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Abstract

2,3,7 8-Tetrachlorodibenzo-p-dioxin (TCDD) is a persistent environmental contaminant that disrupts hepatic function
leading to steatotic liver disease (SLD)-like pathologies, such as steatosis, steatohepatitis, and fibrosis. These effects
are mediated by the aryl hydrocarbon receptor following changes in gene expression. Although diverse cell types
are involved, initial cell-specific changes in gene expression have not been reported. In this study, differential

gene expression in hepatic cell types was examined in male C57BL/6 mice gavaged with 30 pg/kg of TCDD using
single-nuclei RNA-sequencing. Ten liver cell types were identified with the proportions of most cell types remaining
unchanged, except for neutrophils which increased at 72 h. Gene expression suggests TCDD induced genes related
to oxidative stress in hepatocytes as early as 2 h. Lipid homeostasis was disrupted in hepatocytes, macrophages,

B cells, and T cells, characterized by the induction of genes associated with lipid transport, steroid hormone
biosynthesis, and the suppression of -oxidation, while linoleic acid metabolism was altered in hepatic stellate cells
(HSCs), B cells, portal fibroblasts, and plasmacytoid dendritic cells. Pro-fibrogenic processes were also enriched,
including the induction retinol metabolism genes in HSCs and the early induction of anti-fibrolysis genes in
hepatocytes, endothelial cells, HSCs, and macrophages. Hepatocytes also had gene expression changes consistent
with hepatocellular carcinoma. Collectively, these findings underscore the effects of TCDD in initiating SLD-like
phenotypes and identified cell-specific gene expression changes related to oxidative stress, steatosis, fibrosis, cell
proliferation and the development of HCC.
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Background

The aryl hydrocarbon receptor (AHR) is a ligand-acti-
vated transcription factor that plays a pivotal role in
mediating cellular responses. In addition to serving as a
sensor, in response to environmental contaminants such
as polychlorinated dibenzo-p-dioxins (PCDDs), diben-
zofurans (PCDFs), and biphenyls (PCBs), the AHR can
also be activated by a growing list of structurally diverse
endogenous intermediates, microbial metabolites, and
natural products [1]. Upon activation, the AHR facilitates
differential gene expression through a process where the
cytosolic AHR releases associated chaperone proteins
and translocates into the nucleus. There, it forms a com-
plex with the AHR nuclear translocator (ARNT) [1]. This
AHR/ARNT heterodimer complex then binds to specific
DNA sequences called dioxin response elements (DREs)
within the locus of target genes, triggering gene tran-
scription. The most potent and prototypical AHR ligand
is 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a per-
sistent environmental contaminant that elicits chloracne
[2], immune system suppression [3], impaired fertility
[4], and liver disease pathologies including hepatocellu-
lar carcinoma (HCC) [1, 5]. Although the mechanism of
TCDD toxicity is unresolved, knock-out studies demon-
strate the effects are due to differential gene expression
mediated by the AHR [6].

In the mouse liver, TCDD induces pathologies observed
in steatotic liver disease (SLD), with some pathologies
also resembling the SLD subclassifications of metabolic
dysfunction-associated steatotic liver disease (MASLD)
and metabolic dysfunction-associated steatohepatitis
(MASH). Specifically, TCDD induces steatosis (revers-
ible hepatic fat accumulation) and immune cell infiltra-
tion, as reported in SLD [7-10]. Chronic exposure to
TCDD also induces extracellular matrix (ECM) remodel-
ing, leading to fibrosis, a pathology observed in advanced
stages of MASH [8, 10, 11]. During liver disease progres-
sion, ECM remodeling can result in irreversible cirrhosis,
which if unchecked, increases the risk for hepatocellular
carcinoma (HCC) or end-stage liver disease requiring
transplantation [12]. Interestingly, in a 2 year mouse car-
cinogenicity study, TCDD induced HCC [13]. TCDD also
elicits hepatomegaly and bile duct proliferation [9, 14—
16]. However, the underlying initial responses trigger-
ing TCDD-induced pathologies remain enigmatic. The
similarities between TCDD-induced liver pathologies
and SLD etiologies suggest common mechanisms may
be used. Moreover, shared cell-specific gene expression
changes may identify similar mechanistic strategies in the
progression of steatosis to steatohepatitis with fibrosis.

In this study, single-nuclei RNA-sequencing (snRNA-
seq) was used to assess initial cell-specific gene expres-
sion responses to TCDD within 72 h that could be tracked
to subsequent phenotypic responses. Cell composition,
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differential gene expression analysis, and gene set enrich-
ment analysis (GSEA) tools were integrated to further
elucidate the initial hepatic effects of TCDD. Neutrophil
levels within 72 h increased, while gene set enrichment
analysis (GSEA) confirmed the disruption of carbohy-
drate, lipid, and protein metabolism by TCDD in vari-
ous, but not all, cell types. Furthermore, TCDD induced
expression of genes known to promote reactive oxygen
species (ROS) as early as 2 h. Genes associated with dys-
lipidemia were predominantly dysregulated in hepato-
cytes, including those involved in fatty acid uptake and
B-oxidation. TCDD disrupted retinol metabolism in
HSCs consistent with the phenotypic evidence of fibrosis.
This study provides initial cell-specific gene expression
responses that underlie the hepatic effects of TCDD.

