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 29 
Abstract - Constitutive Androstane Receptor (CAR, Nr1i3), a liver nuclear receptor and xenobiotic sensor, 30 
induces drug, steroid and lipid metabolizing enzymes, stimulates liver hypertrophy and hyperplasia, and 31 
ultimately, hepatocellular carcinogenesis. The mechanisms linking early CAR responses to subsequent 32 
disease development are poorly understood. Here we show that exposure of CD-1 mice to TCPOBOP, a 33 
halogenated xenochemical and selective CAR agonist ligand, induces pericentral steatosis marked by 34 
hepatic accumulation of cholesterol and neutral lipid, and elevated circulating alanine aminotransferase 35 
levels, indicating hepatocyte damage. TCPOBOP-induced steatosis was weaker in the pericentral region but 36 
stronger in the periportal region in females compared to males. Early (1-day) TCPOBOP transcriptional 37 
responses were enriched for CAR-bound primary response genes, and for lipid and xenobiotic metabolism 38 
and oxidative stress protection pathways; late (2-wk) TCPOBOP responses included many CAR binding-39 
independent secondary response genes, with enrichment for immune response, macrophage activation, 40 
and cytokine and reactive oxygen species production. Late upstream regulators specific to TCPOBOP-41 
exposed male liver were linked to pro-inflammatory responses and hepatocellular carcinoma progression. 42 
TCPOBOP administered weekly to male mice using a high corn oil vehicle activated carbohydrate-43 
responsive transcription factor (MLXIPL)-regulated target genes, dysregulated mitochondrial respiratory 44 
and translation regulatory pathways, and induced more advanced liver pathology. Thus, TCPOBOP exposure 45 
recapitulates histological and gene expression changes characteristic of emerging steatotic liver disease, 46 
including secondary expression changes in liver non-parenchymal cells indicative of transition to a more 47 
advanced disease state. Upstream regulators of both the early and late TCPOBOP gene responses include 48 
novel biomarkers for foreign chemical-induced metabolic dysfunction-associated steatotic liver disease. 49 

 50 
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Introduction 52 
 53 
Metabolic dysfunction-associated steatotic liver disease (MASLD), previously referred to as non-alcoholic 54 
fatty liver disease, is a widespread chronic liver disease associated with a lipotoxic environment that results 55 
from the pathological accumulation of triglycerides in hepatocytes, termed hepatic steatosis [1]. The early 56 
stages of MASLD, involving simple steatosis, can progress to metabolic dysfunction-associated 57 
steatohepatitis (MASH), which is characterized by hepatic inflammation and fibrosis and may progress to 58 
liver cirrhosis and necrosis [2, 3]. MASLD increases the risk for developing coronary heart disease and type 2 59 
diabetes and is a leading cause of hepatocellular carcinoma (HCC) [4]. Sex differences characterize steatotic 60 
liver disease, with the prevalence and severity of MASLD, and its progression to MASH, liver cirrhosis and 61 
HCC being greater in males and in post-menopausal females than premenopausal females [5-7]. The 62 
molecular mechanisms underlying the development of MASLD and its progression to MASH and HCC are 63 
only partially understood, with important recent advances coming from genetic studies and global 64 
transcriptomic analyses in high fat dietary exposure models of disease [8-11]. 65 
 66 
Environmental chemicals and toxicants, including many persistent organic pollutants and other endocrine-67 
disrupting chemicals, have long been associated with the development of steatotic liver disease [12-14]. 68 
The underlying mechanisms of toxicant-associated liver disease [15, 16] are likely to be multifactorial, given 69 
the wide spectrum of chemical exposures that can induce these liver pathologies. Many environmental 70 
chemicals that induce MASLD are ligands for transcription factors from the Nuclear Receptor (NR) gene 71 
superfamily, most notably CAR (constitutive androstane receptor, Nr1i3), PXR (pregnane X receptor, Nr1i2) 72 
and PPARA, which regulate genes of xenobiotic and energy metabolism by pathways that can either 73 
contribute to or protect from MASLD development [17]. Many foreign chemicals have broad specificities for 74 
receptor activation, which enables them to activate multiple receptors, including Ahr (aryl hydrocarbon 75 
receptor) [18], by either direct or indirect mechanisms, which further complicates efforts to elucidate 76 
underlying mechanisms of action.  77 
 78 
CAR can be activated by structurally diverse drugs and environmental chemicals [19, 20], resulting in 79 
increased transcription of genes for many drug-metabolizing enzymes, including phase-I P450 enzymes, 80 
phase-II UDP-glucuronosyltransferases and sulfotransferases, as well as transporters active in drug uptake 81 
and efflux [21]. CAR also has important effects on endogenous lipid and energy metabolism [22, 23] and 82 
can lessen the hepato-steatotic effects of high fat dietary exposures [24, 25]. In the inactive, unliganded 83 
state, CAR is phosphorylated at threonine-38 and retained in the cytoplasm in a protein complex with heat 84 
shock protein 90 and cytoplasmic CAR retention protein [26]. CAR can be activated either by binding an 85 
agonist ligand [27], or indirectly, via a signaling pathway induced by non-ligand CAR agonists, such as 86 
phenobarbital [28]. Both activation mechanisms dephosphorylate CAR at threonine-38 and stimulate 87 
translocation of CAR to the nucleus [26], where it heterodimerizes with RXR and binds to enhancer 88 
sequences linked to the transcriptional activation of CAR target genes [29-31].  89 
 90 
TCPOBOP (1,4-bis[2-(3,5-dichloropyridyloxy)]benzene) is an agonist ligand [27] that is highly selective for 91 
CAR [32]. TCPOBOP can therefore be used to study the effects of xenobiotic-activated CAR without the 92 
complexities that arise with polychlorinated biphenyls and other foreign chemicals, many of which activate 93 
and/or alter the expression levels of Ahr and/or other NR superfamily members [33-36]. TCPOBOP induces 94 
CAR-dependent hepatomegaly, leading to a substantial increase in liver size within a few days due to short-95 
term induction of hepatocyte proliferation combined with hepatocellular hypertrophy [37-39]. TCPOBOP 96 
exposure induces widespread effects on the liver transcriptome, which have been characterized as early as 97 
3 h [40, 41] and up to 5 days after the initial exposure [42, 43]. Much less is known, however, about the 98 
longer term transcriptional and transcriptomic gene responses to TCPOBOP and their relationship to the 99 
downstream liver pathologies that emerge, including development of CAR-dependent [44] hepatic 100 
adenomas and carcinomas following persistent TCPOBOP exposure over a 20-30 wk period [45, 46]. 101 
 102 
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Here, we investigate the histopathological and transcriptomic effects of both short term and persistent CAR 103 
activation in livers from TCPOBOP-exposed mice. We show that TCPOBOP induces a dose-dependent 104 
increase in hepatic steatosis that originates pericentrally, with males more sensitive than females in the 105 
pericentral but not the periportal region, and we present a comprehensive view of both the primary and 106 
secondary gene responses and pathways that TCPOBOP dysregulates in each sex. Further, we identify 107 
upstream regulators of these gene responses, including regulators specific to TCPOBOP-exposed males, to 108 
obtain mechanistic insight into the liver pathological responses that TCPOBOP elicits in both hepatocytes 109 
and liver non-parenchymal cells. Finally, we characterize a more advanced liver pathology, including focal 110 
inflammation and immune cell infiltration, that specifically emerges when CAR is persistently activated over 111 
a 4 to 8 wk period by weekly TCPOBOP delivery using a high corn oil vehicle. TCPOBOP-treated mice may 112 
thus serve as a useful model for further investigation of the mechanisms by which foreign chemical agonists 113 
of CAR induce steatotic liver disease, as well as downstream pathologies that may emerge.  114 
 115 
MATERIALS AND METHODS 116 
Animal studies. Mouse work was conducted in accordance with ARRIVE 2.0 Essential 10 guidelines [47], 117 
including study design, sample size, randomization, experimental animals and procedures and statistical 118 
methods, and with approval from the Boston University Institutional Animal Care and Use Committee 119 
(protocol # PROTO201800698). Male and female CD-1 mice (ICR strain; strain code #022), 7-8 wk of age 120 
(average body weight: 35 g for males, 30 g for females), were purchased from Charles River Laboratories 121 
(Wilmington, MA) and housed on a 12 h light cycle (lights ON at 7:30 AM and OFF at 7:30 PM). Mice were 122 
given TCPOBOP by intraperitoneal injection at a dose ranging from 0.2 to 3 mg/kg body weight. Mice were 123 
euthanized and livers were collected at time points ranging from 1 d to 8 wk after TCPOBOP injection, as 124 
described below. Euthanasia and tissue collection were carried out between 10:30 AM and 12 noon to 125 
minimize variability due to circadian effects on liver gene expression, which impact a large subset of liver 126 
expressed genes [48-50], and is itself altered in MASH [51]. Two pieces of each liver were immediately fixed 127 
in 10% formalin; the remainder of each liver was snap frozen in liquid nitrogen for whole tissue RNA 128 
extraction (total RNA) and qPCR analysis or for extraction of liver nuclei, purification of nuclear RNA and 129 
nuclear RNA-seq analysis, as detailed below.  130 
 131 
TCPOBOP injection: high corn oil (vehicle) regimen. A high corn oil (vehicle) TCPOBOP dosing regimen was 132 
used in a time course study, where male livers were collected 1 wk, 2 wk, 4 wk and 8 wk after the first 133 
TCPOBOP injection (n=3 vehicle controls, and n=6 TCPOBOP-treated mice at each time point). TCPOBOP 134 
(Chem Cruze, SC-203291) was initially dissolved in 100% DMSO (Sigma, cat. # D8418) to give a stock 135 
solution at 7.5 mg TCPOBOP/ml, which was stored at -20C. Prior to use, the TCPOBOP stock solution was 136 
diluted 50-fold in corn oil to give a working solution of 0.15 mg TCPOBOP/ml of 2% DMSO/98% corn oil. 137 

Mice were injected with 20 l of this working TCPOBOP solution per g body weight on day 0 (TCPOBOP 138 
dose: 3 mg/kg body weight), followed by additional weekly injections at one-third that dose (1 mg 139 

TCPOBOP/kg body weight) beginning on day 7, by injecting of 20 l of 0.05 mg TCPOBOP/ml of 0.67% 140 
DMSO/99.3% corn oil. This weekly dosing schedule was designed to minimize the bioaccumulation of 141 
TCPOBOP by taking into account its 14-day half-life [52, 53]. Mice euthanized at the 8 wk time point (i.e., 142 
after a total of 8 weekly TCPOBOP injections) were found to have a depot of excess corn oil vehicle 143 
accumulating in the peritoneal cavity. An increase in liver histopathology was seen at both the 4 wk and the 144 
8 wk TCPOBOP time points when using this regimen but was not seen in mice given weekly corn oil vehicle 145 
injections alone, or when TCPOBOP was given over the same 8 wk period but using an alternative, low corn 146 
oil vehicle regimen, described below (see Results).  147 
 148 
TCPOBOP injection: low corn oil (vehicle) regimen. This regimen was introduced to decrease the corn oil 149 

