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mitochondrial homeostasis in mice

Check for
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Mi Jeong Heo ', Ji Ho Suh’, Sung Ho Lee 2, Kyle L. Poulsen ', Yu A. An', Bhagavatula Moorthy >*,
Sean M. Hartig >, David D. Moore ®”>**, Kang Ho Kim "%

ABSTRACT

Objective: Mitophagy removes damaged mitochondria to maintain cellular homeostasis. Aryl hydrocarbon receptor (AhR) expression in the liver
plays a crucial role in supporting normal liver functions, but its impact on mitochondrial function is unclear. Here, we identified a new role of AhR
in the regulation of mitophagy to control hepatic energy homeostasis.

Methods: In this study, we utilized primary hepatocytes from AhR knockout (KO) mice and AhR knockdown AML12 hepatocytes. An endogenous
AhR ligand, kynurenine (Kyn), was used to activate AnR in AML12 hepatocytes. Mitochondrial function and mitophagy process were compre-
hensively assessed by MitoSOX and mt-Keima fluorescence imaging, Seahorse XF-based oxygen consumption rate measurement, and Mitoplate
S-1 mitochondrial substrate utilization analysis.

Results: Transcriptomic analysis indicated that mitochondria-related gene sets were dysregulated in AhR KO liver. In both primary mouse
hepatocytes and AML12 hepatocyte cell lines, AhR inhibition strongly suppressed mitochondrial respiration rate and substrate utilization. AhR
inhibition also blunted the fasting response of several essential autophagy genes and the mitophagy process. We further identified BCL2
interacting protein 3 (BNIP3), a mitophagy receptor that senses nutrient stress, as an AhR target gene. AhR is directly recruited to the Bnip3
genomic locus, and Bnip3 transcription was enhanced by AhR endogenous ligand treatment in wild-type liver and abolished entirely in AhR KO
liver. Mechanistically, overexpression of Bnip3in AhR knockdown cells mitigated the production of mitochondrial reactive oxygen species (ROS)
and restored functional mitophagy.

Conclusions: AnhR regulation of the mitophagy receptor BNIP3 coordinates hepatic mitochondrial function. Loss of AhR induces mitochondrial
ROS production and impairs mitochondrial respiration. These findings provide new insight into how endogenous AhR governs hepatic mito-

chondrial homeostasis.
© 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION Autophagic degradation of mitochondria, also known as mitophagy,

regulates mitochondrial quality by selectively removing damaged

The mitochondrion is an essential organelle for metabolism and energy
homeostasis. Nutrient demands cause dynamic morphology changes
and functional responses through mitochondrial fusion, fission, and
mitophagy processes [1]. For example, an energy-deprived condition
such as calorie restriction and prolonged fasting induces mitochondrial
fusion and stimulates mitophagy, which effectively removes damaged
mitochondria and restores mitochondrial function [2,3].

mitochondria [4]. Mitophagy can be initiated by ubiquitin-autophagy
adaptors or direct mitophagy receptors to recruit autophagy machin-
ery to mitochondria [5]. The Pink1-Parkin signaling pathway is the best
known ubiquitin-dependent mitophagy mechanism. The protein kinase
PINK1 activates the E3 ubiquitin ligase Parkin on the outer membrane
of damaged mitochondria, which collectively induces subsequent
catabolism of mitochondria by autophagosome formation [6]. The
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alternate mitophagy receptor-mediated pathway is promoted by the
interaction between LC3 and key mitophagy receptors, which directly
recruits autophagosomes to mitochondria [7]. Several mitophagy re-
ceptors have been reported, including Bcl2/adenovirus E1B 19 kDa
protein-interacting protein 3 (BNIP3), BCL2/adenovirus E1B 19 kDa
protein-interacting protein 3 like (BNIP3L, also called NIX), and Fun14
Domain containing 1 [8]. Although several stress-activated transcrip-
tion factors regulate BNIP3 and NIX mitophagy receptor expressions
under specific disease contexts [9,10], little is known about the reg-
ulatory mechanisms of mitophagy receptor-mediated autophagic
processes in the liver, particularly during normal physiology.