Results and discussion

Cell composition analysis

The UMAP shows 10 clusters following Leiden’s analy-
sis of snRNAseq data that were further characterized
as specific cell types based on the expression of known
marker genes (Fig. 1A and B, Figure S1, Table S1). As
previously reported, hepatocytes were the most abun-
dant cell type followed by endothelial cells (ECs), hepatic
stellate cells (HSCs), macrophages, B cells, T cells, portal
fibroblasts (PFs), cholangiocytes, plasmacytoid dendritic
cells (pDCs), and neutrophils. Hepatocytes and pDCs
represented the most (80.7%) and least (0.1%) abun-
dant cell types, respectively (Fig. 1C). The relative pro-
portions of hepatic cell types did not change following
treatment with vehicle or TCDD the time course study,
except for neutrophils, which increased at 72 h (Fig. 1D).
This is consistent with neutrophils being the initial line
of defense [17]. In addition, six EC subtypes (pericentral
liver sinusoidal ECs [LSECs], midzonal LSECs, periportal
LSECs, lymphatic ECs [LyECs], periportal vascular ECs
[VECs], and pericentral VECs) were identified based on
specific established markers [18]. A seventh EC cell sub-
type, dubbed proliferative ECs [PECs] was also identi-
fied based on the expression of Cenpp, Top2a, and Mki67
(Figures S2A and 2B). PEC numbers increased ~ 4-fold at
72 h indicating EC proliferation (Figure S2C). Two mac-
rophage subtypes (Kupffer cells [KCs] and monocyte-
derived macrophages [MDMs]) were also identified using
established cell markers [19] (Figures S3A and S3B),
with no change in cell population following treatment
(Figures S3C). Although no overt signs of inflammation
were detected in histological sections within 72 h (Figure
S4), previous studies have reported that TCDD induces
the infiltration of macrophages, B cells, T cells, and neu-
trophils in mice following repeated treatments [20]. The
results from the present study highlight the initial cell
type changes in response to TCDD, with neutrophils
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Fig. 1 Identification of distinct cell types in the liver. (A) UMAP visualization of cell types determined by Leiden clustering. (B) The expression of represen-
tative known markers used to further characterize cluster identity. (C) Relative proportions of ten identified cell types across all time points. (D) Relative
abundance of specific cell types, calculated as a percentage of the total cells, at a specific time point. Plots depict mean + SEM. Significance (*p <0.05) was
determined using a one-way ANOVA followed by Dunnett’s post-hoc analysis

being the first immune response, with other leukocytes

to follow.

Differential gene expression

Differential gene expression elicited by TCDD was
assessed at 2, 4, 8, 12, 18, 24, or 72 h post-oral gavage with

time-matched vehicle controls using snRNAseq. Cell-

specific differentially expressed genes (DEGs) highlight
the temporal dynamics and regulatory responses (Table
S2). Top DEGs in most cell types included the AHR bat-

tery genes Cyplal, Cypla2, and Ahrr (Figure S5). Other
genes such as Cyplbl and Nqol, as well as the predicted
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AHR target Xdh, were induced at all time points in hepa-
tocytes (Table S2). Cyplal, Cypla2, Cyplbl and Xdh are
also known to produce reactive oxygen species (ROS)
[21]. Neutrophils were unique in exhibiting no detect-
able DEGs, perhaps due to their low abundance (296 total
neutrophils detected). Subsequent analyses focused on
DEGs unique to each respective cell type as well as path-
ways relevant to induced pathologies.

Hepatocytes had a total of 4,785 DEGs, with 4,071
being specific to this cell type (Fig. 2). Of these, 71.6%
possessed a pDRE with only 28.2% exhibiting genomic
AHR binding in a published 2-hour ChIPseq dataset
(Fig. 2) [7, 22]. Differential gene expression was greatest
at 4 h with 77 genes consistently induced across all 7 time
points (Figure S6). Only Pkir, the pyruvate kinase liver/
erythrocyte isoform, was consistently repressed, as previ-
ously reported [23]. Ecell was one of the most induced
genes (Figure S7), and although the hepatic role of ECEL1
is unknown, other endothelin-converting enzymes are
associated with fibrogenesis in other liver injury mod-
els [24]. Nptx1, encoding neuronal pentraxin 1, was also
induced across all time points (711-fold at 12 h). Despite
its known oncogenic role in various tumors, NPTX1
expression is protective in HCC by promoting apopto-
sis [25]. Smcp (435-fold at 4 h), encoding sperm mito-
chondria-associated cysteine-rich protein, also provides
structural integrity during HCC development [26]. The
carboxylesterase, Ces1/, was induced between 4 and 24 h
with 123-fold induction at 4 h. Studies suggest CES1H
mitigates liver disease, while others report it attenuates
diet- and alcohol-induced steatohepatitis and hyperlipid-
emia [27]. Other CES isoforms, such as Ceslb, are also
induced by TCDD [28]. The sulfotransferases Sult2al
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(24.2-fold at 12 h), Sult2a4 (129-fold at 12 h), Sult2a5
(25.5-fold at 12 h), and Sult3al (94.4-fold at 4 h) were
repressed, and have been associated with liver disease
[29]. Overall, several hepatocyte-specific DEGs were
associated with liver function and disease, including
fibrosis, oncogenesis, and metabolic regulation.

