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Whole-Body Knockout of the AhR (Aryl
Hydrocarbon Receptor) Ameliorates Atherosclerosis
Due to Altered Lipid Metabolism—Brief Report

Rosanna Huchzermeier(®; Renske J. de Jong‘®;" Leonida Rakateli, Andrea Bonnin-Marquez®, Sanne L. Maas®,
Chantal Maassen-Pottgens, Kathrin Abschlag, Han Jin, Anna-Lena Geiselhéringer®, Vasiliki Triantafyllidou, Donato Santovito,
Joachim Jankowski, Erik ALL. Biessen®, Caspar Ohnmacht, Emiel P.C. van der Vorst

BACKGROUND: Atherosclerotic cardiovascular disease, characterized by an imbalanced lipid metabolism and a dysregulated
immune response, is a major cause of death worldwide. The AhR (aryl hydrocarbon receptor) is a ligand-activated transcription
factor that is highly expressed in the liver and primarily known for its role in detoxification. However, recent studies suggest that
the AhR also plays a key role in immune regulation, indicating that this receptor can influence the development of atherosclerosis.

METHODS: Apoe~~ and Apoe”-Ahr”~ mice were fed a western-type diet for 12 weeks to induce atherosclerosis. Aortic roots
were analyzed for size and composition of atherosclerotic plaques. Plasma samples were characterized for inflammation
and lipid levels. Liver samples were analyzed for cytokines and lipid accumulation and subjected to RNA sequencing and
kinomics. A PheWAS (Phenome-Wide Association Study) was performed to identify associations of genetic AHR variants
with atherosclerotic cardiovascular disease and lipid phenotypes in humans.

RESULTS: The number of circulating leukocytes was increased in Apoe™”~Ahr”’~ mice compared with Apoe™~ controls.
Surprisingly, however, mice lacking Ahr showed significantly smaller plaques than Apoe~~ mice, which coincided with strongly
reduced plasma cholesterol and triglyceride levels. The liver lipid levels showed a similar effect, indicating a key role of the
AhR in lipid metabolism. RNA sequencing of the liver revealed that lipid metabolism pathways were particularly impacted
in Apoe™~Ahr’~ mice. Furthermore, through kinomics, we identified signaling pathways affected by the absence of Ahr.
PheWAS analysis revealed significant associations between the AHR variant rs4410790 and lipid traits, including plasma
triglycerides, LDL (low-density lipoprotein), and total cholesterol.

CONCLUSIONS: Our study demonstrates a remarkable role for AhR in the pathogenesis of atherosclerosis, interfering with both
lipid metabolism and inflammatory pathways. Although the underlying mechanisms remain unclear, these results demonstrate
a novel and crucial role for AhR in atherosclerotic cardiovascular disease.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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ized by chronic inflammation and lipid accumulation  sufficient efficacy and carry a high risk of side effects.
in the vascular wall and remains one of the leading ~ Therefore, further research into new potential therapeu-
causes of mortality worldwide.' Treatment strategies that  tic targets is indispensable.

Atherosclerotic cardiovascular disease is character-  primarily target patients’ lipid levels still do not provide

Correspondence to: Emiel PC. van der Vorst, PhD, Aachen-Maastricht Institute for Cardio-Renal Disease, Pauwelsstrasse 17, 52074 Aachen, Germany. Email
evandervorst@ukaachen.de

*R. Huchzermeier and R.J. de Jong contributed equally.

Supplemental Material is available at https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.125.323673.

For Sources of Funding and Disclosures, see page 617.

© 2026 The Authors. Arteriosclerosis, Thrombosis, and Vascular Biology is published on behalf of the American Heart Association, Inc., by Wolters Kluwer Health,
Inc. This is an open access article under the terms of the Creative Commons Attribution Non-Commercial-NoDerivs License, which permits use, distribution, and
reproduction in any medium, provided that the original work is properly cited, the use is noncommercial, and no modifications or adaptations are made.

Arterioscler Thromb Vasc Biol is available at www.ahajournals.org/journal/atvb

Arterioscler Thromb Vasc Biol. 2026;46:e323673. DOI: 10.1161/ATVBAHA.125.323673 March 2026 609


mailto:evandervorst@ukaachen.de
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.125.323673
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0009-0007-8022-3421
https://orcid.org/0009-0009-6093-3906
https://orcid.org/0000-0002-4165-1403
https://orcid.org/0000-0003-1423-8901
https://orcid.org/0009-0000-3054-8446
https://orcid.org/0000-0003-1811-4746
https://orcid.org/0000-0002-4528-2967
https://orcid.org/0000-0002-6454-8548
https://orcid.org/0000-0001-5771-6278
http://dx.doi.org/10.1161/ATVBAHA.125.323673
http://crossmark.crossref.org/dialog/?doi=10.1161%2FATVBAHA.125.323673&domain=pdf&date_stamp=2026-01-29

—
=T
1
(2]
Ll
(]
=
J
(-]
o
(=]
(]
=T
(==}

9202 ‘8T Yore |\ uo Aq Bio'sfeuno feye/:dny wouy papeojumoq

Huchzermeier et al

AhR Ameliorates Atherosclerosis

What Are the Clinical Implications?

