghai, China).

2.2. Cell Culture and Exposure Assessment

HepG2 cells were cultured in the DMEM medium supplemented with
1% penicillin/streptomycin and 10% FBS. The cells were seeded at a
density of 1 X 10A6 cells/mL and subsequently exposed to a range of
MB8OI concentrations from 0 gmol/L to 1200 umol/L. Cultures were
maintained at 37 °C in a 5% CO, atmosphere. To determine the half-
maximal effective concentration (ECs), the MTT assay (3-(4,5-
dimethylthiazol-2-yl)-2,S-diphenyltetrazolium bromide) was con-
ducted, with six biological replicates performed.

2.3. Transcriptomic Analysis

HepG2 cells were exposed to 0, 10, 50, and 200 #mol/L of M8OI for
24 h. Total RNA was extracted using the TRIzol method according to
the manufacturer’s instructions (Invitrogen, Thermo Fisher Scientific,
MA, USA). The quality and concentration of the extracted RNA were
assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100
system (Agilent Technologies, CA, USA). Details of the library
preparation are provided in the Supporting Information (SI).
Sequencing was conducted on an Illumina NovaSeq platform,
generating 150 bp paired-end reads. Raw data were filtered for
adapter sequences and low-quality reads, then aligned to the reference
genome for Homo sapiens (UCSC version hg19) using STAR.
StringTie was used for reads quantification and normalization to
generate the raw gene count matrix and Transcripts Per Kilobase Per
Million mapped reads (TPM) values. After filtration with Cutadapt v
2.10, the high-quality clean reads from all samples were merged and
assembled by the Trinity package to construct the unigenes for further
analysis.

Differentially expressed genes (DEGs) analysis was conducted as
described in the SI. This analysis included Gene Ontology (GO)
enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis, which are also detailed in the SI. Four biological
replicates were performed in the transcriptomic analysis.

2.4. Transcriptomic Benchmark Dose Analysis

FastBMD (https://bio.tools/fastbmd)was utilized for benchmark
dose—response analysis of the transcriptomics data,”” resulting in
14,400 matched features following gene ID annotation. Normalized
count estimates were filtered to remove 5% and 10% of genes with the
lowest variance and abundance, respectively. Subsequently, a log2
transformation was applied to ensure a consistent and appropriate
distribution of expression values. Differential expression analysis
retained 723 features that met the established thresholds (log2 fold
change >1.5; False discovery rate <0.05) out of 11,158 genes. To
determine the gene-level BMD, eight parametric models (Exp2, Exp3,
Exp4, Exp$, Linear, Poly2, Hill, and Power) were fitted to the gene
expression profiles. A threshold for lack of fit was set at P > 0.1, and a
benchmark response (BMR) factor of 1.0 was used. The best-fitting
model was selected based on the Akaike Information Criterion (AIC),
while poorly performing models were filtered out. The tPOD values
were computed based on the distribution of gene-level BMDs
(geneBMDs) using the following metrics: (1) tPOD,ygy, calculated as
the median of the 20 most sensitive geneBMDs (omicBMD,); (2)
tPOD oq, determined as the 10th percentile of all geneBMDs
(omicBMD,4y,); (3) tPOD,, 04, defined as the mode of the first peak
geneBMDs (omicBMD,,,.q.). Ultimately, a pathway-level benchmark
dose (pathBMD) was determined. This was achieved through the
bootstrapped median calculation of gene-based benchmark doses
(geneBMDs) within a specified pathway, necessitating a minimum of
three geneBMDs.

2.5. Statistical Analysis

All nonomics data were analyzed using GraphPad Prism version 9.2
(GraphPad Software Inc., San Diego, CA, USA). The results are
expressed as the mean =+ standard deviation. Statistical comparisons
among multiple groups were conducted using one-way analysis of
variance (ANOVA). A significance level of P < 0.0S was considered
statistically significant.