A total of 710 DEGs were identified in ECs with 226
being unique of which 81.0% possessed a pDRE and
45.1% exhibiting AHR genomic binding (Fig. 2). Sixteen
DEGs were consistently induced across all time points
(Figure S6), which included AHR battery genes as well as
Ackr3. In preclinical models, Ackr3 induction in LSECs
mitigated liver fibrosis while possessing pre-regenerative
properties [30]. Fgf23, which is typically associated with
osteocyte expression and plays a role in the regulation of
phosphate and vitamin D metabolism, was induced 77.0-
fold at 12 h, making it the most induced EC gene (Figure
S7). A meta-analysis of clinical studies found Fgf23 to be
the most induced LSEC gene in cirrhosis samples when
compared to non-cirrhotic controls [31]. Chstl1, a pro-
ducer of the integral ECM component, heparan sulfate,
was induced 10.3-fold at 4 h. Elevated CHST11 corre-
lated with poor HCC survival [32]. Interestingly, Sulfl,
a sulfatase involved in the removal 6-O-sulfate groups
from various substrates, including heparan sulfate, was
induced 8.6-fold at 12 h. In contrast, CsmdI, a tumor
suppressor in diverse tissues, was repressed 9.1-fold at
12 h [33, 34]. Other repressed genes include Plagli (3.5-
fold at 12 h), a cell proliferation regulator [35], and Hgf
(2.8-fold at 4 h), which encodes for hepatocyte growth
factor.

Of the 373 unique HSC DEGs, 86 were unique
with 91.9% and 46.5% having a pDRE and AHR
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Fig. 2 Cell-specific differential gene expression in response to TCDD. Genes with a [fold-change| > 1.5 and an adjusted p-value <0.05 were considered
differentially expressed. The total number of DEGs across all time points (black), cell-specific DEGs in the respective cell type (dark gray), the number of
unique genes that possessed a pDRE (light gray), and the number of unique genes that exhibited AHR genomic binding 2 h after TCDD treatment (white)

are represented
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binding, respectively. Adgre4, Arap2, Bcol, Bend4,
Cyplal, Cypla2, Frem2, Nfe2l2, and Tiparp were
induced across all time points (Figure S6). Adgre4,
encodes for an EGF-TM7 receptor that attracts leuko-
cytes, Beol is involved in vitamin A metabolism [36],
Frem?2 is a constituent of the basement membrane [37],
and Nfe2l2 encodes for NRF2, a transcription factor that
is responsive to oxidative stress. Quiescent HSCs are a
reservoir for vitamin A, while disruptions in vitamin A
metabolism affecting antioxidant processes and retinoid
signaling in SLD [38, 39]. Three uncharacterized genes,
A730004F24Rik, Gm31333, and C730002LO8Rik were
also highly induced (Figure S7). Frem2 was induced
50.6-fold at 72 h while Perl, a circadian regulator was
induced 14.8-fold at 72 h with AHR genomic binding.
Conversely, Agxt which metabolizes glyoxylate to glycine,
was repressed 5.4-fold in HSCs at 12 h. Repression of
Agxt repression due to DNA hypermethylation has been
reported in mice with MASLD-like pathologies [40].
Hpse2 (3.2-fold) and Col25a1 (2.4-fold), are both ECM
constituents. Heyl, a downstream target of NOTCH sig-
naling implicated in liver development and regeneration
[41], was repressed 2.8-fold repression at 18 h as was Skil
(2.4-fold), a negative regulator of TGF- signaling [42].

TCDD elicited 161 DEGs in macrophages. Six induced
genes were unique, with each possessing a pDRE but only
two having AHR binding (Fig. 2). Only Cyplal, Cypla2,
Selenbp1, Tiparp, and Xdh were induced across all time
points (Figure S6). St18 which regulates the cell cycle and
is associated with HCC [43], was induced 55.5-fold at 4 h
and 63.1-fold at 12 h (Figure S7). Amzl, an M2 macro-
phage differentiation marker [44], was induced 3.8- and
2.6-fold at 4 and 72 h, respectively. Mgat4a (induced 3.5-
fold at 4 h) catalyzes f1,4-N-acetylglucosamine (GIcNAc)
glycosylation which distinguish macrophages subpopu-
lations [45]. Tifab, a monocyte marker that regulates
inflammatory pathways [46], was induced 3.2-fold at 2 h.
Thxasl and Usp12, which were induced 2.5- and 1.9-fold,
respectively, contribute to thromboxane biosynthesis and
protein deubiquitylation processes, respectively. While
few markers of pro-inflammation were detected prior to
72-hours in the current study, notable immune cell accu-
mulation is reported at 168 h following TCDD treatment
[47].

Of 128 B cell DEGs, 5 were unique with one being
induced (Shroom2) and four repressed (St3gal5, Esri, Asl,
and Scp2). Each contained a pDRE and exhibited AHR
binding (Fig. 2). Cyplal, Cypla2, Htatip2, and Selenbpl
were differentially induced across all time points (Fig-
ure S6). Htatip2 is reported to suppress hepatic car-
cinogenesis [48], while Shroom2 (2.6-fold at 18 h), the
lone-induced B cell gene, has a cytoskeletal structure
function in ECs [49] (Figure S7). Conversely, St3gal5 and
Esrl were repressed 2.8- and 3.0-fold, respectively, at
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12 h. Esrl, which encodes estrogen receptor a, protects
against HCC [50]. At 24 h, Asl, which hydrolyses argino-
succinate into arginine and fumarate, and was repressed,
corroborating the repression of the urea cycle by TCDD
[51]. Scp2, which encodes sterol carrier protein, was
also repressed 3.9-fold at 4 h, a phenomenon previously
observed in mice treated with TCDD [28].