(vehicle) dose by > 90% as compared to the high corn oil regimen: from 20 l corn oil/g body weight weekly 150 

to 3.6 l (i.e., 90% of 4 l) corn oil/g body weight every 2 wk. TCPOBOP (stock solution at 7.5 mg/ml of 151 
100% DMSO; see above) was diluted 10-fold into corn oil to give a working solution for the low dose 152 

regimen injections. Mice were injected with 4 l/g body weight of this solution (0.75 mg TCPOBOP/ml of 153 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 20, 2024. ; https://doi.org/10.1101/2024.02.16.580717doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.16.580717
http://creativecommons.org/licenses/by-nc/4.0/


Sonkar, Ma & Waxman Page 4 2/16/2024 

10% DMSO/90% corn oil) to deliver a TCPOBOP dose of 3 mg/kg body weight. Livers were collected 1 d, 4 d, 154 
or 2 wk later (n=4 vehicle controls, and n=6 TCPOBOP-treated mice for each sex at each time point, or as 155 
noted in individual figures). Where indicated, an additional injection of 0.375 mg TCPOBOP/ml of 10% 156 
DMSO/90% corn oil (vehicle) was given to male mice after 2, 4, and 6 wk, to achieve a bi-weekly, low corn 157 
oil regimen TCPOBOP injection dose of 1.5 mg/kg body weight. Livers were collected after 4 wk (total of 2 158 
bi-weekly TCPOBOP injections, one on day 0, and one on day 14) or after 8 wk (total of 4 bi-weekly 159 
TCPOBOP injections, on days 0, 14, 28 and 42) (n=3 vehicle controls, and n=7 TCPOBOP-treated mice at 160 
each time point). In a separate series of experiments (dose-response study), TCPOBOP working solutions in 161 
10% DMSO/90% corn oil were prepared at 0 (vehicle control), 0.05, 0.15 and 0.75 mg TCPOBOP/ml. Male 162 

and female mice were injected with these TCPOBOP working solutions on day 0 at 4 l/g body weight for 163 
delivery of TCPOBOP at 0, 0.2, 0.6 and 3.0 mg/kg body weight, respectively, and livers were collected on 164 
day 14 (n=5 vehicle controls, and n=5 TCPOBOP-treated mice for each sex at each of the 4 doses).  165 
 166 
Tissue fixation, sectioning and staining. Freshly excised mouse liver was fixed in 10% Buffered Formalin 167 
(Fisher Scientific #23-245684) for 24 h at room temperature, transferred to 70% ethanol for 48 h then 168 
stored at 4°C until submitted to the core facility for sectioning and staining. A piece of each liver was placed 169 
in 4% formalin for fixation and subsequently stained with Hematoxylin and Eosin (H&E), Periodic Acid-Schiff 170 
with Diastase (PASD) or Sirius red, to visualize collagen networks associated with liver fibrosis. A second 171 
piece of liver was snap frozen in liquid nitrogen; tissue slices were subsequently prepared for Oil Red O 172 
staining to detect neutral lipid at the histology core of Beth Israel Deaconess Medical Center (Boston, MA) 173 
by soaking in 4% formalin, followed by soaking in 30% sucrose. A portion of each fresh liver was then 174 
prepared for cryosectioning by placement in 5 ml of 30% sucrose in PBS at room temperature until the 175 
tissue sank to the bottom. The liquid was removed by suctioning and then a thin layer of OCT was added to 176 
each cryomold (labeled with the liver ID#), and the liver placed in the center of the cryomold. OCT was 177 
carefully added, avoiding air bubbles, until it completely covered the tissue. The cryomold was then placed 178 
on a bed of dry ice for 30 min to solidify the OCT and then stored at -80°C. Following cryosectioning (5 μm 179 
slices), slides were kept at room temperature for 1 h to melt the OCT, followed by Oil Red O staining at the 180 
Beth Israel Deaconess Medical Center histology core. PAS diastase staining and trichrome staining were 181 
performed at the Experimental Pathology Laboratory Service Core (EX+) of Boston University School of 182 
Medicine. Paraffin sections were processed for antigen retrieval (Biogenex Laboratories cat. # HK0865K) 183 
then immunostained with anti-GLUL antibody (1: 1500 dilution in 3% goat serum, overnight at 4C). 184 
Sequentially cut cryosections were stained with anti-GLUL antibody and with Oil Red O, respectively, to 185 
localize the Oil Red O-stained regions of the liver lobule with respect to the GLUL-stained regions.  186 
 187 
Analysis of histology images. Relative hepatocyte size scores were assigned to each liver based on a set of 188 
reference images using a scale of 0 to 5 (Fig. S2B). Similarly, Oil Red O staining intensities were scored on a 189 
scale of 0 to 5 for each of n= 5 livers per group by comparing each image to a set of reference images, 190 
selected to represent the full range of staining intensities encountered in the study (Fig. S3A). The same set 191 
of reference images was used to assign scores to both periportal and pericentral regions of each liver, 192 
which allowed us to identify zone-dependent differences in both hepatocyte size and Oil Red O staining 193 
intensities for each mouse treatment group.  194 
 195 
Total liver cholesterol assay. A small piece of snap-frozen liver tissue (~ 10 mg) was resuspended in 200 µL 196 
of chloroform: isopropanol: NP-40 detergent (7:11:0.1) and homogenized in an 0.4 ml glass homogenizer, 197 
then centrifuged for 5 min at 15,000 x g. The organic phase was transferred to a new Eppendorf tube, air 198 
dried at 50°C to remove chloroform, and placed in a vacuum for 30 min to remove trace organic solvent. 199 
Total cholesterol was then measured using a Cholesterol/Cholesteryl Ester Assay Kit (Abcam, cat. # 200 
ab65359).  201 
 202 
Blood chemistry. Blood collected from each mouse by cardiac puncture at the time of euthanasia was 203 
placed in an Eppendorf tube containing 5 mM EDTA. Plasma was obtained by centrifugation at 1500 g at 204 
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4°C for 15 min and stored at ‐80°C. Clinical assays for 13 analytes were performed at the Boston University 205 
Medical Center Analytical Instrumentation Core: albumin, alkaline phosphatase, alanine aminotransferase, 206 
blood urea nitrogen, calcium, cholesterol, creatinine, gamma-glutamyl transferase, glucose, phosphorus, 207 
total bilirubin, total proteins, and triglycerides.  208 
 209 
Isolation of liver nuclei and purification of nuclear RNA. Frozen mouse liver (~250 mg) was placed on dry 210 
ice and minced into small pieces, which were transferred to 1 mL of Lysis buffer (100 mM Tris (pH 7.4), 146 211 
mM NaCl, 1 mM CaCl2, 21 mM MgCl2, 0.1% NP40) in a Dounce homogenizer on wet ice. The tissue was 212 
dounced on ice (10 strokes with pestle A, then 10 strokes with pestle B) until the sample was fully 213 
homogenized. Nuclei wash buffer (1 ml of 100 mM Tris Cl (pH 7.4), 146 mM NaCl, 1 mM CaCl2, 21 mM 214 
MgCl2, 0.01% BSA, 80 U/ml Protector RNase inhibitor (Millipore Sigma cat. # 3335402001)) was added to 215 

the homogenizer, followed by gentle mixing. The sample was then passed through a 40 m cell strainer 216 
(Sigma cat. # Z742102) sitting on top of a 50 mL centrifuge tube on ice. The homogenizer tube was rinsed 217 

with 1 ml of wash buffer, which was passed through the same 40 m cell strainer and combined with the 218 
first strained homogenate. Each sample was kept on ice until samples from all livers were ready to proceed 219 
to the next step. Lysed cells were pelleted at 500 g for 5 min at 4°C in a swinging bucket rotor. The pellets 220 

containing crude nuclei were resuspended in 1000 l Staining Buffer (PBS, 2% BSA (Sigma cat. # SRE0036), 221 
80 U/ml Protector RNase Inhibitor). Samples were centrifuged at 500 g for 5 min at 4°C in a swinging bucket 222 

rotor. The pelleted nuclei were resuspended in 1000 l of Staining Buffer and passed through a 20 m filter 223 
(PluriSelect cat. # 43-50020-50) then centrifuged at 500 g for 5 min at 4°C in a swinging bucket rotor. The 224 

purified nuclei were resuspended in 250 l nuclease-free water, followed by the immediate addition of 750 225 

l Trizol-LS, pipetting up and down thoroughly to mix, followed by RNA isolation using the manufacturer’s 226 
protocol (Life Technologies).  227 
 228 
RNA-seq and differential expression analysis. RNA-seq analysis was performed using nuclear RNA 229 
extracted from frozen livers from n=3-4 individual mice per treatment group. Sequencing libraries were 230 
prepared starting with 1 μg of liver nuclear RNA, by poly(A) selection using the NEBNext Poly(A) mRNA 231 
Magnetic Isolation Module, followed by processing with the NEBNext Ultra Directional RNA Sequencing for 232 
Illumina kit (New England Biolabs). Illumina sequencing, 150 paired end reads, was performed at Novogene 233 
Corporation Inc. to a mean depth of 21.5 million read pairs per RNA-seq library (Table S1A). Data were 234 
analyzed using a custom RNA-seq analysis pipeline, including TopHat for mapping sequence reads to the 235 
mouse genome (release mm9), featureCounts to obtain read counts for 24,197 RefSeq genes, and edgeR to 236 
identify differentially expressed genes at FDR < 0.05 [40]. Raw Fastq files and processed data files are listed 237 
in Table S1A and are available at GEO (https://www.ncbi.nlm.nih.gov/geo/), accession # GSE248858. Full 238 
datasets for differentially expressed genes are provided in Table S1B and Table S4A.  239 
 240 
Ingenuity Pathway Analysis (IPA). Genes showing significant differential expression in each sex and at each 241 
time point of TCPOBOP exposure were submitted to IPA (Qiagen, Inc) to identify enriched canonical 242 
pathways (Table S2), enriched upstream regulators (Table S3) and enriched Disease and Bio Functions and 243 
Tox Functions (Table S5). These analyses gave p-values (Benjamini-Hochberg corrected, where indicated), 244 
which indicate the probability of association of the input genes with the pathway, upstream regulator or 245 
other function by random chance alone, as well as a Z-score, whose directionality indicates the activation 246 
state or the inhibition state of the pathway or the upstream regulator. Terms with |Z-score| >2 are 247 
considered significant; terms with |Z-score| < 2 are of indeterminant directionality. Upstream regulators 248 
with a molecular type identified as chemical or biological were excluded from all downstream analysis.  249 
 250 
DAVID analysis. Functional enrichment analysis of differentially expressed gene sets was performed using 251 
DAVID (https://david.ncifcrf.gov/tools.jsp) [54] with default parameters, except that Gene Ontology (GO) 252 
FAT terms were used in place of GO DIRECT terms to include a broader range of enrichment terms, which 253 
are excluded by the default GO DIRECT option.  254 
 255 
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qPCR analysis. Total liver RNA was purified from ~100 mg of frozen liver tissue using TRIZOL, following the 256 
manufacturer’s protocol (Life Technologies). cDNA synthesis was performed using cDNA Reverse 257 