The aryl hydrocarbon receptor (AhR) is a ligand-activated basic helix-
loop-helix transcription factor and the inactive form is predominantly
located in the cytosol [11]. Binding of an AhR ligand dissociates
chaperone proteins from AhR to promote translocation into the nucleus
and enable target gene regulation. AhR is expressed in various organs,
such as the liver, lung, and immune cells for the sensing of environ-
mental signals and activation of multiple biological processes [12]. The
most well-characterized AhR function is its role as a xenobiotic sensor
to accelerate toxicant and xenobiotic metabolism in various organs
[13]. In parallel, additional studies using AhR knockout (AhR KO) mice
and AhR endogenous ligands such as kynurenine (Kyn) highlight
endogenous AhR functions in the cardiovascular, gastrointestinal,
nervous, and immune systems [14]. Initial studies identified that AhR
mediates harmful effects of toxic environmental chemicals like dioxin,
partly through increased mitochondrial reactive oxygen species (ROS)
production and impaired mitochondrial function [15,16]. However,
detrimental effects of AhR ablation have been documented in organ
development and are closely associated with mitochondrial dysfunc-
tion [17,18]. These discrepant results suggest diverse AhR effects in
tissue-, age-, and context-dependent manner.

In the current study, we uncovered a novel impact of AhR function on
hepatic mitochondrial homeostasis. Our data indicate that AhR inhi-
bition impairs mitochondrial function, which is linked to induced
mitochondrial ROS and defective mitophagy. Mechanistically, we
identified BNIP3 as a direct target of AhR to regulate AhR-dependent
mitophagy. These results present significant new insight into AhR
function in hepatic mitochondrial homeostasis.

2. MATERIALS AND METHODS

2.1. Materials

Kynurenine (K8625) and bafilomycin A1 (bafl, 196000) were pur-
chased from Sigma Aldrich (St.Louis, MO). Anti -actin (4967s), anti-
phospho-Drp1 Ser616 (3455), anti-p62 (5144), anti-LC3A (4599), anti-
Tom20 (42406S), and secondary antibodies, horseradish peroxidase-
conjugated anti-rabbit (G-21234) and anti-mouse (G-21040) lgGs
were purchased from Cell Signaling Technology (Beverley, MA). Anti-
bodies against BNIP3 (nbp1-77683s), LC3A (NB100-2331), and LC3B
(NB600-1384) were obtained from Novus Biologicals (Littleton, CO).
Anti-COX IV (ab14744) was purchased from Abcam (Cambridge, MA).
Fluorescence secondary antibodies anti-mouse IgG Alexa Fluor 488
(A11029) and anti-rabbit IgG Alexa Fluor 568 (A11036) were obtained
from Thermo Scientific (Waltham, MA).

2.2. Gene Expression Omnibus data

Transcriptome data from AhR KO mice with AhR ligand TCDD (2,3,7,8-
tetrachlorodibenzo-p-dioxin) treatment and primary hepatocytes
treated with TCDD were downloaded from Gene Expression Omnibus
(GEOQ, https://www.ncbi.nlm.nih.gov/geo/). For Gene ontology analysis
of GSE15858, DAVID 6.7 (http://david.avce.ncifcrf.gov/ref) online

bioinformatics was used. GSE15858, GSE10082, and GSE17925 were
analyzed using gene set enrichment analysis (GSEA) 4.2.3 software.
‘Gene ontology (GO) and ‘canonical pathways’ from Molecular
Signature Database (MSigDB, http://software.broadinstitute.org/gsea/
msigdb) v6.2 was employed. False discovery rate (FDR) was used
for the statistical significance assessment of the normalized enrich-
ment score (NES). Liver AhR ChiP-seq data (GSE97634, GSM2573807)
were processed at the Cistrome DataBase analysis tool (http://
cistrome.org) and transferred to UCSC Genome Browser for
visualization.

2.3. Animal studies

All animal studies and procedures were approved by the Institutional
Animal Care and Use Committee of Baylor College of Medicine. All mice
used were male and had C57BL/6 background. The 8-weeks old AhR
KO mice and littermates were fed ad libitum or fasted for 24 h and
euthanized for tissue collection. Harvested liver tissues were imme-
diately frozen in liquid nitrogen for further studies.

2.4. Oxygen consumption rate measurement

Primary hepatocytes were plated on XF96 cell culture microplate
(101085-004; Agilent) and cultured in William’s E medium overnight.
The rest of the process was performed according to the manufac-
turer’s protocol. For SeaHorse assay, oligomycin at 2 puM, FCCP at
2 1M, and rotenone/antimycin at 0.5 uM (103015-100; Agilent) were
administered to the cells in SeaHorse XF assay medium (102365-100;
Agilent) supplemented with glucose and pyruvate.

2.5. Mitochondrial fractionation

Mitochondria were isolated by Mitochondria/Cytosol Fractionation Kit
(ab65320, Abcam). Briefly, the cells were suspended in Cytosolic
Extraction Buffer Mix and incubated on ice for 10 min, and then ho-
mogenized. Homogenates were centrifuged at 700 g for 10 min, and
the supernatant was collected. Cellular debris was separated by
centrifugation at 10,000 g for 30 min at 4 °C. The pellets containing
the crude mitochondria were lysed in the Mitochondrial Extraction
Buffer Mix, and mitochondrial protein was prepared for the
immunoblotting.