T Cells are pivotal players in inflammation associ-
ated with liver disease progression. Seven differentially
induced (Asb2, Apex2, Acadll, Tecm Cpedl, Zswimé,
and Ppm1h) and 2 repressed (Itgal and Sntb2) genes were
unique to T cells with Asb2, Cyplal, Cypla2, Selenbpl,
and Tiparp induced across all time points (Fig. 2, B). Asb2
showed AHR binding and persistent induction (max 4.2-
fold at 2 h) across all time points potentially contribut-
ing to protein degradation pathways (Figure S7). Apex2,
a DNA repair factor combating oxidative stress, was
induced 2.9-fold at 12 h, and is an HCC marker [52].
Acadll, induced 2.6-fold at 4 h with AHR binding, con-
tributes to fatty acid metabolism, and Tec, which had
AHR binding and was induced 2.5-fold at 2, mediates T
cell differentiation [53]. Cped1, Zswimé6, and Ppm1h were
all induced at 4 h (2.1-, 1.9-, and 1.8-fold, respectively),
and participate in protein processing, protein-protein
interactions, and dephosphorylation regulatory mecha-
nisms, respectively. Notably, PPM1H protects against
HCC [54]. Itgal and Sntb2 were the only repressed genes
at 12 and 4 h respectively. ITGAL (a.k.a. CD11a) is a
pan-leukocyte marker that plays a role in inflammatory
responses [55].

PFs serve a crucial role in response to liver injury
and disease. In total, 33 PF DEGs were identified with
Kif13, Acnatl, Rian, Cyp2c29, Pdpn, Nrg2, and Pkhdlll
being unique. Only Cypla2 was induced across all time
points (Fig. 2). Kif13 (6.7-fold induction at 2 h), encodes
the KLF13 transcription factor that regulates cell pro-
liferation in MASLD [56] and HCC [57], and had AHR
binding. Acnatl, which encodes a peroxisomal acyl trans-
ferase, also showed AHR binding and was induced at
4 h (5.8-fold), underscoring a potential early role in the
disruption of lipid metabolism. Non-coding Rian was
induced at 2 h which promotes HCC in mice when over-
expressed [58]. Cyp2c29 was induced 4.6-fold at 24 h and
protects against inflammation in mouse liver injury mod-
els induced by acetaminophen and carbon tetrachloride
[59]. Nrg2 (encoding neuregulin 2) showed AHR genomic
binding and was induced 2.7-fold at 2 h, and is elevated
in HCC [60]. Other neuregulins, such as NRG1, are also
dysregulated by TCDD [61]. Pkhd1l1, which encodes for
polycystic kidney and hepatic disease 1, was the only
repressed PF gene (5.8-fold at 8 h).

Of the 14 unique cholangiocyte DEGs, non-coding
2610035D17Rik, and the GLIS Family Zinc Finger 3
(Glis3) were the only unique genes, both of which were
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induced (Fig. 2). Mutated Glis3 is implicated in liver dis-
ease particularly in abnormal bile duct development in
pediatric cirrhosis [62]. Glis3 possessed pDREs and AHR
binding (Figure S7).

Although 5 DEGs were identified in pDCs, none were
unique, and no DEGs were identified in neutrophils.

Gene set enrichment analysis

GSEA identified the disruption of metabolic function in
specific cell types (Fig. 3, Table S3). This included xenobi-
otic metabolism, protein processing, carbohydrate, lipid,
amino acid, vitamin, one carbon, retinol, and glutathione
metabolism, as well as pathways pertaining to cell signal-
ing and transport.

Several gene sets related to TCDD-mediated AHR
signaling were over-represented, including cytochrome
P450 (CYP450) in all cell types except for pDCs. Cypla2,
a known AHR battery gene, as well as Fmo3, were the
only xenobiotic metabolism genes enriched in every cell
types. Fmo3 induction is a known TCDD responsive gene
[63], with hepatic induction associated with gut dysbio-
sis and glucose dysregulation [64]. Other common DEGs
in most cell types included Aox1, Gstm1, Gstp2, Cyp2a5,
and Fmol.

Pathways related to carbohydrate, lipid, and protein
metabolism, were enriched. In macrophages and PFs,
starch and sucrose metabolism were over-represented.
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Ugdh and Gbel were common in both cell types, while
macrophages also displayed enrichment for glucurono-
syltransferases (UGTs). UDP-glucose-6-dehydrogenase
(Ugdh) which converts UDP-glucose to UDP-glucuro-
nate mitigates NASH development by inhibiting RIPK1
kinase-dependent hepatocyte apoptosis [65]. Gbel
encodes glycogen branching enzyme, which is increased
in high-fat diet mouse obesity models [66]. Intercon-
version of glucuronate and pentose, a five-carbon sugar
intermediate essential for nucleic acid biosynthesis, was
enriched in hepatocytes, macrophages, and B cells. Ten
UGTs were induced in hepatocytes, all of which convert
UDP-D-glucuronate to D-glucuronosides, required for
conjugation catalyzed by Phase II enzymes. UGT induc-
tion by TCDD involves nuclear factor (erythroid-derived
2)-like 2 (NRF2), a pivotal regulator of oxidative stress
[67].