Nonstandard Abbreviations and Acronyms

Acot11 acyl-coenzyme A thioesterase

AhR aryl hydrocarbon receptor

ALT alanine-amino-transferase

ARAF A-Raf proto-oncogene, serine/threonine
kinase

ARNT aryl hydrocarbon receptor nuclear
translocator

AST aspartate aminotransferase

BRAF B-Raf proto-oncogene, serine/threonine
kinase

CCL2 CC-chemokine ligand 2

LDL low-density lipoprotein

PheWAS Phenome-Wide Association Study

RAF1 Raf-1 proto-oncogene, serine/threonine
kinase

Socs3 suppressor of cytokine signaling

STK serine-threonine kinase

TNF tumor necrosis factor

Usp2 ubiquitin-specific peptidase

A key player in organ detoxification, a new mediator of
inflammation, is the AhR (aryl hydrocarbon receptor), as
recent studies suggest? The AhR is a cytosolic transcrip-
tion factor reacting to a variety of endogenous, for example,
kynurenine, and exogenous ligands, such as 2,378-tetra-
chlorodibenzo-p-dioxin. Upon ligand binding, the protein
dissociates from its cochaperones, enabling its transloca-
tion into the nucleus. By binding to the ARNT (AhR nuclear
translocator), the AhR-ARNT complex binds to the xenobi-
otic response element and alters gene transcription of many
target genes. The primary target gene is Cypal. The activa-
tion of the AhR and the resulting gene transcription not only
impact the detoxification but also cell processes such as cell
proliferation and adhesion.? In addition, recent studies sug-
gest that AhR plays a regulatory role in immune responses.?
A study by Natividad et al® demonstrated that decreased
AhR activity is associated with increased systemic inflam-
mation. These findings indicate a potential protective role of
the AhR in atherosclerotic cardiovascular disease.*

Therefore, we hypothesize that the absence of AhR
in mice will lead to increased inflammation and, conse-
quently, to the development of atherosclerotic plaque. In
this study, multiorgan analyses were performed using
whole-body AhR knockout mice on an atherogenic apo-
lipoprotein E—deficient (Apoe™") background to deter-
mine the influence of AhR on atherosclerosis formation,
as well as the lipid and inflammatory status.

MATERIALS AND METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

610  March 2026

This study identifies the AhR (aryl hydrocarbon recep-
tor) as a regulator of hepatic lipid metabolism, as Ahr
deficiency reduced plasma cholesterol and triglycer-
ide levels. Interestingly, the lack of Ahrunexpectedly
limited atherosclerotic plaque formation in Apoe™~
mice despite leukocytosis, suggesting that the effects
of lipids have a dominant impact on plaque develop-
ment. Liver transcriptomics and kinase profiling impli-
cate altered lipid biosynthesis/transport and highlight
ApoA-IV upregulation as a potential mediator. Human
genetic associations at the AhR locus (rs4410790)
with coronary artery disease and lipid traits support
translational relevance. Collectively, these findings
motivate exploration of AhR-modulating therapies to
reduce lipids and atherosclerosis, with careful atten-
tion to ligand specificity, sex differences, and safety,
and raise opportunities for genetic stratification to
personalize cardiovascular prevention.

Animals

Apoe~~Ahr’~ mice were generated by crossbreeding Apoe™~
mice with Ahr”- mice (B6.129-Ahrtm1Bra/J, Jax strain num-
ber 00283136). Both males and females were used for all
experiments. The mice were fed a high-fat diet (containing
21.1% crude fat, 17.3% crude protein, 5.0% crude fiber, 4.2%
crude ash, 14.4% starch, 34.3% sugar, and 0.21% cholesterol;
Sniff TD88137), starting at 8 weeks of age. After 12 weeks
of high-fat diet feeding, the final euthanasia of the experimen-
tal animals is performed under deep, nonantagonizable anes-
thesia (10-mg/kg xylazine and 100-mg/kg ketamine) with
subsequent blood collection by retro-orbital puncture using
anticoagulant capillaries. Two independent experiments were
conducted, each containing at least 4 males and females per
genotype. All animal studies were approved by the local ethi-
cal committee (Regierung von Oberbayern, Germany, approval
number ROB-55.2-25632.Vet 02-17-222 and Landesamt fir
Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen,
Germany, approval number 81-02.04.2019.A363). All proce-
dures are in accordance with the guidelines outlined in Directive
2010/63/EU of the European Parliament on the protection of
animals used for scientific purposes.