3. RESULTS AND DISCUSSION

3.1. Determination of EC5, for M80I-Induced Liver
Cytotoxicity

The MTT assay demonstrated a considerable, dose-dependent
cytotoxic impact of M8OI on HepG2 cells after 24 h exposure,
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Figure 1. Viabilities of HepG2 cells exposed to various concentrations
of M8OI for 24 h.
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Figure 2. Whole transcript gene alterations in HepG2 cells exposed to M8OL (A) PCA analysis of each group with four replicates. (B) Venn
diagram of differentially expressed transcripts across all concentrations. (C) KEGG pathway enrichment scores of differentially expressed
transcripts. (D) Heatmap clustering analysis of the differentially expressed genes.

with an ECs, of 723.6 pmol/L (95% confidence interval:
571.4-910.6 pumol/L) (Figure 1). This is distinct from the
previously reported ECg, of M8OI (as the Br™ salt), which was
439.6 ymol/L in HepG2 cells."” This discrepancy is likely due
to differences in the anion types of M8OI. Additionally, this
observation aligns with the toxicity profiles of M8OI in
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microorganisms, where [C8mim]Br exhibits greater toxicity
than [C8mim]CL*" The primary mechanisms involved in the
cellular uptake of ILs include membrane fusion, passive
diffusion, and processes mediated by transport proteins.”***
The uptake of M8OI into HepG2 cells may occur through
several mechanisms, including membrane fusion and transport
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Figure 3. Transcriptome-wide points-of-departure (tPOD) in liver cells exposed to M8OIL (A) Density plot of gene-level BMD; (B) in KEGG
pathway enrichment set analysis; (C) Dose—response curve of up-regulated genes in the most sensitive pathway.

protein-mediated processes. Its long alkyl chain (octyl)
enhances lipophilicity, thereby facilitating these uptake routes.
The dose—response curve was modeled using the equation [Y
= 100/(1 + 10A(LogECsy — X) * —1.464)]. Based on this
model, the concentration at which cell viability reached 80%
was calculated to be 281.0 umol/L. Consequently, a treatment
concentration of 200 pmol/L was selected as the highest
dosage for subsequent transcriptomics analysis.

3.2. Transcriptome Profile Alterations in Response to
M8OI Exposure

The principal component analysis (PCA) of the full tran-
scriptome data set showed distinct separation based on M8OI
exposure dose. Replicates in each group were closely clustered,
indicating consistent gene expression responses. Notably, a
significant divergence was observed between the control and
the M8OI exposure groups (Figure 2A). Exposure to M8OI
resulted in the identification of 425, 667, and 567 DEGs in the
low, medium, and high dose groups, respectively (Figure 2B).
Among these, 127 DEGs were found to overlap across all
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experimental groups, suggesting a direct association between
MBS8OI exposure and the regulatory mechanisms of these
DEGs. The KEGG pathway analysis of the DEGs identified
seven key pathways, including the IL-17 signaling pathway,
cytokine/cytokine receptor interactions, and the PPAR
signaling pathway (Figure 2C). These pathways are known
to be involved in the increased reactive oxygen species (ROS)
stress response of the liver exposed to hepatotoxins such as
PFAS and microplastics.”* *° These findings indicated that
MB8OI exposure disrupted the signaling pathways associated
with the ROS stress response, thereby inducing hepatotoxic
effects. Furthermore, the heatmap profile of differentially
expressed transcripts in each group revealed a clear dose-
dependent response to M8OI exposure for the majority of
DEGs (Figure 2D). These findings highlight the significant
impact of M8OI on hepatic gene expression and signal
transduction pathways, elucidating the molecular mechanisms
contributing to its hepatotoxicity.

https://doi.org/10.1021/envhealth.4c00120
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Table 1. Gen Set Enrichment for Pathway BMD Based on
Different Pathway Databases

Pathway Hit gene
Pathway database BMD  P-value numbers
Legionellosis KEGG 5.9 0.011 4
Rheumatoid arthritis KEGG 6.73 0.002 S
Transcriptional KEGG 8.1 0.008 8
misregulation in cancer
IL-17 signaling pathway KEGG 8.29 0.002 6
Hematopoietic cell lineage KEGG 10.38 0.00S 4
Cytokine—cytokine KEGG 1479  <0.001 14
receptor interaction
Arginine and proline KEGG 19.32 0.011 4
metabolism
Ether lipid metabolism KEGG 44.96 0.003
Angiogenesis GO BP 8.89 0.031
Immune response GO BP 11.37 0.00S
Immune system process GO BP 15.93 0.002 14
Phospholipid metabolic GO BP 22.09 0.002 S
process
Hormone activity GO MF 299  <0.001 N
Ion channel activity GO MF 8.16 0.049 4
Cytokine activity GO MF 11.17  <0.001 8
G protein-coupled receptor ~ GO MF 12.73 0.026 6
activity
Plasma membrane GO CC 10.73 0.001 75
Extracellular matrix GO CC 11.71 0.012 8
Extracellular region GO CC 13.92  <0.001 40
Extracellular space GO CC 13.94  <0.001 29