Lipid dysregulation was also identified by GSEA. Ste-
roid metabolism was perturbed in hepatocytes, mac-
rophages, B cells, and T cells with the enrichment of
CYP450 and UGT genes, which also function in xeno-
biotic metabolism. In addition, these 4 cell types were
enriched for Hsd17b6, a hydroxysteroid dehydroge-
nase, and HCC prognostic biomarker that correlates
with infiltrating leukocytes [68]. Hepatocytes were also
enriched for steroid 5a-reductases (Srd5al and Srd5a2),
which are involved in steroid metabolism including
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Fig. 3 Gene set enrichment analysis for each cell type. Total DEGs for each cell type were assessed for enriched KEGG pathways. Enrichment with an
adjusted p-value <0.05 was considered significant. The dot size represents the adjusted p-value
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the interconversion of testosterone to the more potent
dihydrotestosterone. Inhibition of Srd5al and Srd5a2
is linked to hepatic lipid accumulation in humans [69].
Moreover, the metabolism of linoleic acid was impacted
in HSCs, B cells, PFs, and pDCs. Genes in this term over-
lapped with xenobiotic metabolic responses including
CYP450 and aldo-keto reductase genes. Lastly, primary
bile acid synthesis was enriched in B cells. Scp2, encod-
ing sterol carrier protein 2, was enriched and associ-
ated with hepatic steatosis and SLD pathogenesis [70].
In addition, Acox2, encoding acyl-CoA oxidase 2, was
enriched. Inborn errors in Acox2 have been attributed
to hepatotoxicity due to bile acid intermediate accumu-
lation that contributes to fibrosis [71]. Cd36, a fatty acid
translocase was induced by TCDD at 4, 18, and 72 h in
hepatocytes (Table S2). Cd36 induction by TCDD corre-
lates with steatosis [47, 72, 73], while its knockout miti-
gates TCDD induced steatosis [72]. Hepatocytes also
exhibited the repression of acyl-CoA synthetases Acsl3,
Acsl4, and Slc27a3 across various time points, which
are responsible for the activation of long- and very long-
chain fatty acids prior to B-oxidation. This was accom-
panied by suppression of Tm6sf2 at 4, 18, and 72 h, and
the induction of Angpti3 at 2, 4, 12, and 18 h. Histological
assessment indicated that these transcriptional changes
in lipid metabolism are sufficient to induce the accumu-
lation of lipids in the liver as denoted by ORO staining
within 72 h (Figure S4). Together, these gene expression
and histological changes are consistent with prior studies
that reported TCDD induced lipid mobilization as early
as 24 h after treatment [47].

GSEA suggested all cell types, except ECs, were
enriched in tryptophan metabolism [74—77]. All but chol-
angiocytes differentially expressed Tdo2, which encodes
for tryptophan 2,3-dioxygenase, the rate-limiting enzyme
for tryptophan catabolism. TDO2 also promotes HCC
proliferation due to interleukin (IL)-6-induced tumor cell
proliferation [78]. In PFs, TCDD also disrupted aromatic
L-amino acid decarboxylase (Ddc) which is involved in
tyrosine metabolism. DDC produces several neurotrans-
mitters, including tyramine from tyrosine, tryptamine
from tryptophan, and histamine from histidine.

DEGs associated with protein processing and trans-
port were overrepresented. ATP-binding cassette (ABC)
transporters were enriched in HSCs. Protein export
was dysregulated in hepatocytes, while processing
events were enriched in hepatocytes, ECs, HSCs, mac-
rophages, and T cells. Nfe2/2, which encodes for NRF2,
was enriched in all 5 cell types with Hyoul (hypoxia
up-regulated protein 1). Moreover, Hspa5 (heat shock
protein family A member 5) was enriched in the six cell
types. HSPA5 serves as an ER chaperone and is a key
alternative splicing regulator for SLD-related genes [79].
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Interestingly, TCDD is reported to promote ER stress in
vitro, implicating protein processing events [80].

Glutathione metabolism was overrepresented in both
hepatocytes and macrophages. The catalytic subunit of
glutamate-cysteine ligase, Gclc, which is responsible for
glutathione synthesis, was not only induced hepatocytes
and macrophages, but also ECs, HSCs, B cells, T cells,
and PFs, all at 4 h. Hepatocyte-specific GCLC knock-
out exacerbates liver injury, steatosis, and inflammation,
concurrent with compromised mitochondrial function
[81]. Gcle induction may be response to accumulating
oxidative stress due to the induction of Cyplal, Cypla2,
Cyplbl and Xdh as early as 2 h (Table S2).

All cells except pDCs were enriched for retinol metabo-
lism. Quiescent HSCs serve as the largest store of vitamin
A [82]. Seven genes associated with retinol metabolism
in HSCs were induced including Hsd17b6 and AoxI
(Table S2). Hsd17b6 metabolizes retinol into its more
biologically active form, retinal, whereas AoxI converts
retinal into retinoic acid, the protoypical ligand for reti-
noic acid receptor (RAR) and retinoid X receptor (RXR)
activation [83]. Subsequently, retinoic acid is further
metabolized into more water-soluble hydroxy- and oxo-
forms by CYP450 enzymes, including Cyplal, Cyp2aS5,
Cyplbl, Cyp2c37, and Cyp2c50 that are induced in HSCs
by TCDD. Early induction of retinol metabolism genes,
including the conversion cascade from retinol to retinoic
acid, underscore their role as indicators of hepatic stellate
cell activation.