Transcription Kit (Fisher, cat. #43-688-14) with 1 g of purified total liver RNA. Quantitative real time PCR 258 
(qPCR) was performed using Power SYBR Green PCR Master Mix (ThermoFisher) in 384-well plates and 259 
assayed using an CFX384 Touch Real-Time PCR Detection System (Bio-Rad) and gene specific primers shown 260 
in Table S1E. Fold-change values were calculated using the ΔΔCt method. The expression of 18S ribosomal 261 
RNA (Ct value) was used to normalize liver cDNA samples. 262 
 263 
Statistics. Significance was assessed by ANOVA with Tukey's multiple comparisons, or multiple t-test-264 
corrected p-values implemented in GraphPad Prism using the Sidak method, with alpha = 0.05, and without 265 
assumption of a consistent standard deviation between groups, as indicated in each figure. Data are 266 
presented as the mean ± SEM values based on biological replicate livers. The significance of enrichment of 267 
TCPOBOP-responsive gene sets for binding of CAR, which identifies primary TCPOBOP-responsive CAR 268 
target genes, was computed using Fisher Exact test, which was applied to ChIP-seq data for CAR binding to 269 
mouse liver chromatin reported previously [29, 30]. 270 
 271 
Results 272 

TCPOBOP induces dose-dependent increases in liver index and hepatocyte cell size. Male mice given a 273 
single, receptor-saturating dose of TCPOBOP (3 mg/kg body weight, i.p.) showed an increase in liver/body 274 
weight ratio (liver index) after 4 d (Fig. 1A). This increase was maximal by 1-2 wk, with no further increases 275 
seen when mice were given additional, weekly TCPOBOP injections and then examined after 4 or 8 wk. In 276 
male mice, liver index increased significantly 2 wk after a single injection of TCPOBOP at a 0.2 mg/kg dose, 277 
corresponding to the ED50 for transcriptional activation of Cyp2b10 [53], whereas in female mice, a 278 
significant increase in liver index was first seen at 0.6 mg TCPOBOP/kg (Fig. S1). 279 
 280 
Hepatocyte cell size increased in a liver lobule zone-dependent manner, as seen 4 d after a single TCPOBOP 281 
injection. The effect persisted 2 wk after a single TCPOBOP injection, with hepatocyte hypertrophy 282 
characterizing cells near the central vein (pericentral hepatocytes), the liver lobule zone where CAR, the 283 
nuclear receptor for TCPOBOP, shows highest expression [41], but was much less apparent near the portal 284 
triad (periportal hepatocytes) (Fig. 1B, Fig. S2). Moreover, pericentral hepatocyte hypertrophy was greater 285 
in male than female liver (Fig. S2B). Nuclei of TCPOBOP-exposed hepatocytes retained their characteristic 286 
round shape; they did not display the hepatocyte nuclear membrane deformation reported for a dietary 287 
model of mouse MASLD and in hepatocytes from MASLD patients, which was proposed to contribute to the 288 
activation of repressed genomic regions containing lipogenic genes in steatotic liver disease [55].  289 
 290 
Sex-dependent zonation of TCPOBOP-induced steatosis. Neutral lipid accumulation in hepatocytes, and 291 
the pathogenesis of MASLD, is accompanied by dysregulation of hepatic cholesterol homeostasis and liver 292 
cholesterol accumulation [56]. Consistent with this, liver cholesterol content was significantly increased in 293 
livers of both male and female mice 2 wk after a single TCPOBOP injection (Fig. 1C) and remained elevated 294 
after 8 weekly injections (Fig. S1C). Oil Red O staining revealed a striking, dose-dependent accumulation of 295 
neutral lipid in pericentral region hepatocytes, as was seen 2 wk after TCPOBOP injection (Fig. 2, Fig. S3A). 296 
pericentral hepatocyte lipid accumulation began within 4 d of TCPOBOP injection, as indicated by the 297 
whitish regions surrounding each central vein in H&E-stained images (Fig. 1B). Moreover, clear sex 298 
differences in the patterns of TCPOBOP-induced lipid accumulation were apparent, with Oil Red O staining 299 
in the pericentral region lower in female than in male liver. In contrast, in the periportal region, Oil Red O 300 
staining intensity was greater in female liver (Fig. 2, Fig. S3A; sex differences in both regions significant by 2-301 
way ANOVA at p<0.001, Fig. S3B). Accordingly, male but not female livers showed greater lipid 302 
accumulation in pericentral than in periportal hepatocytes at all three TCPOBOP doses (Fig. S3C). 303 
Furthermore, periportal distal male hepatocytes showed greater lipid accumulation than periportal 304 
proximal cells, at both 2 wk and 8 wk after initiating TCPOBOP treatment (Fig. S3D). These zone-dependent 305 
sex-differences in the steatotic effects of TCPOBOP are consistent with, and may be explained by, sex 306 
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differences in the zonation of CAR expression revealed by single cell-based RNA-seq [41]. Specifically, in 307 
male mouse liver, CAR showed a significant, 4.3-fold higher expression in pericentral than in periportal 308 
hepatocytes (p = 3.9E-12), whereas in female liver the zonation bias in CAR expression (pericentral > 309 
periportal, < 2-fold) did not reach significance due to a 2.2-fold higher basal level of CAR expression in 310 
periportal hepatocytes in female compared to male liver (Fig. S4). The latter finding is consistent with the 311 
greater susceptibility of female periportal hepatocytes to TCPOBOP-induced lipid accumulation seen in Fig. 312 
2. These sex differences in the zonation of lipid accumulation, most notably the elevated lipid levels in 313 
periportal hepatocytes from TCPOBOP-treated female mice, were also evident from the checkered 314 
appearance of the overall liver lobule pattern of Oil Red O staining seen in 4.2x images of male liver but not 315 
female liver (Fig. 2, top 2 rows). 316 
 317 
We validated the zonated increase in neutral lipids using the pericentral marker protein glutamine 318 
synthetase (Glul, glutamine ammonia lyase), which detoxifies ammonia entering hepatic circulation and is 319 
selectively expressed in the first 1-3 layers of perivenular hepatocytes surrounding the central vein in 320 
untreated liver [57, 58]. First, we stained paraffin-embedded sections to identify GLUL-positive pericentral 321 
hepatocytes and discovered that 2 wk TCPOBOP exposure disrupts the cellular profile of GLUL-positive 322 
staining, which became more diffuse and less highly localized to the immediate vicinity of the central vein 323 
(Fig. S5A, left; Fig. S5B). Since lipids are substantially extracted during the preparation of paraffin-324 
embedded tissue blocks, we used liver cryosections to examine two sequential slices from the same liver. 325 
One section was stained with Oil Red O, and the next section was stained with anti-GLUL antibody (Fig. S5A, 326 
middle and right). The GLUL-positive distribution pattern matched the pattern of Oil Red O staining, both in 327 
vehicle control liver (basal Oil Red O staining) and in TCPOBOP-treated liver (Fig. S5A, top and bottom rows), 328 
verifying that TCPOBOP-stimulated lipid accumulation is largely localizes to, and likely originates in the 329 
pericentral zone. 330 
 331 
Thus, male mice are more susceptible than female mice to the effects of TCPOBOP on liver index, 332 
pericentral hepatocyte size and pericentral neutral lipid accumulation (hepatosteatosis), whereas female 333 
mice show increased lipid accumulation in the periportal region compared to males. In both sexes, 334 
TCPOBOP increased circulating levels of alanine aminotransferase, which is indicative of hepatocyte 335 
damage, beginning 2 wk after TCPOBOP treatment (Fig. 1D). However, we did not detect any increase in 336 
liver fibrosis, as judged by trichrome and Sirius red staining 2 wk or 4 wk after initiating TCPOBOP injection 337 
(data not shown). Circulating levels of 12 other plasma analytes (see Methods) were unchanged by 338 
TCPOBOP exposure.  339 
 340 
TCPOBOP induces MASLD-associated genes. We used qPCR to investigate the impact of TCPOBOP 341 
exposure on select genes. Elovl6, which plays a role in the elongation of C12-C16 saturated and 342 
monounsaturated fatty acids, was significantly increased in expression in male liver, both 1 d and 2 wk after 343 
TCPOBOP injection; females showed the same trends but did not reach statistical significance. Liver 344 
pyruvate kinase liver/red blood cell (Pklr), a MASLD driver gene that promotes steatosis and liver fibrosis 345 
[59, 60], showed increased expression 2 wk after TCPOBOP injection in both sexes. Pnpla3, which is 346 
expressed in a female-biased manner and whose common genetic variant (I148M) is a major contributor to 347 
inherited MASLD susceptibility in women [61-63], showed a trend of increased expression in females after 2 348 
wk TCPOBOP exposure. These responses can be compared to the effects of TCPOBOP on lnc13509 [40], 349 
whose hepatic RNA level increased up to 40-fold within 1 d of TCPOBOP exposure and persisted at 2 wk 350 
(Fig. 3A). Other genes associated with liver pathology that were induced by TCPOBOP after 2 wk, but not 351 
after 1 d exposure, included Gpnmb, Mmp12 and Col1a1 (Fig. 3B, and data not shown). Gpnmb is a 352 
macrophage-specific transmembrane glycoprotein that negatively regulates inflammation [64], and the 353 
matrix metalloproteinase Mmp12 and the major hepatic collagen subtype Col1a1 have both been 354 
implicated in regulation of inflammation and hepatic fibrosis [65, 66]. All 3 genes are up regulated in a diet-355 
induced animal model of MASLD [67]. 356 
 357 
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Global transcriptional responses to CAR activation. Nuclear RNA-seq analysis was carried out to 358 
characterize TCPOBOP-induced transcriptional responses globally, for both male and female mouse livers 359 
collected either 1 d or 2 wk after a single TCPOBOP injection (low corn oil regimen). Several hundred RefSeq 360 
genes were dysregulated by TCPOBOP after 1 d, consistent with our prior findings [40]. More genes 361 
responded to TCPOBOP in female than in male liver at both time points (Fig. 4A, Table S1B). A majority of 362 
genes that responded in common in both sexes were more strongly induced, or were more strongly 363 
repressed, in female as compared to male liver (Fig. S6), perhaps due to the higher overall level of CAR in 364 
female liver [41, 68, 69]. In male, but not female liver, more genes were up regulated than were down 365 
regulated by TCPOBOP (1 d TCPOBOP: up/down regulation gene ratio = 1.94 in male liver vs. 1.13 in female 366 
liver; 2 wk TCPOBOP: up/down regulation gene ratio = 1.42 in male vs. 1.09 in female liver). 367 
 368 
We observed a large increase in the number of TCPOBOP-responsive genes between 1 d and 2 wk (Fig. 4A-369 
4C, Table S1B). Overall, 113 genes were consistently up regulated by TCPOBOP in both sexes at both time 370 
points, while 27 genes were consistently down regulated (Table S1B, column L). Gene inductions ranged up 371 
to 1,000-fold and included well characterized genes active in drug and xenobiotic metabolism (e.g., 372 
Cyp2b10, Cyp2c55, Gstm3m3, Akr1b7). Novel TCPOBOP-induced genes of special interest include Pnliprp1 373 
and Fzd10, whose expression increased >90-100-fold in both sexes, both 1 d and 2 wk after a single 374 
TCPOBOP injection. Pnliprp1 is a metabolic inhibitor of triglyceride digestion whose expression is positively 375 
associated with diets rich in high fat intake across species [70, 71]. Fzd10 is a plasma membrane receptor 376 
whose signaling activates beta-catenin and Yap1. Fzd10 promotes tumorigenicity and metastasis of liver 377 
cancer stem cells [72] and could be a key early factor in the hepatocarcinogenesis seen after prolonged 378 
TCPOBOP exposure [46]. Importantly, 34 of the 113 consistently early/persistently up regulated genes are 379 
Lipid Metabolic Process genes (GO:000662934; enrichment Benjamini-corrected p = 2.1E-10 by DAVID 380 
analysis), which may contribute to the observed hepatosteatosis. A total of 138 lipid metabolic process 381 
genes responded to TCPOBOP after either 1 d or 2 wk; these genes constitutes the most highly enriched 382 
DAVID cluster at both time points in both sexes (enrichment scores = 10.9-23-fold) (Table S1A, column M).  383 
  384 
Genes showing delayed response to TCPOBOP are enriched for indirect CAR genes targets with MASLD-385 
related functions. TCPOBOP rapidly activates the transcription of many genes in mouse liver, as shown by 386 
RNA-seq analysis of nuclear RNA extracted 3 h after a single i.p. injection of TCPOBOP at 3 mg/kg [40]. The 387 
direct nature of these gene responses is supported by the rapid chromatin opening that occurs at their 388 
nearby enhancer sequences, many of which harbor binding sites for TCPOBOP-activated CAR [29]. Similarly, 389 
the 1 d TCPOBOP-responsive genes identified in the present study were highly enriched for direct CAR 390 
binding, with enrichment scores (ES) = 6.2-fold (p< 1E-05, Fisher Exact test) and 4.5-fold (p< 1E-05) for 1 d 391 
TCPOBOP responses in male and female liver, respectively, when compared to a background gene set 392 
comprised of genes stringently unresponsive to TCPOBOP treatment Table S1C). The enrichment for CAR 393 
binding increased to ES = 9.0-fold (p< 1E-05) when genes that responded to 1 d TCPOBOP in both sexes 394 
were considered (Table S1C). In contrast, the set of genes induced by TCPOBOP after 2 wk but not after 1 d 395 
exposure (late response genes) showed either no significant enrichment for CAR binding (genes 396 
unresponsive to 2 wk TCPOBOP in males, or genes unresponsive in both sexes; p > 0.05) or weak 397 
enrichment (genes unresponsive to 2 wk TCPOBOP in females, ES = 1.98, p = 0.028) (Table S1C). We 398 
conclude that many of the late TCPOBOP-responsive genes are not induced by a direct CAR binding 399 
mechanism, i.e., they are indirect, secondary response genes.  400 
 401 
151 TCPOBOP-induced genes were identified as late response genes in livers of both male and female mice 402 
(Table S1B, column L). These genes were significantly enriched for response to cytokine (FDR = 2.1E-03) and 403 
innate immune response (FDR = 7.3E-03), among others (DAVID analysis, Table S1D). This finding is 404 
reminiscent of the secondary activation of inflammation and immune response pathways in MASLD [73, 405 
74]. Many of these late responding/secondary response genes have biological activities related to liver 406 
steatosis and other, downstream pathologies, including those involving liver non-parenchymal cells. One 407 
such gene is Bmp8b (9-15-fold induction by TCPOBOP at 2 wk), which is up regulated in livers of mice fed a 408 
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Western diet and promotes a hepatic stellate cell proinflammatory phenotype that contributes to the 409 
progression of non-alcoholic steatohepatitis [75]. Another late response gene, Ubd (5-14-fold induction at 2 410 
wk), is a ubiquitin-like protein that is up regulated in patients with MASLD [76] and is over expressed in 70% 411 
of human HCC patients [77]. Other TCPOBOP late response genes may ameliorate the severity of liver 412 
pathology; examples include Arg2 (4-8-fold induction), which can suppress spontaneous steatohepatitis 413 
[78], and Ppp1r3g (6-14-fold induction), whose overexpression abrogates alcohol-induced hepatic lipid 414 
deposition [79]. Late response genes noted above (Fig. 3B) include the MASH-associated macrophage 415 
markers Gpnmb and Mmp12 [11, 80], and the profibrogenic marker for activated hepatic stellate cells, 416 
Col1a1 [81]. 417 
 418 
Canonical pathway analysis and Disease, Bio and Tox Function analysis. The full set of TCPOBOP 419 
responsive genes (FDR< 0.05) was analyzed using IPA software to identify significantly enriched canonical 420 
pathways, almost all showing up regulation (positive Z-scores; Fig. 4F, Table S2). Pathways related to CAR, 421 
PXR and xenobiotic metabolism dominated the list of pathways enriched at both 1 d and 2 wk in both sexes 422 
(Fig. 4F, green). Pathways associated with protection from oxidative stress, including NRF2-mediated 423 
oxidative stress response and glutathione-mediated detoxification, were also highly enriched. Pathways 424 
that were more significantly enriched in male liver after 2 wk TCPOBOP exposure as compared to 1 d 425 
exposure included LXR/RXR activation, which promotes lipogenesis [82], and pulmonary fibrosis, tumor 426 
microenvironment, and production of nitric oxide and reactive oxygen in macrophages, which may 427 
contribute to liver damage (Fig. 4F, blue). Consistent with this, IPA Disease and Bio Function analysis 428 
revealed that macrophage activation and immune response/immune-mediated inflammatory disease were 429 
highly induced after 2 wk but not after 1 d TCPOBOP exposure, as was reactive oxygen species production 430 
and metabolism (Table S5A). Top enriched Tox Function categories identified at both TCPOBOP time points 431 
included liver hyperplasia and liver steatosis, both consistent with the observed histopathology, and HCC; 432 
whereas the Tox Functions liver damage and liver inflammation showed much stronger enrichment at 2 wk 433 
than at 1 d in both sexes (Table S5B). Interestingly, liver fibrosis was exclusively associated with 2 wk 434 
TCPOBOP exposure in both sexes (Table S5B), despite the absence of detectable fibrosis when assayed by 435 
Sirius red staining, as noted above. 436 
 437 
Early upstream regulators include transcription factors and other responders to liver injury and 438 
inflammation. IPA analysis identified both activated (Z-score > 2) and inhibited (Z-score < -2) upstream 439 
regulators, which are predicted to control the gene response pathways activated by TCPOBOP (Fig. 5, Table 440 
S3). The most highly significant activated upstream regulators across both sexes at both time points (-log10 441 
(B-H p-value) > 4; Fig. 5A) included CAR itself (Nr1i3) and the closely related PXR (Nr1i2), as expected, as 442 
well as the liver transcription factor CEBPB, whose binding is strongly enriched at liver chromatin regions 443 
that open following TCPOBOP exposure [29]. Another early activated upstream regulator, NFE2L2 (NRF2), 444 
was previously linked to CAR activation and induces antioxidant response element-containing genes 445 
involved in injury and inflammatory responses [83]. Other early activated upstream regulators reported 446 
previously for 1 d TCPOBOP-exposed livers [40] include the inflammatory damage markers TNF, IL6, and 447 