Atherosclerotic Lesion Analysis

Hearts were fixated in 4% paraformaldehyde and embedded in
Tissue-Tek O.C.T. compound (Sakura) for transverse cryosec-
tioning. Aortic arches were fixed in 4% paraformaldehyde and
embedded in paraffin afterwards for sectioning. Atherosclerotic
plaque size was quantified using hematoxylin-eosin staining in
the aortic roots (hematoxylin-eosin, Sigma). Masson trichrome
staining for collagen deposition was performed on aortic roots
to analyze collagen and necrotic core content. The macrophage
infiltration was investigated by immunofluorescence costaining
on aortic roots. Galectin 3 (Mac2) was stained after antigen
retrieval by incubation in citrate buffer (anti-mouse Mac2 anti-
body, Cedarlane). After blocking the unspecific binding sites
with PBS (0.01% BSA, 0.0125% horse serum), the Mac2
antibody, diluted in PBS (0.015% of the blocking solution),
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was incubated overnight at 4°C. Secondary antibody DL488
was incubated for 1 hour at room temperature, diluted in
PBS (0.015% blocking solution, DL488 goat anti-rat 1:750).
Hoechst 33342 solution (Thermo Fisher) was used to stain
the nuclei. The sections were mounted in Thermo Scientific
Fluoromount-G (Thermo Fisher). Sections from all stainings
were imaged using a Leica DMLB microscope and a charge-
coupled device camera. The analysis and quantification were
performed with Imaged and QuPath,° and the average of 3 sec-
tions per mouse was taken.

Tissue Lysates

Snap-frozen liver pieces were thawed on ice and lysed in
M-PER Mammalian Protein Extraction Reagent (Thermo Fisher
Scientific) containing 1% Halt Protease Inhibitor Cocktail
(Thermo Fisher Scientific) and 1% Halt Phosphatase Inhibitor
Cocktail (Thermo Fisher Scientific). After homogenization with
a metal bead in the Tissuelyser LT (Qiagen) for 5 minutes at
B0 Hz, the lysates were sonicated in a sonicator bath for 5
minutes. Protein amounts were measured using the Nanodrop
One Microvolume UV-Vis Spectrophotometer (Thermo Fisher
Scientific).

Lipid Analysis
Cholesterol and triglyceride levels of plasma and liver lysates in
M-PER buffer (as described above) were measured by using
enzymatic assays (Roche diagnostics) according to the manu-
facturer’s protocol.

Alanine-Amino-Transferase/Aspartate
Aminotransferase Measurement
Plasma ALT (alanine-amino-transferase) and AST (aspartate

aminotransferase) were measured using the VITROS XT 3400
(QuideOrtho), according to the manufacturer's protocol.

ELISA

Inflammatory cytokine levels of liver protein lysates were mea-
sured using commercially available ELISA kits from Thermo
Fisher Scientific, following the manufacturer's protocol. The
concentration of cytokines was normalized to the total protein
amount in the tissue lysates.

RNA Sequencing and Analysis

After perfusion with PBS, livers (n=4 for each sex) from Apoe™~
Ahr”’=and Apoe™~ on 12 weeks of high-fat diet were harvested.
Tissue samples were collected in RNA-later and snap-frozen in
liquid nitrogen. Total RNA was isolated from the samples using
the Micro Rneasy kit (Qiagen), according to the manufacturer's
protocol. RNA was quantified using RobiGreen, and the RNA
quality was checked using the Bioanalyzer platform (RIN value)
before library preparation. The average RIN value was 7.0. The
libraries were prepared according to standard Illumina proto-
cols and then sequenced by lllumina NovaSeq 6000; Paired-
end; sequencing length=150.

FastQC (version 0.11.8) was used to inspect the quality
of the raw sequences. All samples pass the quality examina-
tion. Adapters were trimmed by TrimGalore (version 0.6.5).
Sequencing data were aligned using STAR (version 2.7.8)% to the
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GENCODE referential mouse genome sequence GRCm38.p6
primary assembly version and the GENCODE M25 annotation
GTF file. Read counts were quantified using Rsubread (version
2.2.6)." Gene differential expression analysis was conducted
using the R package DESeq?2 (version 1.28.1),8 controlling sex
as a covariate. The parameter alpha in DESeq?2 was set to 0.05,
and the adjusted A<0.05 and the absolute log2-fold change
>1 for the significance of differentially expressed genes, fol-
lowed by gene set overrepresentation analysis based on gene
ontology conducted by the R package clusterProfiler (version
4.0.0).° For both gene differential expression analysis and gene
set overrepresentation analysis, the Benjamini-Hochberg pro-
cedure was used for adjusting Pvalues. Sequencing data have
been deposited in the Gene Expression Omnibus and are pub-
licly available with the accession number GSE173800.