DEGs related to PI3-AKT signaling in ECs including
Kit and Kitl were induced as early as 2 h (2.1- and 2.8-
fold, respectively) suggested enrichment of cell signaling
and interaction pathways. Activation of KIT, a key regu-
lator of cell proliferation, is consistent with EC prolifera-
tion [84]. There was also enrichment of metabolism of
vitamin B6 in T cells, as well as ascorbate and aldarate
in hepatocytes and macrophages. One-carbon metabo-
lism (OCM) was also disruption by TCDD as previously
reported [85]. In total, 12 of 18 OCM genes were differ-
entially expressed in hepatocytes.

When assessing enriched complement and coagula-
tion genes in hepatocytes, Serpinel was induced across
all time points (max induction 705-fold at 2 h). Serpinel
encodes plasminogen activator inhibitor 1 (PAI-1) and
inhibits uPA (urokinase-type plasminogen activator) and
tPA (tissue-type plasminogen activator), both plasmino-
gen activators. uPA and tPA are serine proteases that
convert plasminogen into plasmin, and maintain ECM
homeostasis [86]. Plg (encoding plasminogen) repres-
sion at 2 and 12 h in hepatocytes, in conjunction with
increased Serpinel levels, suggests conditions favoring
ECM accumulation, and the development of fibrosis [86].

Collectively, GSEA identified overrepresented gene
expression changes associated with SLD-related
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pathologies such as steatosis, inflammation, and fibrosis,
as well as HCC, and identified specific cell types that con-
tribute to these responses.

Conclusion

TCDD induces a spectrum of SLD-related patholo-
gies, including steatosis, inflammation, and fibrosis,
in addition to disrupting/promoting cell proliferation.
Single-nuclei analysis of liver cell subtypes following a
single oral gavage of TCDD identified early cell-specific
gene expression responses and a cacophony of cell-cell
interactions.

SLD development and progression to more severe dis-
ease such as MASH is driven by a multi-hit process that
is often fueled by heightened oxidative stress. Although
the exact origin of TCDD-induced ROS remains
unknown, the induction of oxidative metabolism per-
taining to Cyplal, la2, 1b1, Nqgol, and Xdh, are likely
sources. At later timepoints (>18 h), when TCDD has
induced hepatic fat accumulation, oxidative stress would
be further exacerbated due to the lipid peroxidation.
Results from this study suggest that oxidative stress was
induced in hepatocytes, ECs, HSCs, and macrophages
as early as 2 h based on the induction of NRF2 (Nfe2/2),
the quintessential sensor of oxidative stress. In response,
ten glutathione S-transferases (GSTs) were induced in
hepatocytes with Gstpl and Gstp2 induced by 2 h and
the remaining eight induced by 4 h. These results are
consistent with the bulk RNAseq data where Gstpl and
Gstp2 induction occurred within 4 h after TCDD treat-
ment. GSTPs serve a defense role by conjugating gluta-
thione (GSH) to reactive oxygen species (ROS) and lipid
peroxides (LOS) to facilitate detoxification and excretion.
Ngol and Esrrg, genes encoding NAD(P)H quinone dehy-
drogenase 1 and estrogen-related receptor y, respectively,
are members of the NRF2 target gene battery that are
induced in response to oxidative stress. The early induc-
tion of NgoI (2 h) and Esrrg (4 h) in hepatocytes provides
further evidence of oxidative stress in TCDD-treated liv-
ers, contributing to the advancement of SLD pathologies.
These findings highlight a probable mechanism in which
oxidative stress and lipid accumulation catalyze down-
stream pathologies such as inflammation.

Hepatic fat accumulation is one of the first phenotypic
effects of TCDD which is reported as early as 72 h follow-
ing exposure, resulting from the induction of lipid uptake
coupled with peripheral fat mobilization, the repression
of B-oxidation and impaired lipoprotein assembly and
export. Hepatocytes are the primary site of dyslipid-
emia following the early induction of Cd36, which facili-
tates fatty acid uptake. Moreover, hepatocytes exhibited
repression of acyl-CoA synthetases, crucial for long-
chain fatty acid activation and subsequent [-oxidation,
the suppression of Tm6sf2, and the induction of Angpti3,
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all of which are consistent with triglyceride accumulation.
GSEA also identified the disruption of steroid (vis-a-vis
cholesterol) metabolism in hepatocytes, macrophages,
B cells, and T cell. In addition, perturbations in linoleic
acid metabolism emerged as a notable feature, affecting
HSCs, B cells, PFs, and pDCs. Collectively, these results
underscore the initial cell-specific effects and interac-
tions involved in hepatotoxicity and the progression of
steatosis to steatohepatitis with fibrosis, pathologies that
mirror aspects of SLD progression.

Previous studies have reported the onset of immune
cell infiltration following oral gavage with 30 pg/kg
TCDD at 168 h. Although a notable influx of neutrophils
was detected at 72-hours, no indication of other immune
responses, such as macrophage recruitment were noted.
Therefore, the 72-hour duration in our study appears to
be insufficient for the manifestation of such immune cell
infiltration, in contrast to 28 day studies.