LEP, as well as CTNNB1 (-catenin), which contributes to CAR-induced hepatocyte proliferation [84], and 448 
NFKBIA, a target of the transcriptional factor NFκB, which regulates many inflammatory and immune 449 
responses. Early upstream regulators whose activity was consistently inhibited by TCPOBOP include the 450 
anti-oxidant enzymes GSR (glutathione reductase) and TXNRD1 (thioredoxin reductase 1), indicating 451 
decreased protection from MASLD progression-associated by oxidative stress. Two NRs were identified as 452 
early inhibited upstream regulators, NR1H4 (FXR) and NR0B2 (small heterodimer partner). Combined 453 
deletion of these two NR genes leads to activation of CAR as well as intrahepatic cholestasis [85]. The 454 
inverse relationship between CAR activity and that of these two NRs may in part be due to their 455 
competition for CAR binding sites in liver chromatin, which was shown experimentally for NR1H4 [31]. Early 456 
upstream regulators that show an inconsistent activation status in TCPOBOP-exposed liver (2 > Z-score > -2) 457 
include the transcription factor Ahr, six other NRs (ESR1, PPARA, PPARG, RORA, RORC, HNF4), and the 458 
growth hormone-activated transcription factor STAT5B. STAT5B is a global regulator of genes showing sex-459 
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biased expression in mouse liver [86, 87], many of which are dysregulated by TCPOBOP in a sex-dependent 460 
manner [40]. 461 
 462 
Late-responding upstream regulators are associated with inflammation and MASLD progression. To 463 
better understand the expansion of liver transcriptional responses to TCPOBOP over time (Fig. 4B, Fig. 4C), 464 
we identified robust late upstream regulators as those that were highly enriched in 2 wk TCPOBOP liver (-465 
log10 (B-H p-value) > 5) in both sexes but displayed weak or no enrichment in 1 d TCPOBOP livers of both 466 
sexes (-log10 (B-H p-value) < 2.5) (Fig. 5B). Consistent with our finding, above, that macrophage activation 467 
and immune response/inflammatory disease Bio Functions were specifically induced after 2 wk TCPOBOP 468 
exposure (Table S5A), several regulators of immune response and cytokine production were identified as 469 
activated late upstream regulators (Fig. 5B). These include STAT1, which promotes MASH [88, 89], MYD88, 470 
whose persistent activation induces liver inflammation and M2 macrophage polarization, promoting HCC 471 
[90, 91], the cytokine IL33, which has both pro- and anti-inflammatory properties and is released in 472 
response to cell damage and necrosis [92], and the inflammatory pathway regulators NFKB, IKBKB, and 473 
CHUK [93]. Inhibited late upstream regulators include two genes whose inhibition may contribute to 474 
steatotic liver disease and its progression. One gene, DUSP1, is a major negative regulator of MAP kinase 475 
signaling that is decreased in MASLD patients and shows increased expression following gastrectomy linked 476 
to the amelioration of liver disease [94]. The second gene, SIRT1, protects cells from metabolic stress and 477 
steatotic liver disease by deacetylating proteins associated with lipid metabolism [95, 96]. A third inhibited 478 
late upstream regulator, CITED2, is a transcriptional co-activator that promotes hepatic gluconeogenesis 479 
[97]. 480 
 481 
Late-responding upstream regulators specific to male liver give mechanistic insight into male-biased liver 482 
pathology. Given the greater hypertrophic and steatotic responses seen in 2 wk TCPOBOP-exposed male 483 
compared to female liver, we investigated upstream regulators specifically associated with 2 wk TCPOBOP 484 
male liver. We identified 44 such regulators, of which 23 were predicted to be activated and 8 were 485 
inhibited (Fig. 5C). Remarkably, the full set of 44 regulators showed significant enrichment for specific top 486 
GO terms, including regulation of cell proliferation (FDR = 1.27 E-04), DNA metabolic process (FDR = 3.28E-487 
05), defense response (FDR = 8.60E-05), chromatin binding (FDR 9.75E-06), and cellular response to 488 
cytokine stimulus (FDR = 3.28E-05) (Table S3D). Activated upstream regulators of interest specific to 2 wk 489 
TCPOBOP-exposed male liver include multiple factors specifically linked to either MASLD or HCC: CGAS, 490 
which facilitates type-I interferon production via the STING pathway [98] and is activated in MASLD by 491 
replication stress [99]; SENP3, whose increased expression in MASLD is positively associated with 492 
hepatocyte lipid accumulation [100]; PTGER2, which is up regulated in HCC [101]; RHOA, which promotes 493 
tumor cell proliferation and metastasis and is a poor prognostic factor for HCC [102]; NONO, a scaffold 494 
protein that binds Neat1, sequesters other RNAs in paraspeckles [103] and contributes to HCC progression 495 
[104]; and the protein kinase C gene PRKCD, which is associated with poor overall survival in HCC [105]. 496 
Strikingly, 5 of the 8 upstream regulators whose functions are specifically inhibited in 2 wk TCPOBOP-497 
exposed male but not female liver have anti-inflammatory activity, namely: the de-ubiquitination enzyme 498 
USP8, whose decreased activity is associated with increased liver macrophage (Kupffer cell) inflammation 499 
and increased liver fibrosis [106], but whose inhibition is therapeutically beneficial in the context of HCC 500 
[107, 108]; the nucleases TREX1 and DNASE2, whose down regulation leads to cytoplasmic accumulation of 501 
nuclear DNA, CGAS-STING activation, and HCC promotion in a high fat dietary mouse model [109]; 502 
Ttc39aos1, an anti-inflammatory lncRNA that represses transcription of immune response genes [110]; and 503 
the RNA phosphatase DUSP11, whose deficiency leads to significantly increased production of 504 
inflammatory cytokines following lipopolysaccharide treatment [111]. The inhibition of these upstream 505 
regulators in 2 wk TCPOBOP-exposed male liver provides mechanistic insight into the pathological 506 
responses to TCPOBOP activation, most notably inflammatory responses that are predicted to be 507 
preferentially activated in male liver.  508 
 509 
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Combination TCPOBOP + high corn oil exposure increases liver pathology and dysregulates unique 510 
upstream regulators. In a separate set of experiments, male mice were given TCPOBOP on a weekly dosing 511 