Kinase Activity Profiling

Liver protein lysates (n=3 for each sex) were used for deter-
mining STK (serine-threonine kinase) profile by using the
PamChip microarray platform with PamStation12 (PamGene
International, the Netherlands). To identify phosphorylated
Ser/Thr (serine/threonine) for the STK assay, 2.0 pg of pro-
tein (n=3 per condition) and 400-uM ATP were applied to
each assay along with an STK Basic Mix, consisting of 1x
protein PTK (protein tyrosine kinase) reaction buffer, 1x BSA,
and 1x STK antibody mix. Before loading the STK Basic Mix
onto the arrays, a blocking step was performed using 30 uL
of 2% BSA followed by washing with PTK solution for prepro-
cessing. Subsequently, 40 uL of STK Basic Mix was applied
to each array. After incubation for an hour (30°C) where the
sample is pumped back and forth through the porous mate-
rial to maximize binding kinetics and minimize assay time, a
fluorescein isothiocyanate—conjugated antibody is used to
detect the phosphorylation. Imaging was done using an LED
imaging system, and the spot intensity at each time point was
quantified (and corrected for local background) using the
BioNavigator software version 6.3 (PamGene International,
‘s-Hertogenbosch, the Netherlands). Overrepresentation
analysis of the Gene Ontology, Kyoto Encyclopedia of Genes
and Genomes, and WikiPathway database for the kinases with
significant differences (median final scores >1.2 and adjusted
<0.05) was performed using the R packages clusterPro-
filer, version 4.8.3.° Data were visualized with the R package
ggplot2, version 3.4.4.1°

RNA Analysis, cDNA Synthesis, and qRT-PCR

Liver RNA was isolated using the miRNAeasy kit (Qiagen), fol-
lowing the manufacturer's protocol. cDNA was reverse tran-
scribed using the M-MLV reverse transcriptase (Invitrogen).
gRT-PCR was performed with the PowerUp SYBR Green
Mastermix (Thermo Fisher Scientific). The following primer pairs
were used: B-actin: F: 5-CAACGAGCGGTTCCGATG-3' and R:
5'-GCCACAGGATTCCATACCCAA-3; Acot11 (acyl-coenzyme
A thioesterase): F: 5-GGGAGCTCTCCAAGGTGAAG-3' and
R: 5-GTCTTCTCGGCTGGCACCAT-3"; and Usp2 (ubiquitin-
specific peptidase): F: 5-CGCTTCATGGGCTATAATCAGCA-3'
and R: B-TTCCTCCACATCTGTCGCCC-3. The gRT-PCR
(quantitative reverse transcription polymerase chain reac-
tion) was conducted with the QuantStudio 3 (Thermo Fisher
Scientific) PCR system. Melt curves were generated to confirm
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specific primer amplification. The relative mRNA expression
was calculated using the 2-ddCt method. The reference gene
beta-actin was used for normalization.

Flow Cytometry

EDTA-buffered blood was pretreated with erythrocyte lysis buf-
fer (150-mmol/L NH4CI; 10-mmol/L KHCO3; 0.1-mmol/L
diNaEDTA) for 20 minutes. After stopping the reaction with
Hank’s buffer (Hanks' balanced salt solution, 0.06% 0.5M
EDTA, 0.6% BSA, and pH 7.4), the blood was incubated with
the following antibody mix: CD45 (APC-Cy7, Invitrogen), Cd115
(fluorescein isothiocyanate, Invitrogen), Gr1 (V500, BioLegend),
CD11b (PE-Cy7, Invitrogen), B220 (eF450, Invitrogen), CD3
(PerCP, Invitrogen), CD4 (APC, eBioScience), and CD8 (PE,
eBioScience). The flow cytometric analysis was performed
with the BD FACS Canto. Cell populations in the blood were
gated as follows: total leukocytes (CD45+), monocytes
(CD45+CD115+GR1+), neutrophils (CD45+, GR1+), B cells
(CD45+CD115-GR1-B220+), and T cells (CD45+CD115-
GR1-CD3+). Cell populations and marker expression were ana-
lyzed using an FACS CantoTM Il with FACS Diva software (BD
Biosciences) and analyzed with FlowJo 10.0 (BD Biosciences).

SCENITH

The livers were harvested and smashed with Hank's buffer; first
through a 100-umol/L filter and second through a 40-umol/L
filter. After centrifuging for 5 minutes at 300g, the pellet was
resuspended in erythrocyte lysis buffer (150-mmol/L NHA4CI,
10-mmol/L KHCO3, and 0.1-mmol/L diNaEDTA) and incu-
bated for 1 minute. After filtering through a 30-pmol/L fil-
ter, the pellet was resuspended in 4 mL 40% Percoll (Sigma
Aldrich) and slowly layered on top of 4 mL of a 70% Percoll
solution. After centrifugation (20 minutes at room temperature,
7009 without brake), immune cells were collected by taking the
distinct interphase, washed twice in PBS, and resuspended in
RPMI 1640 with glutamine (Gibco) and supplemented with
10% FCS (Gibco).