3.3. Toxicogenomic Points-of-Departure and Their
Implications for Risk Assessment

The benchmark dose analysis revealed that transcriptomic
BMD estimates reliably predicted benchmark concentrations
of M8OI-related toxicological effects. The transcriptomic BMD
probability distribution curve displayed a bimodal pattern,
signifying distinct concentration—response behaviors among
the evaluated features (Figure 3A). Predominantly, concen-
tration—response patterns of most transcripts converged to the
Poly2 model, identifying 723 genes with a fitted model and 270
genes with determined BMDs (Figure S1). Transcriptome-
wide BMD analysis identified three tPODs: omicBMD,, at
1.51 pumol/L, omicBMD,,,; at 2.98 umol/L, and
omicBMD, 4. at 6.83 pmol/L. All three tPODs are more
sensitive than the observed apical ECy, of M8OI in HepG2
cells. OmicBMD,; and omicBMD, oy, were highlighted as the
most sensitive tPODs, derived from conservative and robust
tPOD computations, independent of genome annotation.”’
Therefore, the downstream biological implications should be
interpreted with caution. Conversely, omicBMD,, 4. exhibited
lower sensitivity than the other tPODs. Nevertheless, this value
typically indicates a specific mode of action (MOA) that may
hold biological relevance compared to omicBMD,, and
omicBMD, 4. This distinction facilitates elucidation of the
M8OTI’'s MOA.

The calculated pathBMD for M8OI was determined to be
5.9 pumol/L. This value was derived from the median of
constitutive geneBMDs associated with the legionellosis
pathway, which exhibited alterations in four genes following
MB8OI exposure (Table 1). Alterations in gene expression
within the legionellosis pathway have been observed to
fluctuate in case of liver dysfunction.”® While the magnitude
of these disturbances may be minimal, the alterations observed
in the four genes within the legionellosis pathway suggested
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that changes in their expression may play a role in the
hepatotoxicity of M8OI in HepG2 cells. Additionally, the
cytokine—cytokine receptor interaction signaling pathway
exhibited the highest number of constitutive geneBMDs,
with 14 features demonstrating a concentration-dependent
response. This suggests that while this pathway may not be the
most sensitive, it is likely the most perturbed (Table 1).
Inflammation serves as a critical defense mechanism against
exogenous substances, particularly within the hepatic context.
Dysregulation of inflammatory genes has been observed in liver
inflammation induced by [C,,mim]BF, in rat models.”” In our
study, we observed alterations in key inflammatory genes,
including IL1RAP, CXCL8, CXCL3 and IL-6, which are
implicated in the cytokine—cytokine receptor interaction
signaling pathway (Figure 3B). These findings suggested that
inflammatory perturbations occurring prior to cellular injury
may contribute to cell damage resulting from M8OI exposure.
Furthermore, six up-regulated genes were identified (Figure
3C, highlighting their regulatory potential according to the
NTP (National Toxicology Program).30 However, caution
should be exercised in interpreting these pathways regarding
predicting potential apical responses induced by M8OL It is
pertinent to acknowledge that the estimation of tPODs
primarily aims to identify doses or concentrations that induce
biological disruption. This characterization emphasizes the
apical responses arising from molecular alterations. Addition-
ally, it is crucial for providing the evidence necessary for
regulatory acceptability. These toxicogenomic points of
departure have profound implications for risk assessment and
further exploration into M8OT’s biological impacts.

4. CONCLUSIONS

This study sheds light on the molecular mechanisms activated
in human liver cells upon exposure to M8OI, providing a
deeper understanding of its hepatotoxic effects. By identifying
differentially expressed genes (DEGs), we offer critical insights
into the pathways involved in IL-induced toxicity. These
discoveries are crucial for evaluating the safety of ionic liquids
and devising protective measures against their harmful impacts.
Our research supports the development of safer green solvent
practices, aligning with efforts to safeguard human health and
the environment.
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