schedule delivered using a high corn oil vehicle regimen (20 l corn oil/g body weight per week). Using this 512 
regimen, we observed accumulation of corn oil in the peritoneal cavity after 8 wk, as well as more 513 
advanced TCPOBOP-induced liver pathology when compared to the standard low corn oil vehicle TCPOBOP 514 

regimen (i.e., 3.6 l corn oil/g body weight every 2 wk, corresponding to a 90% lower total dose over an 8 515 
wk exposure period). Specifically, weekly TCPOBOP treatment using the high corn oil regimen induced focal 516 
inflammation and immune cell infiltration, beginning at 2 wk and continuing at the 4 wk and 8 wk time 517 
points. TCPOBOP also induced a time-dependent increase in liver sinusoidal space in the high corn oil group 518 
that was readily evident after 8 wk (Fig. 6, Fig. S7). This increase in sinusoidal space may alter hepatic blood 519 
flow or permeability and is consistent with more advanced pathology seen in some but not all models of 520 
liver disease [112-115]. 521 
 522 
RNA-seq analysis comparing TCPOBOP responses after 8 wk using the high vs. low corn oil regimen 523 
identified 870 genes showing higher expression with TCPOBOP when delivered with high corn oil, and 922 524 
genes showing lower expression (Table S4A; FDR < 0.05). Top GO terms, related to ribosomes and 525 
mitochondria/mitochondrial respiratory chain, were highly enriched in the 8 wk TCPOBOP/high corn oil up 526 
regulated gene set (DAVID analysis; FDR = 4.45E-38, 6.85E-33, respectively), while metal ion binding, 527 
regulation of cell migration and regulation of RNA polymerase II transcription showed very strong 528 
enrichments in the 8 wk TCPOBOP/high corn oil down regulated gene set (FDR = 5.5E-10 to 3.2E-13) (Table 529 
S4C, Table S4D). Moreover, the top 3 IPA canonical pathways specifically activated by the 8 wk TCPOBOP 530 
high corn oil regimen, and not by the 2 wk TCPOBOP exposures, were EIF2 signaling, a critical stress-531 
induced regulator of translation [116], oxidative phosphorylation and mitochondrial dysfunction (Fig. 4F), 532 
all key features of MASLD development and progression [117-119]. Other canonical pathways specific to 533 
the 8 wk TCPOBOP/high corn oil treatment group included mTOR signaling, a key regulator of lipid 534 
metabolism and of autophagy, which when dysregulated leads to liver diseases [120], as well as 535 
glucocorticoid and estrogen receptor signaling, phagosome maturation and BAG2 signaling (Fig. 4F).  536 
 537 
To help elucidate mechanisms underlying the more advanced pathology induced by 8 wk TCPOBOP/high 538 
corn oil exposure, we identified upstream regulators specifically associated with this treatment (Fig. 5D). 539 
The top activated upstream regulator, MLXIPL, also known as carbohydrate-responsive element binding 540 
protein (ChREBP), is a carbohydrate-responsive transcription factor that activates genes of de novo 541 
lipogenesis and plays a key role in MASLD [121, 122]. Other activated upstream regulators specific to 542 
TCPOBOP/high corn oil treatment include Cab39l, a tumor suppressor that increases expression of 543 
mitochondrial respiration genes [123], and Ddx3x, a regulator of pro-survival stress granule assembly that 544 
protects hepatocytes from drug-induced liver injury [124]. TCPOBOP/high corn oil exposure inhibited the 545 
activities of four upstream regulators. One inhibited upstream regulator, Rictor, is a component of the 546 
mTOR signaling complex mTORC2, which has many functions, including controlling the balance of lipid and 547 
glucose in the liver [120, 125], while another inhibited upstream regulator, Larp1, is an RNA-binding protein 548 
that mediates specific translational regulation by the other major mTOR signaling complex, mTORC1 [126]. 549 
Finally, TCPOBOP/high corn oil treatment inhibited the function of the upstream regulator Kdm5a, a 550 
histone-H3 lysine-4 demethylase with oncogenic activity, whose knockdown suppresses liver cancer growth 551 
[127]. 552 
 553 

Discussion 554 

The NR transcription factor CAR can be activated by structurally diverse xenobiotics, including TCPOBOP, 555 
which dysregulates the expression of hundreds of liver-expressed genes within 3 h [40] and within a few 556 
days induces pronounced liver histopathological responses, including hypertrophy and hyperplasia [128]. 557 
Little is known, however, about the secondary gene responses induced by CAR activation and their 558 
associated hepatic pathological changes, which are expected to play an important role in the progression to 559 
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hepatocellular tumors that emerge with high frequency in mice exposed to TCPOBOP persistently for 20-30 560 
weeks [45, 46]. Here we address this gap by characterizing the pericentral liver steatosis and liver damage, 561 
and associated transcriptomic changes, that emerge by 2 wk after a single injection of TCPOBOP and, with 562 
continued TCPOBOP exposure, persist for at least 8 wk. Early (1 day) TCPOBOP-induced gene responses 563 
were enriched for genes of lipid and xenobiotic metabolism and protection from oxidative stress, and late 564 
(2 wk) responding genes, pathways and their TCPOBOP-activated upstream regulators expanded to 565 
encompass immune response/inflammatory disease, macrophage activation, and cytokine and reactive 566 
oxygen species production. Notable sex differences were observed in both the pathological and the 567 
transcriptomic changes that TCPOBOP induces, with steatosis in females being weaker in the pericentral 568 
region but stronger in the periportal region as compared to males, and with 2 wk TCPOBOP-activated 569 
upstream regulators in male but not female liver specifically enriched for terms such as defense response, 570 
cellular response to cytokine stimulus, DNA metabolic process and chromatin binding. Finally, more 571 
advanced liver pathology and unique upstream regulators associated with MASLD development and 572 
progression were induced when TCPOBOP was delivered using a high corn oil vehicle-based weekly 573 
injection regimen. 574 

We used RNA-seq to develop a comprehensive picture of the time-dependent transcriptomic changes that 575 
TCPOBOP induces in mouse liver. Xenobiotic metabolism, as well as NRF2 oxidative stress response and 576 
glutathione-mediated detoxification, were significantly activated by 1 day, with upstream regulators 577 
involved in protection against oxidative stress, such as NFE2L2 (NRF2) and NFKBIA, being highly enriched in 578 
both sexes. However, other anti-oxidant upstream regulators, notably glutathione reductase (GSR) and 579 
thioredoxin reductase 1 (TXNRD1), were inhibited by TCPOBOP exposure, indicating an element of 580 
decreased protection from MASLD-associated oxidative stress. Many more genes were dysregulated after 2 581 
wk TCPOBOP exposure than after 1 d in both sexes, due to expansion of the TCPOBOP response to include 582 
many indirect, secondary response genes, as evidenced by the absence of CAR binding at open chromatin 583 
regulatory sites at many of these genes. Consistent with this finding, the 2 wk/secondary TCPOBOP 584 
response genes included immune-related genes that are deficient in hepatocytes but preferentially 585 
expressed in liver non-parenchymal cells, where CAR expression is very low [41]. These late (2 wk) response 586 
genes and their immune-related upstream regulators (Fig. 5) are presumably activated as a secondary 587 
response to the hepatocyte damage that TCPOBOP induces as a primary response in hepatocytes. Examples 588 
of such liver non-parenchymal secondary response genes include Gpnmb and Mmp12, markers for MASH-589 
associated macrophages induced in livers of high fat diet-fed mice [11, 80]; and Col1a1, a profibrogenic 590 
marker for activated, collagen-producing hepatic stellate cells [81]. Upstream regulators specifically 591 
activated at the 2 wk TCPOBOP time point included: STAT1, which promotes MASH [88, 89]; MYD88, which 592 
induces liver inflammation and M2 macrophage polarization [90, 91]; and several NFKB inflammatory 593 
pathway regulators [93]. Late upstream regulators, including the MASLD protective factors DUSP1 [94] and 594 
SIRT1 [95, 96], were predicted to be inhibited by TCPOBOP exposure, and may thus contribute to steatotic 595 
liver disease progression.  596 
 597 
Macrophage activation and reactive oxygen species production and metabolism, and to a lesser extent 598 
inflammation, were identified as Disease and Bio Functions strongly enriched after 2 wk but not after 1 d 599 
TCPOBOP exposure. In contrast, the Disease and Bio Function hepatic steatosis was already enriched after 1 600 
day, consistent with the early onset of steatosis seen by histological analysis. While lipid handling can be a 601 
protective, anti-lipotoxic function of macrophages in some contexts [129], hepatic macrophages integrate 602 
signals from steatotic hepatocytes together with systemic inflammation in a way that contributes to the 603 
progression from MASLD to MASH and fibrosis [130, 131]. We did not, however, observe hepatic fibrosis 604 
either 2 wk or 4 wk after initiating TCPOBOP treatment, indicating that the exposed livers have not yet 605 
transitioned from steatotic liver disease to a MASH-like stage, which presumably occurs later on during the 606 
progression of TCPOBOP-induced liver disease, which ultimately results in extensive liver tumors, as seen 607 
after 20-30 wk persistent TCPOBOP exposure [45, 46]. Nevertheless, liver fibrosis and liver damage were 608 
found to be top enriched IPA Tox Functions in both sexes at the 2 wk TCPOBOP time point (Table S5B); thus, 609 
gene signatures of fibrosis are already detectable within 2 wk of a single TCPOBOP injection. 610 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 20, 2024. ; https://doi.org/10.1101/2024.02.16.580717doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.16.580717
http://creativecommons.org/licenses/by-nc/4.0/