The SCENITH (Single Cell Energetlc Metabolism by Profiling
Translation Inhibition) method was performed as described by
Arguello et al.' The method analyzes protein synthesis by mea-
suring puromycin (puromycin dihydrochloride, Bio-Techne, 10
pg/mL) incorporation with and without the presence of spe-
cific metabolic inhibitors. Metabolic pathways blocked were
glycolysis and OXPHOS by 2-deoxy-glucose (Sigma Aldrich,
100 mmol/L) and oligomycin (Cell Signaling Technologies, 1
pmol/L), respectively. Homoharringtonine (Sigma Aldrich, 2
pg/mL), a ribosome-targeting drug that blocks protein synthe-
sis, was used as a negative control and background detection.
Metabolic requirements and dependencies, that is, glucose
dependency, fatty acid and amino acid oxidation, and glyco-
lytic capacity and mitochondrial dependence, were calculated
by combining the data of both inhibitors and the net protein
biosynthesis. Different immune cells were indicated using the
cell surface markers: CD45 (APC-Cy7, BioLegend), CD11b
(V500, BD Biosciences), F4/80 (PerCP, BioLegend), NK-1.1
(PB, BioLegend), CD3 (PE, BioLegend), and Ly-6G (PE-Cy7,
BioLegend). Intracellular Puromycin was detected using an
antipuromycin antibody (AF488, clone 12D 10, Sigma Aldrich)
in combination with a FOXP3 (forxhead box P3) staining kit
(Thermo Fisher).
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Analysis of Genetic Association of AHR Variants
We investigated the association between genetic variants in
the AHR locus and the prevalence of coronary artery disease
in the summary statistics of the latest meta-analysis of the
Coronary Artery Disease Genome-Wide Replication and Meta-
Analysis plus the Coronary Artery Disease, UK Biobank, and
Biobank Japan, cumulatively including 210842 cases among
1378170 participants.’ We focused on associations at a sig-
nificance level below the 1% false discovery rate, as defined
by P<25x1075.'213 We analyzed the association between
the lead variant (rs4410790) with lipid traits across the meta-
analysis of genome-wide association studies in the cardiovas-
cular and metabolic field (effective sample size >3000000),
generated by the bottom-line integrative method and accessed
via the Common Metabolic Disease and Knowledge Portal
(https://hugeamp.org, accessed 2024/11/10)."* Linkage dis-
equilibrium and recombination rate data were obtained from
the International Genome Sample Resource collection.'® The
regional association was visualized with GWASLab (version
3.4.4)' using the GRCh37 genome assembly, as in the study
by Aragam et al.'?

Statistics

Statistical analysis was performed using GraphPad Prism 10
(Graphpad Software, Inc). The Gaussian distribution was tested
with the Shapiro-Wilk test, and outliers were identified using
the ROUT (Robust Regression and Outlier Removal) test. In
line with the ARRIVE (Animal Research: Reporting of In Vivo
Experiments) guidelines, all animals were included in the analy-
sis, and only statistical outliers were excluded. The unpaired
Student 2-tailed t test with Welch correction or the Mann-
Whitney U test was applied to compare 2 groups, as appro-
priate for data distribution and variance homogeneity. For the
weight gain, a 2-way ANOVA with the Bonferroni post hoc tests
was used. A 2-tailed A<0.05 was considered statistically sig-
nificant. Data are represented as meantSEM.

RESULTS

Ahr-Deficient Mice Exhibit a Profound
Leukocytosis

Because atherosclerosis is highly associated with sys-
temic inflammation, and the AhR is known to be involved
in inflammatory mechanisms, we evaluated leukocyte
counts in the blood of mice lacking Ahr (Apoe™~Ahr”-)
compared with control mice (Apoe™"). As expected, we
observed a highly significant leukocytosis in the blood
of both male and female Ahr-deficient mice. This leu-
kocytosis involved both myeloid (neutrophils and mono-
cytes) and lymphoid (B cells and T cells) cell subsets
(Figure 1A). To validate the reproducibility of our findings,
we repeated the mouse experiment at another mouse
facility, where we observed a similar blood leukocytosis
affecting only neutrophils and B and T cells in female
mice, while monocytes remained unaffected (Figure
S1A). Similarly, significant leukocytosis, with minor sex
differences, was observed in the spleens of these mice
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Figure 1. Leukocytosis, though, reduced plaque development in mice lacking Ahr.

All results are obtained from Apoe~ and Apoe™~Ahr’- mice after 12 weeks of high-fat diet (HFD), with combined sexes, and separated by
males and females. A, Blood total leukocyte and leukocyte subset counts. B, Representative pictures of hematoxylin-eosin—stained aortic roots
(scale, 200 um) with quantification of plaque lesion size. C, Representative pictures and quantification of plaque lesion size in aortic arches
(scale, 2 mm). D, Representative pictures and quantification of collagen content in aortic roots and (E) quantification of necrotic cores content.
F, Representative pictures and quantification of Mac2+ cells. G, Plasma cholesterol levels and (H) plasma triglyceride levels. Combined n=9 to
11, male n=4 to 6, and female n=4 to 6. Graphs represent meantSEM.
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(Figure S2A and S2B), emphasizing the inflammatory
nature of Ahrdeficiency.

Taken together, we could show in 2 independent
experiments that Ahr deficiency results in a profound
leukocytosis that may exert cardiovascular effects.