Despite a lack of evidence for acute inflammatory
responses, differential gene expression pertaining to
ECM remodeling and fibrogenesis was observed. HSCs
exhibited DEGs related to the interconversion of retinol
to the more biologically active retinal, retinoic acid, and
the related metabolites, a hallmark of HSC activation.
Activated HSCs remodel ECM and promote the accumu-
lation of pro-fibrotic proteins such as collagens, fibronec-
tins, elastins, laminins, hyaluronans, and proteoglycans.
Furthermore, the early induction of endothelin-convert-
ing enzyme Ecell in hepatocytes, and Ackr3 in ECs, may
mitigate fibrogenesis. The induction of Serpinel in hepa-
tocytes would inhibit uPA and tPA, thereby keeping fibri-
nolysis in check. In parallel, Plg repression in hepatocytes
would reduce plasmin and attenuate ECM degradation.
These gene expression changes may represent the initial
activation of fibrogenesis in HSCs, as well as the compen-
satory responses by hepatocytes.

TCDD clearly disrupted regulatory mechanisms gov-
erning cell proliferation, with potential implications for
HCC development. For instance, at all timepoints hepa-
tocytes exhibited the upregulation of Nptx1, known to
confer protection against HCC progression, and Smicp,
which conversely is associated with promoting HCC.
Concurrently, ECs show increased expression of Chst11,
an HCC marker of poor prognosis, while the repression
of the tumor suppressor gene CsmdI in hepatocytes may
further promote proliferation. The induction of neuregu-
lin genes, Nrgl and Nrg2, across various cell types includ-
ing hepatocytes, PFs, and pDCs, highlights a potential
role in HCC pathogenesis. The proliferation of PECs may
be due to HSC-mediated Vegfc signaling through recep-
tors, Kdr and Flt4, on ECs, a pathway known to support
cellular proliferation. Furthermore, the induction of Igfin
cholangiocytes emerges as a novel contributor to hepa-
tocyte proliferation. This suggests interactions between
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liver cell types represent underlying mechanisms asso-
ciated with cell proliferation and the development of
TCDD-induced HCC.

In conclusion, this study reveals the complex effects of
TCDD on early gene expression in specific cell types that
contribute to SLD-related pathologies. It examines cell-
specific gene expression responses, the induction of oxi-
dative stress, lipid metabolism disruption, and the early
stages of fibrogenesis. snRNAseq analysis has identified
disrupted pathways and cell-cell interactions that further
elucidate the roles of specific cell types in the progres-
sion of steatosis to steatohepatitis with fibrosis. The map-
ping of initial cell specific responses to TCDD, not only
advances our mechanistic understanding of toxicant-
induced liver pathologies but also sets the stage for future
investigations aimed at mitigating the adverse effects of
environmental contaminants on liver function and over-

all health.

Methods

Animal treatment

Male C57BL/6Crl mice were received from Charles Riv-
ers Laboratories (Wilmington, MA) at postnatal day
(PND) 25 and housed in Innocages (Innovive, San Diego,
CA) with ALPHA-dri bedding (Shepherd Specialty
Papers, Chicago, IL). The mice were provided Harlan
Teklad 22/5 Rodent Diet 8940 (Envigo, Indianapolis, IN)
and Aquavive water (Innovive) ad libitum. On PND 28,
the mice were orally gavaged at Zeitgeber time (ZT) 00
with sesame oil vehicle (Sigma-Aldrich, St Louis, MO),
or 30 pg/kg TCDD (AccuStandard, New Haven, CT). At
intervals of 2, 4, 8, 12, 18, 24, and 72 h (corresponding to
ZT 02, 04, 08, 12, 18, 00, and 12, respectively), the mice
were euthanized by carbon dioxide asphyxiation with
subsequent cardiac puncture, and liver samples were
collected, snap-frozen, and stored at -80 °C. The study
used male mice only, following previous reports indicat-
ing similar hepatic pathologies in both sexes, with males
exhibiting greater sensitivity [7]. All procedures were
approved by the Michigan State University Institutional
Animal Care and Use Committee, adhering to ARRIVE
guidelines [87].

Single-nuclei library preparation and sequencing

Three biological replicates were used for each dose and
time-point. A previously used protocol was to extract
nuclei  (https://doi.org/10.17504/protocols.io.3fkgjkw).
Briefly, approximately 100-300 mg of frozen liver was
placed in a disposable Dounce homogenization tube and
cut into small pieces. Then, 500 pL of 4 °C nuclei EZ lysis
buffer (MilleporeSigma, Burlington, MA) was added,
and the tissue was homogenized using a disposable pes-
tle. Next, ~900 uL of Nuclei EZ lysis buffer was added,
and the mixture was incubated on ice for 5 min, gently