Sonkar, Ma & Waxman Page 13 2/16/2024 

 611 
CAR has complex effects and seemingly contradictory roles in steatotic liver disease. Activation of CAR 612 
induced pericentral steatosis within a few days of TCPOBOP injection in mice fed normal chow diet, as 613 
shown here, with prolonged TCPOBOP exposure activating gene programs and histopathologies associated 614 
with MASLD development, as discussed above. CAR-induced hepatic triglyceride accumulation in male 615 
mouse liver was previously associated with LXR-independent activation of several lipogenesis-related genes 616 
(Elovl6, Fasn, Pklr, Thrsp, Pnpla3, Gck) [132], all of which, except Gck, were confirmed here to be TCPOBOP 617 
induced (Fig. 3, Table S1B). Importantly, four of these genes (Elovl6, Fasn, Pklr, Thrsp) are key MASLD driver 618 
genes, as determined by integrative analysis of SNPs, gene expression and hepatic triglyceride datasets 619 
across the Hybrid Mouse Diversity panel [8]. CAR expression has also been closely linked with MALSD in 620 
human liver, where nuclear levels of CAR protein are significantly elevated in patients with steatohepatitis 621 
and are positively correlated with lipid droplet size [133]. Other studies demonstrate, however, that 622 
TCPOBOP-activated CAR can attenuate high fat diet-induced obesity and diabetes and improve hepatic 623 
steatosis [134, 135]. These steatotic liver disease protective effects of CAR are specifically manifested in the 624 
context of MASH-inducing high fat diets and are dependent on GADD45b [25], a CAR transcriptional co-625 
activator that is itself highly induced in liver by TCPOBOP treatment [136]. Proposed mechanisms for the 626 
protection by CAR from diet-induced steatotic liver disease include repression of gluconeogenic gene 627 
expression by competition with HNF4 (Nr2a1) for binding to gene regulatory region sequences [134, 137, 628 
138], suppression of PPARA-dependent fatty acid oxidation [139], and CAR-facilitated post-transcriptional 629 
ubiquitination leading to degradation of the transcriptional coactivator PGC-1α [140]. 630 
 631 
Sex differences in the incidence of MASLD (males > females) are associated with sex differences in the 632 
metabolism of lipids [60, 141, 142], drugs and steroids [143]. In particular, MASLD-associated steatosis and 633 
steatohepatitis are more severe in males, which have elevated levels of proinflammatory/profibrotic 634 
cytokines, and ultimately form liver tumors at a higher frequency than in females, as seen in both mouse 635 
models and humans [5-7]. CAR dysregulates liver gene expression in a sex-dependent manner (Fig. 4) [40], 636 
and late (2 wk) upstream regulators activated in male but not female liver were linked to pro-inflammatory 637 
responses and hepatocellular carcinoma progression. We also observed sex differences in the pattern of 638 
TCPOBOP-induced steatosis, with the pericentral pattern of TCPOBOP-induced neutral lipid accumulation 639 
stronger in male than in female liver, both at a saturating TCPOBOP dose (3 mg/kg) and at doses below 640 
saturation (0.2, 0.6 mg/kg) with respect to CAR activation [53]. In contrast, TCPOBOP stimulated greater 641 
periportal lipid accumulation in female than in male liver. This sex-dependent zonation of TCPOBOP-642 
induced hepato-steatosis reflects the pericentral pattern of CAR expression across the liver lobule seen in 643 
male liver, when taken together with the higher basal level of CAR expression that females display in the 644 
periportal region, as revealed by single nucleus RNA-seq [41]. Importantly, these sex differences in CAR 645 
zonation and CAR-induced steatosis may have implications for the severity of liver pathology and 646 
therapeutic outcomes, which differ between periportal and pericentral liver disease [144]. Together, these 647 
findings support the proposal that the level of CAR expression is a limiting factor in the pathological 648 
response to TCPOBOP and its zonation, consistent with the positive correlation reported between CAR 649 
levels and steatohepatitis across a panel of human livers [133]. 650 
 651 
Finally, we observed more extensive liver pathology and associated transcriptomic changes when weekly 652 
TCPOBOP injections were given using a high corn oil vehicle. This TCPOBOP exposure regimen activated 653 
several pathways and responses key to MASLD development and progression [117-119], including 654 
mitochondrial dysfunction, a mechanistic driver of MASLD [8], and EIF2 signaling, a critical stress-induced 655 
regulator of translation [116]. The mechanistic basis for the increased pathology seen when TCPOBOP was 656 
given via a high corn oil vehicle is unknown, but likely involves one or more of the unique upstream 657 
regulators that we identified for this treatment regimen. One such activated upstream regulator is the 658 
carbohydrate-responsive transcription factor MLXIPL, which induces genes of de novo lipogenesis and plays 659 
a key role in MASLD [121, 122]; and one of the inhibited upstream regulators, RICTOR, is a central 660 
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component of the mTOR signaling complex mTORC2, which regulates the balance between lipid and 661 
glucose in the liver [120, 125].  662 
 663 
In conclusion, the 2 wk TCPOBOP exposure (single injection) mouse liver model recapitulates several early 664 
phenotypes of high fat diet-induced MASLD, including pericentral steatosis and hepatocyte damage. It also 665 
induces widespread, secondary gene expression changes that apparently involve liver non-parenchymal 666 
cells, consistent with the emergence of other key features of MASLD. TCPOBOP also induces what appear to 667 
be early gene signatures indicative of the transition to a MASH-like state, including inflammatory response, 668 
macrophage activation and liver fibrosis genes. TCPOBOP-treated mice may thus serve as a useful model for 669 
further investigation of the mechanisms by which foreign chemicals induce foreign chemical-dependent 670 
MASLD development and the subsequent transition from MASLD to MASH. Upstream regulators that were 671 
either activated or repressed by TCPOBOP were identified, some of which could be useful markers for the 672 
transition from MASLD to MASH and may potentially serve as targets for reversing disease progression.  673 
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Figure Legends 1055 