Mice Lacking Ahr Have Decreased
Atherosclerotic Lesion Formation

Given the increased number of circulating leukocytes, we
expected that the absence of Ahrwould lead to greater
atherosclerotic lesion formation. However, surprisingly,
the plaque size in the aortic roots was significantly
decreased in Apoe”~Ahr”’~ mice, with the same effect
observed in both male and female mice (Figure 1B; Fig-
ure S1B). The plaque size in aortic arches did not change
significantly, emphasizing a local effect of the Ahrknock-
out (Figure 1C; Figure S1C). To further characterize the
atherosclerotic lesions in the roots, we enumerated mac-
rophages and collagen deposition. The collagen depo-
sition was significantly increased in Apoe~Ahr’= mice
compared with Apoe~~ mice, while a trend of increased
collagen deposition was noticeable in the lesions of male
aortic roots, suggesting slightly more stable plaques in
one of the independent experiments (Figure 1D; Figure
S1D). In line with the smaller plaque size, Apoe”~Ahr’~
mice also exhibited significantly smaller necrotic cores
than control mice (Figure 1E; Figure S1E). The number,
as well as the area, of macrophages in the plaques was
significantly lower in Apoe”~Ahr’~ mice although this
effect in females was only observed in one of the inde-
pendent experiments, indicating less inflamed and less
progressed plaques (Figure 1F; Figure S1F). While there
were no differences in weight gain between the groups
in the first experiment, Apoe~~Ahr’- mice showed
increased body weight gain compared with Apoe~~ mice
in the second experiment (Figure S3A and S3B). To
elucidate possible underlying reasons for the observed
reductions in plaque size in this study, we measured
plasma cholesterol and triglyceride levels, as hyperlip-
idemia is another leading risk factor for atherosclero-
sis. In line with the smaller atherosclerotic lesion sizes,
Apoe”~Ahr’~ mice exhibited significantly lower plasma
cholesterol and a striking decrease in triglyceride levels
(Figure 1G and 1H; Figure S1G and S1H) in both sexes.

Combined, mice lacking Ahr demonstrate decreased
atherosclerotic lesion development despite leukocytosis,
suggesting that this is driven by reduced circulating lipid
levels.

Altered Hepatic Lipid Metabolism Due to Ahr
Deficiency

In addition to reduced circulating lipid levels, hepatic lipid
levels were significantly decreased in Apoe”~Ahr’~ mice
compared with Apoe”~ mice, in both sexes (Figure 2A
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and 2B), suggesting that the liver plays an essential
role in these effects. To understand the changes in lipid
levels, we performed RNA sequencing on the livers.
Besides the Cyp-family regulation, genes not known to
be direct AhR targets were also regulated. In particular,
genes playing a role in lipid metabolism, such as Usp2
and Acot1 1, were affected by the lack of Ahr(Figure 2C
through 2E). Furthermore, Gene Ontology pathway anal-
ysis confirmed that differentially expressed genes were
involved in several pathways related to cholesterol, fatty
acid, and triglyceride metabolism, as well as lipid trans-
fer and storage, highlighting the involvement of the AhR
in lipid metabolism (Figure 2F; Figure S4). Focusing in
more detail on these pathways, we identified 1 gene,
Apoa4, which was involved in all 5 upregulated pathways
(Figure Sb). Interestingly, previous studies have shown
that ApoA-IV (apolipoprotein A-1V, the protein encoded
by Apoa4) reduces hepatic lipid accumulation, primarily
by inhibiting lipogenesis,''® which aligns well with our
observations.

High hepatic lipid levels often concur with hepatic
inflammation. Therefore, we measured the proinflamma-
tory cytokines, TNF (tumor necrosis factor) and CCL2
(CC-chemokine ligand 2), which indeed exhibited a sig-
nificant decrease in Ahr-deficient mice (Figure 2G and
2H). Moreover, we demonstrated that livers from Ahr
deficient mice tended to show a less fibrotic phenotype,
as evidenced by significantly reduced TGF-1 levels
(Figure SBA), while plasma ALT/AST levels were largely
unaffected (Figure S6B).

To gain a more profound understanding of the
affected signaling pathways in the liver, we performed an
unbiased multiplex kinome activity profiling of the livers.
In a combined analysis of males and females (n=6), it
was noticeable that a variety of serine-threonine kinases
are downregulated in mice lacking the Ahr, for example,
ARAF (A-Raf proto-oncogene, serine/threonine kinase),
BRAF (B-Raf proto-oncogene, serine/threonine kinase),
and RAF1 (Raf-1 proto-oncogene, serine/threonine
kinase; Figure 21 [significant only]; Figure S7 [complete
list]), which are all known to play a role in cell prolifera-
tion processes and inflammation.® Besides its effect on
inflammatory pathways, Ahr deficiency also affected liver
kinases involved in lipid metabolism, which aligns with
our previous observations, as well as kinases involved
in glucose metabolism (Table S1). Here, several path-
ways related to lipid transport are also regulated, sug-
gesting that not only lipogenesis but also lipid transport
are affected by AhR. To delve deeper into the effects
of AhR on glucose metabolism, as suggested by sev-
eral other studies,?’ we performed SCENITH on livers
from Apoe”~Ahr’~ and Apoe”~ mice. We observed no
baseline metabolic differences in Kupffer cells, neu-
trophils, T cells, or natural cells in Ahrdeficient mice
(Figure S8A). When comparing the different metabolic
pathways, there are also no major differences in immune
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Figure 2. Ahr (aryl hydrocarbon receptor) deficiency reduces lipid metabolism and inflammation in the liver.