2.6. Mitochondrial ROS measurement

Mitochondrial ROS was measured using MitoSOX Red Mitochondrial
Superoxide Indicator (Life Technologies) for 20 min as per the man-
ufacturer’s instructions. AML12 cells were seeded in a black 96 well
plate with clear bottom, and MitoSOX dye in HBSS buffer was added.
Fluorescence was measured using Cytation 5 microplate reader
(BioTek) at 510 nm excitation and 580 nm emission wavelengths and
normalized to the total protein levels.

2.7. Primary hepatocytes and cell lines

Primary hepatocytes were isolated from C57BL/6 mice. Under deep
anesthesia with Isofluorane, livers were perfused with Earle’s balanced
salt solution containing 5 mM EGTA, followed by continuous collage-
nase in Hank’s balanced salt solution. The liver was removed and
massaged to obtain dissociated cells in the hepatocytes wash medium
(17704-024; Invitrogen). The cell suspension was filtered through the
cell strainer (70 um) and purified with 40% Percoll gradient. Then the
cells were cultured in William’s E medium (12551; Invitrogen). Kyn was
treated at 4—6 h after the initial plating. AML12 cells were maintained
in DMEM/F12 high glucose (Invitrogen, # 11330-057) supplemented
with 10% FBS, 1% ITS, 1% penicillin/streptomycin antibiotics, and
40 ng/mL dexamethasone. HEK293 cells were maintained in high
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glucose DMEM (Genedepot, # CM002-050) supplemented with 10%
FBS, 1% penicillin/streptomycin antibiotics. For starvation, an HBSS
medium with Ca>* and Mg?* supplemented with 10 mM HEPES
(Invitrogen, # 15630) was used.

2.8. Real-time PCR quantification

Total RNA was isolated using TRIzol reagent (15596; Thermo Fisher
Scientific) and cDNA was synthesized by qScript cDNA Synthesis Kit
(95047; Quanta Biosciences). Gene expression level was determined
by real-time PCR using LightCycler 480 Real-Time PCR System (Roche)
with KAPA SYBR FAST Universal gPCR Master Mix (KK 4618; Kapa
Biosystems). Relative mRNA level was calculated with the delta—delta
Ct method and normalized by Tbp or 36b4 genes. Primer information
can be found in Supplementary Table S1.

2.9. Transient transfection

The plasmid encoding for Bnip3 was purchased from Addgene (http://
www.addgene.org). For the siRNA-mediated knockdown experiment,
scrambled siRNA control (siCon) and siRNAs targeting AhR (siAhR, sc-
29655) were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Cells were transfected with the indicated plasmid (1 pg) and each
siRNA (50 pmol) using lipofectamine 2000 (Invitrogen) or RNAIMAX
(Invitrogen) according to the manufacturer’s instructions.

2.10. Mitoplate S-1 mitochondrial function assay

Mitochondrial substrate utilization was measured by Mitoplate S-1
assay following the manufacturer’s instructions. Briefly, the assay mix
containing 2x Biolog MAS, 6x Redox Dye MC, and saponin was
dispensed into the plate and incubated at 37 °C for 1 h. Cells trans-
fected with siAhR or siCon for 48 h were harvested and resuspended in
1x Biolog MAS and dispensed into each well of a MitoPlate (final
concentration of saponin 30 pg/mL). Load the MicroPlate into an
OmniLog® for kinetic reading of the rate of purple color formation at
0Dsgo.

2.11. Immunohistochemistry

Formalin-fixed and paraffin-embedded liver specimens were prepared
for histology. Liver sections (4 pum) deparaffinized and rehydrated were
then incubated with primary antibodies against LC3A and BNIP3
overnight. Subsequently, the sections were incubated in biotinylated
rabbit-specific secondary antibody (Abcam, ab64621) for 1 h at room
temperature and streptavidin for 10 min. The reaction was revealed by
using 3,3’-diaminobenzidine. The intensity was quantified by Image J
software.