 1056 
Fig. 1. Liver pathology induced by prolonged TCPOBOP exposure. (A) Liver to body weight ratio (liver index) 1057 
of mice treated with TCPOBOP for times ranging from 4 d to 8 wk, with TCPBOP given using a low corn oil 1058 
vehicle regimen (4 d time point) or weekly injections using a high corn oil vehicle regimen (1-8 wk). Each 1059 
data point represents an individual mouse. (B) H&E staining of liver sections 4 d or 2 wk after a single 1060 
TCPOBOP injection (3 mg/kg, low corn oil regimen), with liver lobule pericentral (PC) and periportal (PP) 1061 
regions marked. Enlarged hepatocytes are specific to the pericentral region. (C) TCPOBOP (low corn oil 1062 
regimen) increases hepatic total cholesterol content after 2 wk in both sexes (p< 0.005, 2-way ANOVA, with 1063 
Tukey's multiple comparisons test) compared to male or female controls, mean ± SEM (n=3-4 livers/group). 1064 
(D) TCPOBOP (low corn oil regimen) increases plasma ALT (alanine aminotransferase) levels, mean ± SEM 1065 
(n=4-10 livers/group). Shown are multiple t-test-corrected p-values compared to sex-matched controls: 1066 
****, p < 0.0001; *, p < 0.05. One TCPOBOP-treated female had a plasma ALT value > 1,000 and was 1067 
omitted from the analysis. 1068 
 1069 
Fig. 2. Neutral lipid staining of TCPOBOP-exposed livers from male and female mice. Mice were given a 1070 
single injection of TCPOBOP at the indicated doses, or vehicle control (low corn oil regimen) and euthanized 1071 
2 wk later. Liver sections were stained with Oil Red O. Representative images (based on analysis of all 5 1072 
livers per treatment group) are shown for both the periportal (PP) and pericentral (PC) regions, as marked. 1073 
See Fig. S3A-S3C for quantification of staining intensities.  1074 
 1075 
Fig. 3. qPCR analysis of TCPOBOP-responsive RNAs with diverse functions related to hepatic lipid 1076 
metabolism, inflammation and fibrosis. Data shown are relative RNA levels after 1 d or 2 wk TCPOBOP 1077 
exposure (low corn oil regimen), mean + SEM values for n=4 livers/group (vehicle controls) or n=6 1078 
livers/group (TCPOBOP-treated livers) (A). Statistical significance values shown are multiple t-test-corrected 1079 
p-values for TCPOBOP vs vehicle control, using the Holm-Sidak method; unmarked TCPOBOP vs control 1080 
comparisons were not significant. **, sex difference significant at p < 0.01 for TCPOBOP-exposed livers by 2-1081 
way ANOVA. (B) Analysis as in (A). No significant TCPOBOP-induced changes in expression were seen at 1 d 1082 
for Gpnmb, Mmp12 or Col1a1 (not shown).  1083 
 1084 
Fig. 4. Nuclear RNA-seq identifies RefSeq genes responsive to TCPOBOP. (A) Numbers of RefSeq genes that 1085 
responded to 1 d or 2 wk TCPOBOP treatment (3 mg/kg, low corn oil regimen) in male or female mouse 1086 
liver at FDR < 0.05. (B-E) Venn diagrams showing numbers of TCPOBOP-responsive genes that overlap 1087 
between the two time points (B, C) in each sex, or between males and females (D, E) at each time point. 1088 
Bold, total number of up + down regulated genes in each Venn diagram segment (up and down arrows, 1089 
respectively). (A), but not (B-E) includes small numbers of genes that show a discrepancy in the direction of 1090 
TCPOBOP response between time points or between sexes (5, 10, 3 and 9 genes for panels B-E, 1091 
respectively). For example, 5 of 207 genes responding to TCPOBOP in male liver at both time points show 1092 
opposite responses at 1 d vs 2 wk and are excluded from (B). See Table S1B for full gene listings. (F) 1093 
Representative IPA canonical pathways enriched for at least 1 of the 5 indicated sets of TCPOBOP-1094 
responsive genes at -log10 p-value > 4. Pathways are organized into 4 groups, namely, those enriched for 1095 
genes responsive to TCPOBOP after 1 d only (top row, yellow), those enriched for genes responsive in all 5 1096 
conditions (green), those enriched for genes responsive at 2 wk in male liver, but not at 1 d (blue), and 1097 
those enriched for genes responsive only at 8 wk when using the high corn oil (HiCO) regimen (purple). Z-1098 
scores > 2 (short green bars, to the right) indicate up regulation of the pathway and Z-scores < 2 indicate 1099 
down regulation of the pathway (short red bars, to the left). Full dataset is shown in Table S2. 1100 
 1101 
Fig. 5. Upstream regulators of TCPOBOP-responsive genes that are significant, as determined by IPA 1102 
Upstream Regulator analysis, and that met these criteria: (A) -log10 (Benjamini-Hochberg-corrected (B-H) 1103 
p-value) > 4 for all 5 datasets (as shown above each column), i.e., are consistent across TCPOBOP gene 1104 
responses in both sexes and at all time points examined; (B) -log10 (B-H) p-value > 5 for both male and 1105 
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female 2 wk TCPOBOP datasets and -log10 (B-H p-value) < 2.5 for both male and female 1 d TCPOBOP 1106 
datasets, i.e., upstream regulators specific for late (2 wk) TCPOBOP-responding genes; (C) -log10 (B-H p-1107 
value) > 4 for the male 2 wk TCPOBOP dataset and -log10 (B-H p-value) < 2.5 for the female 2 wk and for 1108 
both the male and female 1 d TCPOBOP datasets, i.e., upstream regulators specific for the late (2 wk) 1109 
TCPOBOP-responding genes in male but not female liver; or (D) -log10 (B-H p-value) > 4 for the male 8 wk 1110 
TCPOBOP/high corn oil regimen dataset (*) and -log10 (B-H p-value) < 2.5 for the 4 other data sets 1111 
(exception: MLXIPL value = 2.7 in male 1 d dataset), i.e., upstream regulators specific for the male 8 wk 1112 
TCPOBOP/high corn oil regimen. Z-scores shown are for the male 2 wk TCPOBOP dataset, except for (D), 1113 
where the values shown are for the male 8 wk TCPOBOP/high corn oil dataset. Z > 2 indicates up regulation 1114 
of the upstream regulator (gene names in blue) and Z < 2 indicates down regulation (gene names in red). Of 1115 
the 21 upstream regulators shown in (D), only KITLG and SMOC2 met the criteria of -log10 p-value of 1116 
overlap >4 in male 8 wk TCPOBOP/low corn oil regimen livers. Full dataset is shown in Table S3.  1117 
 1118 
Fig. 6. Increased focal immune cell infiltration and increased sinusoidal space induced by TCPOBOP/high 1119 
corn oil regimen. (A) Diastase-stained liver sections reveal immune cell infiltration in livers from mice given 1120 
TCPOBOP using the high corn oil vehicle regimen (‘High’) but not the low corn oil vehicle regimen (‘Low’) for 1121 
2 wk or for 8 wk, as indicated. The high corn oil vehicle regimen alone was without effect. (B) H&E staining 1122 
reveals increase in sinusoidal space specifically in livers from mice given TCPOBOP using the high corn oil 1123 
regimen. Also see Fig. S7. 1124 
 1125 
 1126 
Supplementary Figure legends 1127 
 1128 
Fig. S1. (A, B) Liver index for dose-response of TCPOBOP exposure in male and female mouse liver. Mice 1129 
were given a single injection of TCPOBOP at the doses indicated (low corn oil regimen); livers were 1130 
collected 2 wk later. Data shown are mean +/- SEM for n=5 livers/group. Significance values in black are for 1131 
comparisons to vehicle controls; those in blue are for comparisons between adjacent doses, as indicated. 1132 
(C) TCPOBOP increases hepatic cholesterol content in livers of male mice (n=3-4/livers group) given weekly 1133 
injections of TCPOBOP using the high corn oil regimen (see Methods), with livers collected after 2, 4 or 8 1134 
wk. Two-way ANOVA with Tukey's multiple comparisons test comparing TCPOBOP exposure to male or 1135 
female vehicle controls.  1136 
 1137 
Fig. S2. (A) H&E staining of livers from male and female mice given a single injection of TCPOBOP or vehicle 1138 
control at the doses indicated (low corn oil regimen); livers were collected 2 wk later. Representative 1139 
images (n=5 livers/group) are shown for both the periportal (PP) and pericentral (PC) liver lobule regions, as 1140 
marked. Livers are from the same group of mice shown in Fig. 2 and in Fig. S1A-S1B, with imaging at either 1141 
4.2x (top) or 40x, as marked. (B) Hepatocyte size scoring for periportal and pericentral male and female 1142 
hepatocytes from 2 wk TCPOBOP dose-response study shown in (A). Reference images used for scoring are 1143 
shown at the bottom. Data shown are mean +/- SEM for n=5 livers/group, with statistical significance 1144 
compared to the vehicle control determined by Tukey’s multiple comparisons test (values directly above 1145 
each bar). (C) Comparison of hepatocyte size between pericentral and periportal regions in male livers (left) 1146 
and in female livers (right). Data shown are mean +/- SEM for n=5 livers/group, with statistical significance 1147 
compared to the vehicle control determined by t-test (values directly above each bar). Significance was also 1148 
assessed by 2-way ANOVA (bottom). 1149 
 1150 
Fig. S3. (A) Oil Red O staining intensity for pericentral (PC) and periportal (PP) male and female hepatocytes 1151 
from the 2 wk TCPOBOP dose-response livers shown in Fig. 2. Reference images used for scoring are shown 1152 
at the bottom. Data shown are mean +/- SEM for n=5 livers/group, with statistical significance compared to 1153 
the vehicle control determined by Tukey’s multiple comparisons test (values directly above each bar). Also 1154 
shown are those comparisons between TCPOBOP doses that are statistically different from each other, as 1155 
marked by horizontal brackets above adjacent bars. (B) Comparison of Oil Red O staining intensity between 1156 
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males and females in the pericentral region (left) and in the periportal region (right). Data shown are mean 1157 
+/- SEM for n=5 livers/group, with statistical significance compared to the vehicle control determined by t-1158 
test (values directly above each bar). Significance was also assessed by 2-way ANOVA (bottom). (C) 1159 
Comparison of Oil Red O staining intensity between pericentral and periportal regions. Data shown are 1160 
mean +/- SEM for n=5 livers/group, with statistical significance compared to the vehicle control determined 1161 
by t-test (values directly above each bar). Significance was also assessed by 2-way ANOVA (bottom). (D) 1162 
H&E stained sections reveal a similar degree of male mouse liver pathology after 2 wk vs after 8 wk 1163 
TCPOBOP treatment (low corn oil regimen). Images at top show the periportal region, at the center of each 1164 
image, as well as more distant, mid-lobular hepatocytes, which generally show greater pathology 1165 
(increased hepatocyte size, increased lipid accumulation) as compared to the more immediate layers of 1166 
periportal cells. Pericentral region is shown at the bottom for one liver from each group. Shown are 1167 
representative images from n=4 livers per time point. 1168 
 1169 
Fig. S4. Single nucleus RNA-seq analysis showing zonation of CAR (Nr1i3) and RXRA expression in male and 1170 
female mouse liver. Data are presented as violin plots, with mean values shown above each plot. Horizontal 1171 
brackets mark significant differences in expression and their associated fold-change values between cell 1172 
populations. Orange bracket, significant zonation differences; Blue bracket, significant sex differences. 1173 
TCPO, 1 d exposure to TCPOBOP at 3 mg/kg, low corn oil regimen. Absence of bracket indicates no 1174 
significant difference in zonation or sex bias. Data shown are from Goldfarb et al (2022), PMID: 35512247; 1175 
DOI: 10.1210/endocr/bqac059. 1176 
 1177 
Fig. S5. Immunostaining with anti-GLUL (glutamate-ammonia ligase, i.e., glutamine synthase, an established 1178 
marked for pericentral hepatocytes) applied to paraffin sections or cryosections (as indicated) from male 1179 
mouse livers. Sections were prepared from vehicle control or from 2 wk TCPOBOP-treated livers, delivered 1180 
using the low corn oil regimen (A) or the high corn oil regimen (B). GLUL immunostaining is highly localized 1181 
around the central vein in vehicle control livers but is more diffuse and encompasses a few additional cell 1182 
layers more distant from the central vein in TCPOBOP-exposed livers. The same TCPOBOP-induced shift in 1183 
GLUL staining pattern is seen with both vehicle control regimens (A vs B). The cryosections in (A) (blue text) 1184 
are sequential sections from the same liver that were stained with anti-GLUL antibody and with Oil Red O, 1185 
respectively, to highlight the localization of Oil Red O staining to the GLUL-immunostained pericentral 1186 
region. Anti-GLUL immunostained sections in (B) were obtained from 2 individual livers per vehicle control 1187 
or TCPOBOP-treated group.  1188 
 1189 
Fig. S6. Genes that respond to TCPOBOP in both male and female mouse liver more often show greater 1190 
fold-changes in expression in female liver. Graphs show log2 of gene expression ratios (TCPOBOP/Vehicle 1191 
control) for genes that respond to TCPOBOP treatment in the same direction in male (blue) as in female 1192 
(orange) livers at |fold-change| > 1.5 and FDR < 0.05. Genes are ranked along the X-axis by their decreasing 1193 
log2 TCPOBOP/Vehicle ratios in female liver. Pie charts at the right show the proportion of genes at each 1194 
time point, and the number of genes whose response to TCPOBOP (expression fold change) is greater in 1195 
either male liver, or in female liver, as marked. (A) 286 genes that respond in common in both sexes to 1 1196 
day TCPOBOP treatment. (B) 534 genes that respond in common in both sexes to 2 wk TCPOBOP treatment. 1197 
A small number of genes that responded to TCPOBOP in both sexes, but in opposite direction, were 1198 
omitted.  1199 
 1200 
Fig. S7. Liver sections stained with H&E from 4 individual mice from the 8 week TCPOBOP/high corn oil 1201 
regimen treatment group. Regions with an increase in blood sinusoidal space are seen in each liver from 1202 
the TCPOBOP-treated mice. 1203 
 1204 
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Xenobiotic Metabolism CAR Signaling Pathway 13.2 4.1 15.0 3.4 8.6 3.3 12.1 3.7 9.8 4.8

Xenobiotic Metabolism PXR Signaling Pathway 12.2 3.5 11.7 3.3 8.4 3.3 9.4 4.6 9.0 4.0

Acetone Degradation I (to Methylglyoxal) 12.6 2.1 10.0 2.9 7.6 2.3 12.5 6.8 2.3

Estrogen Biosynthesis 10.9 2.7 10.7 7.2 2.1 7.8 6.4 2.5
Glutathione-mediated Detoxification 6.7 2.6 5.4 2.1 5.2 2.8 7.1 3.5 7.5 2.9

LXR/RXR Activation 2.2 3.4 -2.9 4.8 2.3 5.0 2.2

Kinetochore Metaphase Signaling Pathway 0.9 3.8 3.1 4.8 2.8 2.6 2.7

Pulmonary Fibrosis Idiopathic Signaling Pathway 0.7 2.8 1.4 1.9 4.4 2.7 6.0 3.4
Tumor Microenvironment Pathway 2.9 1.0 4.4 3.2 4.0 2.1
Production of NO and Reactive O2 in Macrophages 1.7 2.1 4.0 1.5 2.5 3.6 2.1

BAG2 Signaling Pathway 1.2 2.0 1.4 1.6 4.4 2.6

Phagosome Maturation 0.0 0.7 0.5 1.8 5.3

Estrogen Receptor Signaling 0.5 1.5 0.4 1.1 6.1 0.8

Glucocorticoid Receptor Signaling 1.0 3.1 2.4 2.6 7.3

mTOR Signaling 0.0 0.0 0.5 0.3 7.9 0.8

Coronavirus Pathogenesis Pathway 0.3 0.0 1.1 0.7 9.0 -4.2

Regulation of eIF4 and p70S6K Signaling 0.3 0.0 0.0 0.0 9.9 0.4

Oxidative Phosphorylation 0.0 0.0 2.1 3.2 0.0 10.6 5.2

Mitochondrial Dysfunction 0.0 0.4 0.0 3.2 11.2
EIF2 Signaling 0.0 0.0 0.9 0.0 32.9 5.7