All mouse results are obtained from Apoe~~ and Apoe~Ahr~ mice after 12 weeks of high-fat diet (HFD), with combined sexes, and separated
by males and females. A, Liver cholesterol and (B) liver triglyceride levels. C, Volcano plot of liver RNA sequencing-regulated genes, reflecting
Apoe~~-Ahr’-vs Apoe~". D, Relative gene expression of Usp2 and (E) Acot71 in the liver. F, Dot plot of Gene Ontology pathway analysis of
liver RNA sequencing. G, TNF (tumor necrosis factor) and (H) CCL2 (CC-chemokine ligand 2) levels in the liver. I, Heatmap of significantly
regulated STKs (serine-threonine kinases) in the liver. Blue indicates significantly decreased kinase activity in liver tissues of Apoe~Ahr~~ vs
Apoe™~ mice. J, Regional association plot of the AHR (aryl hydrocarbon receptor) locus (chr7:17.268.000-17.446.000) based on the meta-
analysis of the Coronary Artery Disease Genome-Wide Replication and Meta-Analysis plus the Coronary Artery Disease, (Continued)
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cells from Apoe~~Ahr’~ mice compared with cells from
Apoe™~ mice, except for a small but significant shift in
T-cell mitochondrial dependence and glycolytic capacity
in males (Figure S8B through S8E). Therefore, although
the activity of some metabolism-related kinases was
altered, there were no major metabolic changes in
hepatic immune cells upon Ahr deficiency.

To translate our findings in the mouse model to
humans, we analyzed the genetic association between
coronary artery disease and genetic variants in the
AHR locus in a meta-analysis of genome-wide associa-
tion studies featuring 210842 cases across 1378170
participants.’? The variant rs4410790 was associ-
ated with coronary artery disease for a statistical sig-
nificance (odds ratio, 0.979 [95% CI, 0.969-0.988];
P=2.26x1075; Figure 2J) below the 1% false discov-
ery rate threshold, which is in line with coronary artery
disease association found for many genes with experi-
mentally proven biological relevance, such as NPCTL1
(rs41279633; P=1.24x1076), PNPLA3 (rs738408;
P=1.04x1075), MEX3A (rs11264432; P=3.98x1077),
or CASR (rs17251221; P=1.06x1075).'2132223 Notably,
a PheWAS (Phenome-Wide Association Study) identi-
fied significant associations of rs4410790 with lipid
traits, including plasma triglyceride (P=2.55x10-28),
LDL (low-density lipoprotein; P=1.96x10-10), and total
cholesterol (P=9.56x10-8) levels across over 3 mil-
lion individuals from the genome-wide association study
cohorts available in the Common Metabolic Disease and
Knowledge Portal (Figure 2K).

Taken together, our data demonstrate that AhR influ-
ences hepatic lipid metabolism, which is likely respon-
sible for the observed systemic effects.

DISCUSSION

This study focused on the role of the AhR in atheroscle-
rosis. Due to its known involvement in anti-inflammatory
processes, we expected an antiatherosclerotic effect of
the AhR. While we indeed observe that Ahr deficiency
results in leukocytosis, the progression of atherosclero-
sis was surprisingly reduced in the absence of Ahr. While
a few other studies have already suggested that the AhR
in Apoe™”~ mice may play a progressive role in athero-
sclerosis, these studies used pharmacological recep-
tor stimulation, which introduces potential off-target
effects, making it difficult to determine the receptor’s
exact role. For example, Wu et al demonstrated that
the activation of AhR in Apoe™~ mice by exposure to

AhR Ameliorates Atherosclerosis

2,3,7,8-tetrachlorodibenzo-p-dioxin enhanced athero-
sclerotic plaque development, mediated by CXCR2
(C-X-C motif chemokine receptor 2) and cholesterol
uptake in macrophages,®* which is in line with our results.
A similar study by Bey et al?® used Apoe™~ mice treated
with 2,3,7,8-tetrachlorodibenzo-p-dioxin on a standard
laboratory diet and confirmed an aggravating effect on
atherosclerosis formation, especially in female mice,
highlighting sex-specific effects of the AhR. In addi-
tion, the well-established interaction between the AhR
and estrogen receptor,®® as well as the generally higher
plaque formation in female Apoe~~ mice,?” highlights the
differences observed herein between sexes.