Page 9 of 13

inverting a few times during the incubation. The homog-
enate was passed through a 70 pm strainer into a 50 mL
conical tube using a wide bore pipette tip. The flow-
through was transferred to a 2 mL tube and centrifuged
at 4 °C for 5 min at 500 g. The supernatant was discarded,
after which the pellet was gently resuspended in 1.5 mL
EZ lysis buffer and incubated on ice for 5 min. The nuclei
were re-centrifuged at 4 °C for 5 min at 500 g. The super-
natant was discarded, and the pellet was rinsed with 500
puL of nuclei wash and resuspension buffer (1X phos-
phate-buffered saline, 1% bovine serum albumin, 0.2 U/
pL RNase inhibitor), taking care not to disturb the pellet,
and allowed to rest on ice for 5 min. An additional 1000
uL of nuclei wash and resuspension buffer was added,
and the nuclei were resuspended using a wide bore
tip. The nuclei were centrifuged again at 4 °C for 5 min
at 500 g, and the supernatant was discarded, leaving
approximately 50 puL. The nuclei were gently resuspended
in 1400 pL of nuclei wash and resuspension buffer. Again,
the nuclei were centrifuged at 4 °C for 5 min at 500 g, and
the supernatant was discarded, leaving approximately
50 pL. Finally, the nuclei were gently resuspended in 500
uL of DAPI nuclei wash and resuspend buffer (1X nuclei
wash and resuspension buffer, 10 pg/mL DAPI) and fil-
tered using a 40 pum strainer. The resuspended nuclei
immediately underwent fluorescence-activated cell sort-
ing using a BD FACSAria Ilu cell sorter (BD Biosciences,
San Jose, California) with a 70-um nozzle at the MSU
Flow Cytometry Core Facility (https://facs.iq.msu.edu,
last accessed November 2, 2023).

Libraries were prepared using the 10x Genomics Chro-
mium Single Cell 3"v3.1 kit in conjunction with the 10X
Genomics Dual Index kit (10X Genomics, Pleasanton,
CA; protocol revision CG000315 Rev A), then submit-
ted for 150-bp paired-end sequencing at a depth >50,000
reads/cell using the NovaSeq 6000 at Novogene (Beijing,
China). The alignment of reads was performed using
Cellranger 4.0.0 (10X Genomics) to a custom reference
genome (mouse mm10 release 93 genome build), which
accounted for both introns and exons to capture pre-
mRNA and mature mRNA within the nuclei. Aligned
reads were further filtered to include only (i) cells with a
minimum of 100 genes, (ii) genes that were recognized in
a minimum of 3 cells, and (iii) cells with <1% mitochon-
drial DNA. Scrublet v0.2.3 was used to remove putative
doublets [88].

Cell identification

To integrate all libraries together prior to clustering,
Scanpy v1.9.3 was used to determine the 2,000 most
highly variable genes (HVGs) amongst all libraries [89].
These HVGs were used to integrate all libraries together
using scVI v0.20.3, while accounting for dose and time as
categorical covariates and using a latent variable of 40.
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Leiden clustering was performed at varying resolutions
(0.05, 0.1, 0.25, 0.5, 0.75, and 1.25). A resolution of 0.05
was selected to preserve the integrity of the parenchy-
mal hepatocytes, while allowing for sub-clustering of less
abundant cell types. At this resolution, 6 main clusters
were identified, with cluster 3 exhibiting a high concen-
tration of marker genes associated with immunologi-
cal functions. This immunological cluster was subset for
further analysis, to distinguish immunological cell sub-
types. Using the 2,000 most HVGs, followed by Leiden
clustering, 5 distinct clusters were identified at a resolu-
tion of 0.1. Marker genes, as determined by a Wilcoxon
rank-sum test, for these clusters were used to identify B
cells, macrophages, neutrophils, T cells, and plasmacy-
toid dendritic cells (pDCs). These cell annotations were
integrated into the full dataset, after which any remaining
unknown clusters at a resolution of 0.5 were identified
also using a Wilcoxon rank-sum test to determine cell
marker genes. In total, 10 cell types were identified in this
dataset: B cells, cholangiocytes, hepatocytes, hepatic stel-
late cells (HSCs), endothelial cells (ECs), macrophages,
neutrophils, pDCs, portal fibroblasts (PFs), and T cells.
ECs and macrophages were subset to assess subpopula-
tions, using previously published marker genes [18, 19].
Within the macrophage dataset, the analysis revealed
monocyte-derived macrophages and Kupffer cells. Mean-
while, in the EC dataset, various subpopulations were
identified, including pericentral liver sinusoidal ECs
(LSECs), midzonal LSECs, periportal LSECs, lymphatic
endothelial cells (LyECs), proliferating endothelial cells
(PECs), periportal vascular endothelial cells (VECs), and
pericentral VECs.

Differential gene expression analysis

A recent study demonstrated that differential gene
expression analysis performed on pseudobulk data out-
performed single-cell differential gene expression meth-
ods since the latter is biased towards highly expressed
genes [90]. For this reason, gene expression for each cell
type, at each dose and time-point, was pseudobulked
for each biological replicate using Scater v1.22.0 before
differential gene expression analysis [91]. Differential
expression analysis was then performed using Deseq2
v1.34.0 [92] on time-matched groups between vehicle
and TCDD treatment. Genes possessing a |fold-change|
> 1.5 and an adjusted p-value<0.05 were considered dif-
ferentially expressed in response to TCDD treatment.

Gene set enrichment analysis

Gene set enrichment analysis (GSEA) was performed
using GSEApy v1.0.4 [93], using a custom list of gene
sets that have previously been published (https://doi.
org/10.7910/DVN/OCKYFO) [94]. Briefly, this list of
gene sets includes those curated through the gene set
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knowledge base (GSKB) [95], as well as gene sets curated
in-house.
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