Male TCPO_HiCO_8wk
Ingenuity Canonical Pathways

Male TCPO_1day Female TCPO_1day Male TCPO_2wk Female TCPO_2wk

F
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NR1I3 33.4 28.4 23.1 30.6 22.9 5.3
TNF 5.8 7.1 16.3 18.8 9.3 5.2
NR1I2 25.8 26.7 23.6 27.6 22.9 4.4
CEBPB 5.3 10.6 16.2 12.5 12.0 4.1
IL1B 8.3 9.0 15.9 15.9 6.5 4.0
AGT 6.2 4.9 20.4 11.3 12.8 3.6
PXR-RXRα 11.3 10.7 7.5 9.8 5.6 3.3
LEP 6.7 5.7 8.9 10.6 8.1 2.9
NFE2L2 12.6 15.6 15.3 24.5 20.8 2.9
NFKBIA 5.0 5.5 9.3 10.6 9.2 2.5
ESR2 5.2 6.2 8.8 5.8 6.7 2.1
IL6 8.7 11.1 14.2 15.6 11.9 2.0
CTNNB1 4.8 6.8 9.7 11.6 40.2 2.0
NCOA2 5.3 4.2 10.1 7.5 10.0 1.6
PPARGC1A 5.6 7.4 7.4 7.3 6.7 1.5
Insulin 6.2 5.6 8.7 8.5 6.8 1.2
ESR1 7.4 5.9 11.3 12.6 14.1 1.0
AHR 10.2 13.1 18.3 20.4 16.3 1.0
STAT5B 11.5 19.0 15.1 24.5 25.3 0.8
RXRA 11.1 7.2 8.3 9.6 8.5 0.8
HTT 6.1 4.8 6.4 5.5 7.2 0.7
PPARA 20.3 18.3 16.6 19.3 16.1 0.4
RORC 23.4 24.3 16.6 26.4 25.8 0.3
PPARG 5.0 10.0 8.9 11.6 8.0 0.1
GPD1 7.6 11.7 12.4 19.6 13.1
SLC25A13 7.5 11.5 12.1 19.3 12.8
FECH 5.4 6.2 8.3 9.4 5.6
RNA polym II 6.4 7.5 6.3 7.9 4.4
TP53 5.5 10.4 17.4 17.5 22.2 -0.1
SLC51A 9.5 9.0 4.5 5.9 6.1 -0.3
RORA 23.9 28.4 13.0 23.2 17.1 -0.3
Gcg 7.2 6.7 5.8 10.8 6.9 -0.5
HNF4A 12.6 11.9 11.0 10.8 22.7 -0.5
FGF19 14.2 11.4 7.1 6.8 6.0 -0.5
HFE 6.2 10.1 7.6 12.1 4.4 -0.8
POR 31.9 17.1 14.2 22.2 15.7 -1.4
GSR 7.2 7.5 5.6 8.2 8.6 -2.1
TXNRD1 6.3 6.4 4.7 6.8 8.1 -2.1
NR1H4 11.8 12.5 7.7 9.8 11.9 -2.4
ACOX1 10.2 9.8 10.2 21.3 12.7 -2.6
NR0B2 7.4 7.2 7.7 8.5 6.6 -2.8

M-1d    F-1d  M-2w   F-2w   M-8w*    Z
A. Early, consistent response

MAPT 1.2 1.9 16.0 10.4 16.4 2.3
APP 0.0 2.1 10.8 10.5 11.3 3.1
STAT1 1.0 1.5 9.6 7.5 3.6 4.3
CHUK 2.1 2.4 8.6 8.3 5.1 3.2
NFkB (complex)1.4 2.3 8.6 7.2 4.1 3.6
IKBKB 2.1 1.3 8.0 5.8 3.9 3.8
MYD88 2.2 1.6 7.7 6.8 1.2 3.6
IL33 1.0 1.3 6.4 5.2 3.2 2.8
FGF2 1.8 1.4 6.7 5.5 4.2 1.5
SP3 1.7 2.4 5.3 5.3 3.8 1.2
PSEN1 1.3 2.1 5.2 7.0 9.2 1.1
FOS 2.0 2.3 7.1 7.2 6.2 0.6
STAT6 2.5 0.9 12.1 9.5 3.2 -1.0
HDAC3 2.2 1.1 5.0 6.0 5.8 -1.1
GATA4 2.2 1.3 5.1 5.7 4.7 -1.5
NR4A1 0.9 1.4 6.4 5.8 6.5 -1.5
DUSP1 1.7 1.4 9.7 7.4 3.0 -2.8
SIRT1 2.3 2.1 7.1 9.5 3.9 -3.3
CITED2 0.0 0.0 10.5 6.2 1.3 -4.7

M-1d    F-1d  M-2w  F-2w   M-8w*    Z
B. Late response (M, F)

MLXIPL 2.7 0.9 2.2 0.9 48.4 8.2
CAB39L 0.0 0.0 2.3 0.0 10.3 4.2
HBA1/HBA2 0.0 0.0 0.0 0.0 4.7 3.6
SIGLEC8 0.0 0.0 1.6 0.9 4.4 3.5
DDX3X 0.0 0.0 0.0 0.0 7.6 3.4
MYCL 0.0 0.0 0.0 0.0 5.0 2.4
KITLG 0.0 0.0 1.1 1.2 4.6 1.0
IDH2 0.0 0.0 0.0 1.2 4.8 0.3
SMOC2 0.0 2.1 2.3 1.0 4.7 0.2
UQCC3 0.0 0.0 1.9 0.0 14.3
POLG 0.0 0.9 0.0 0.0 13.9
TLE3 0.0 0.0 1.5 0.0 7.6
MHC II 0.0 0.0 0.0 0.0 4.8
NKX3-1 0.0 0.0 0.0 0.0 4.1
MAP3K12 0.0 0.9 1.1 1.0 6.9 -0.1
IL3 1.4 0.9 1.5 1.9 8.3 -0.5
RBL2 0.0 1.3 1.8 0.0 4.4 -1.4
KDM5A 0.0 0.0 2.2 0.0 4.3 -2.1
MXD1 0.0 0.0 1.3 0.0 4.7 -2.7
LARP1 0.0 0.0 0.0 0.0 42.2 -7.3
RICTOR 0.0 0.8 1.6 0.0 38.2 -8.4

M-1d    F-1d   M-2w  F-2w   M-8w*    Z
D. TCPO 8 wk, high Corn Oil

M-1d    F-1d   M-2w  F-2w   M-8w*  Z
C. Late response (M only)

PTGER2 0.0 2.3 9.8 0.0 8.1 3.1
PCLAF 0.0 1.9 9.6 0.0 6.7 2.6
CGAS 0.0 0.0 7.9 1.7 1.4 3.4
Ifnar 0.0 0.0 7.8 2.4 1.0 4.1
IRF3 0.0 0.0 7.8 1.6 0.0 4.5
Gai 0.0 0.9 6.7 2.2 2.0 3.5
IFNL1 0.0 0.0 6.5 0.9 1.0 3.9
CSF1 2.4 1.6 6.0 2.2 3.2 3.7
NONO 0.0 0.0 5.1 1.0 0.0 4.0
RHOA 0.9 1.9 5.1 1.4 2.2 3.0
RNY3 0.0 0.0 4.8 0.0 1.1 3.0
IFNA2 1.1 0.0 4.8 1.1 1.1 4.3
MEF2A 0.0 0.9 4.8 1.6 0.0 3.2
ZBTB10 0.0 0.0 4.5 1.6 0.0 3.7
P38 MAPK 0.0 0.0 4.5 1.7 0.0 2.9
SENP3 0.0 0.0 4.5 2.4 1.5 3.3
IRF7 0.0 0.0 4.4 1.1 0.0 4.2
FZD9 0.0 0.0 4.4 2.4 1.8 2.6
STAT2 0.0 0.0 4.8 1.6 0.0 2.4
CLEC12A 0.0 0.0 4.8 1.6 1.6 2.2
LIN9 0.0 1.3 5.8 0.0 4.5 2.2
PRKCD 0.0 0.0 4.3 1.9 2.4 2.1
IL21 0.0 0.0 4.3 1.7 0.0 2.1
SPI1 0.5 0.6 4.5 2.3 2.4 1.6
NFATC2 0.0 0.9 4.2 1.6 0.0 1.2
PLAU 0.9 1.0 4.0 1.9 1.7 1.2
EPAS1 1.3 1.4 5.0 1.4 2.1 1.2
PML 2.4 2.1 4.7 1.7 1.4 1.1
HDAC4 1.1 0.0 5.1 1.7 1.9 0.8
YAP1 1.3 1.4 5.0 1.6 35.7 0.7
RNASEH2A 0.0 1.0 7.7 2.2 2.9
Histone h3 1.4 1.6 4.8 1.2 4.0
PBRM1 0.0 0.0 4.2 0.0 3.3
MMP2 2.3 0.0 4.0 2.4 0.0 -0.7
CCN5 1.6 0.0 6.3 2.4 3.8 -0.8
IL1RN 1.6 0.4 5.1 1.2 0.0 -1.9
TFRC 0.0 1.0 5.6 2.4 6.6 -2.3
USP8 0.0 0.0 5.7 1.7 1.1 -3.8
TREX1 0.0 0.0 6.4 2.0 1.6 -3.9
RNASEH2B 0.0 0.0 6.6 1.5 0.9 -4.4
Ttc39aos1 0.0 0.0 6.9 2.3 1.6 -4.0
STAG2 0.0 0.0 7.6 1.2 0.9 -3.7
DNASE2 0.0 0.0 8.3 2.3 1.8 -2.2
DUSP11 0.0 0.0 9.5 2.0 1.4 -3.4

Fig. 5

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 20, 2024. ; https://doi.org/10.1101/2024.02.16.580717doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.16.580717
http://creativecommons.org/licenses/by-nc/4.0/


Fig. 6
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Fig. S1
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Fig. S2B
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summary Significant?
Interaction 14.5 <0.0001 **** Yes
treatment 34.69 <0.0001 **** Yes
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Source of Variation % of total variation P value
P value 

summary Significant?
Interaction 14.88 <0.0001 **** Yes
treatment 31.29 <0.0001 **** Yes
tissue region 38.25 0.0006 *** Yes
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Fig. S2C

Male, 2-way ANOVA

Female, 2-way ANOVA

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 20, 2024. ; https://doi.org/10.1101/2024.02.16.580717doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.16.580717
http://creativecommons.org/licenses/by-nc/4.0/


Fig. S3A
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Males: PC vs PP Females: PC vs PP
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Images:20x; Vehicle: LOW CORN OIL (XE85 series livers)
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Fig. S4
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Fig. S5
2-

w
ee

k 
TC

PO
BO

P 
   

   
   

   
  V

eh
ic

le
 c

on
tr

ol

Paraffin section: anti-GLUL Cryosection: anti-GLUL Sequential Cryosection: Oil Red O

(E).  IHC staining with anti-GLUL antibody on paraffin section and IHC staining with anti-GLUL antibody and ORO 
staining on frozen section.
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Fig. S6

A. 286 M-F common 1 d TCPOBOP response genes
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B. 534 M-F common 2 wk TCPOBOP response genes

Orange: Expression fold change in female liver
Blue: Expression fold-change in male liver
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Fig. S7A
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Fig. S7B

PC

PC

Li
ve

r X
E8

3H
3

Li
ve

r X
E8

3H
4

TCPOBOP, 8 weeks (High corn oil), 10x

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 20, 2024. ; https://doi.org/10.1101/2024.02.16.580717doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.16.580717
http://creativecommons.org/licenses/by-nc/4.0/

	TCPOBOP ms_Feb 16_bioRxiv
	Introduction

	Figs 1-6
	Suppl Figs S1-S7