In our study, the reduction in atherosclerosis in mice
lacking Ahr was attributed to decreased plasma lipid
levels, which appeared to result from altered liver lipid
metabolism. Our results align with multiple mouse stud-
ies, in which either genetically induced or ligand-activated
AhR activity promoted hepatic lipid accumulation through
enhanced fatty acid uptake®*° However, in contrast
to our findings, Wada et al*' showed in a C57BL/6J
hepatocyte-specific Ahr-knockout mouse model fed a
high-fat diet that the lack of Ahrincreased de novo lipo-
genesis, with Socs3 (suppressor of cytokine signaling) as
the central involved mediator. Mice lacking Ahr in hepa-
tocytes additionally exhibited accelerated liver steatosis
and fibrosis,*" whereas we confirmed a rather protective
effect of a general Ahr knockout on the liver, suggesting
that other cell types besides hepatocytes likely also play
an essential role in our observed effects. Interestingly,
we identified Apoa4 as a key upregulated gene in Ahr
deficient mice, involved in several lipid-related pathways.
Several studies have already shown that overexpression
of ApoA-IV (the protein encoded by Apoa4) in mice results
in reduced lipid accumulation in the liver due to decreased
lipogenesis, combined with elevated fatty acid  oxida-
tion."™'® Another study also already suggested that Apoa4
is downstream and regulated by the AhR3? Therefore, it is
interesting to study this potential AhR-ApoA-IV interaction
more closely in the future as it might at least partly be the
underlying mechanism of our observations.

Regarding hepatic inflammation, the AhR is already
known to play a dual role in steatosis models,® which dif-
fers in part from our findings. Our results indicate that Ahr
deficiency primarily affects lipid biosynthesis and catabo-
lism but may also affect transport; however, further stud-
ies, such as analyzing CD36, an AhR target in some cell
types,® or applying lipid stainings, are needed to clarify
the downstream genes and mechanisms further.

Figure 2 Continued. UK Biobank, and Biobank Japan (1378170 individuals).’? The dashed line delineates the threshold for statistical
significance, approximating a false discovery rate (FDR) <1% (P<2.5x1075). K, PheWAS (Phenome-Wide Association Study) for the variant
rs4410790 and the lipid traits across the genome-wide association study (GWAS) cohorts included in the Common Metabolic Disease and
Knowledge Portal. The dashed line delineates the threshold for statistical significance (FDR <19%). The dot color reflects directionality, while
size depicts the 3 coefficient for each association. Sequencing combined n=6, male n=3, and female n=3; kinomics combined n=6, male n=3

to 5, and female n=3 to 6. Graphs represent mean+SEM.
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The differences between those studies and ours may
result from divergent cell-cell interactions and, therefore,
may be altered differently in a cell-specific mouse model
compared with a whole-body Ahr knockout. Likewise, a
smooth muscle cell-specific Ahr deficiency led to larger
lesions and altered cap composition, highlighting the
context-specific multifaceted role of the AhR and the
importance of cell-organ crosstalk.3* Moreover, the dif-
ferences might also be due to the Apoe™~ background in
our study, which affects overall lipid levels, inflammatory
processes, and lipoprotein metabolism.?® Because AhR
also plays a role in inflammatory mechanisms and medi-
ates lipid metabolism, mechanisms could counteract lipid
metabolism in Apoe”~Ahr’~ mice, resulting in a mixed
inflammatory phenotype. These studies, among others,
propose that the role of the AhR in liver lipid metabo-
lism is complex and depends on the ligand, genetic
background, and diet of the study animal, making com-
parisons very challenging and resulting in rather case-
dependent outcomes.337

Initially defined as a cholesterol-driven disorder, ath-
erosclerosis is now recognized to involve inflammation as
a central pathogenic mechanism linking diverse risk fac-
tors to plaque formation.® Interestingly, in our study, blood
leukocytes did not affect plaque progression; instead, the
overall effect of the AhR on lipid metabolism overruled
leukocytosis in mice lacking the AhR on atherosclerotic
plaque development. Because high leukocyte levels did
not seem to influence plaque development, the function-
ality of immune cells and endothelial cells may likely be
impaired by Ahr deficiency. Several studies already con-
firm the involvement of AhR activation in inflammatory
response, cell differentiation, and lipid metabolism of
immune cells,>® which, combined, could alter actions dur-
ing plaque development.

Because the action of the AhR is ligand- and context-
dependent, the results need to be evaluated with cau-
tion,?® especially when considering therapeutic options,
as adverse effects may occur depending on ligand speci-
ficity. In addition, despite targeting the receptor geneti-
cally, it is necessary to further address AhR ligands, such
as tryptophan metabolites, which may be altered by a
high-fat diet and genetic background. A further limita-
tion of our study is the prior reports, suggesting that Ahr
deficiency can lead to aberrations in growth and organ
development.*®#? Still, as our mouse model is nonin-
ducible, potential embryonic-derived alterations cannot
be excluded. Nevertheless, our model, which leverages
the receptor’s genetic deficiency, offers a sophisticated
approach to studying the receptor’s role.

CONCLUSIONS AND OUTLOOK

In conclusion, our study demonstrated that the lack of
AhR in Apoe~~ mice reduces the development of athero-
sclerotic plaques. It is plausible that this effect originates
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in the liver, where the absence of Ahr significantly impacts
lipid metabolism. This eventually affected plasma lipid
levels, which, in turn, influenced lesion size. Despite the
high circulating leukocyte levels, lipid metabolism had
a dominant impact on plaque development. Our study
reveals a major role of the AhR as a lipid mediator in ath-
erosclerotic cardiovascular disease, indicating its poten-
tial as a novel therapeutic target.
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