2.12. Immunoblot analysis

Cells and liver tissues were solubilized in RIPA buffer (25 mM Tris—
HCL [pH 7.6], 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate,
0.1% SDS, and 1 mM EDTA) supplemented with protease and phos-
phatase inhibitors. Protein concentration was determined using
Pierce™ BCA Protein Assay Kit (Thermo Scientific, Rockford, IL).
Proteins were resolved through gel electrophoresis and transferred
onto a nitrocellulose membrane (Millipore, Bedford, MA). The mem-
brane was blocked with 5% non-fat dried milk in a TBST buffer (20 mM
Tris—HCI, 150 mM NaCl, and 0.1% Tween 20, pH 7.4) for 1 h and
incubated overnight with each primary antibody at 4 °C. After washing,
the membranes were incubated with secondary antibodies for 1 h at
room temperature. Equal loading of samples was verified by immu-
noblotting for B-actin. The band intensities were quantified using
Photoshop CS5 (Adobe Systems, San Jose, CA, USA).
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2.13. Mitophagy analysis

AML12 cells treated with siCon and siAhR were stained with Mito-
Tracker (Thermo Fisher Scientific, M7512) and LysoTracker (Thermo
Fisher Scientific, L7526) and then observed under a confocal micro-
scope. For mitophagy quantification, pMitophagy Keima-Red mPark2
was used according to the manufacturer’s protocols (MBL International
Corporation, WOBURN, MA). Briefly, cells were transfected with mixed
pMitophagy-mt-Keima-Red mPark2 and siCon, siAhR, or siAhR plus
Bnip3 plasmids, respectively. The mt-Keima signals were excited at
488 or 561 nm light, indicating mitochondria in the cytoplasm (green)
or the lysosomes (red).

2.14. Immunocytochemistry

AML12 cells were grown on a coverslip and fixed in a 4% para-
formaldehyde solution, followed by permeabilization with 0.3% Triton
X-100 (Sigma Aldrich). After washing with PBS, cells were immuno-
stained with antibodies against LC3A. Alexa Fluor 488—conjugated
anti-mouse IgG (1:500, Invitrogen, Carlsbad, CA, USA) was used as the
secondary antibody. Then, samples were mounted with media con-
taining Hoechst 33342 NucBlue® Live ReadyProbes TM Reagent
(Invitrogen, Carlsbad, CA, USA) and visualized by Leica TCS SPE
confocal microscope.

2.15. Chromatin immunoprecipitation (ChIP) assays

AML12 cells were transfected with pCMX and pCMX-Ahr using Lip-
ofectamine 2000. After 18 h, Kyn (100 uM) was treated for 4 h. The
cells were fixed with 1% formaldehyde and ChIP assay was performed
according to the protocol we previously described [19] with few
modifications. Chromatin was sheared by BioRuptor (Diagnenode) for
10 cycles (30 s on and 30 s off). Each DNA was incubated with IgG
(Santacruz, sc-2025) or anti-AHR antibody (Thermo Fisher, MA1513).
PCR was done using the primers flanking the putative AhR binding
sites located in the enhancer/promoter/intron regions of mouse
Cyp1atl and Bnip3 loci.

2.16. Luciferase reporter assay

The 3 copies of —10 kb Bnip3 enhancer region containing putative ARE
were cloned into the pGL3 basic vector (Promega). Mutation of vectors
were done by replacing the sequence of AhR binding element from 5’'-
TGGCGTGGCA-3’ (WT) to 5'-CGACGTGGAGC-3' (Mutl) or 5'-TGA-
TAGGGCA-3' (Mut2) (bolds indicate mutated bases). HEK293 cells
were transfected with pCMX and pCMX-Ahr using Lipofectamine 2000.
After 12 h, Kyn was treated for 24 h and luciferase activity was
measured according to the manufacturer’s instructions (Promega,
Madison, WI, USA).

2.17. Data analysis

Statistically significant differences were assessed by the Student’s t-
test or one-way analysis of variance tests followed by the Tukey or
Newman—Keuls methods for multiple comparisons. The data were
expressed as the mean &+ SEM. The coefficient of correlation was
determined by the Pearson correlation. The criterion for statistical
significance was set at P < 0.05 or P < 0.01.

3. RESULTS

3.1. Dysregulated hepatic mitochondrial function by AhR inhibition

Previous results showed that genetic ablation of AhR results in smaller
liver and hepatocyte sizes, potentially due to increased proliferation
and impaired polyploidy [20]. AhR deletion also showed accelerated
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hepatic injury and ROS production in response to high-fat diet and
alcohol treatment [21,22]. These findings suggest endogenous AhR
function supports liver development and function. To identify AhR-
modulated metabolic pathways, we analyzed public datasets of AhR
KO livers [23,24] and found that mitochondrial gene signature was
highly attenuated in AhR KO liver in Gene Ontology and Gene Set
Enrichment Analysis (Figure 1A and B). In addition, AhR activation by
TCDD was strongly associated with mitochondrial function and ROS
production in primary hepatocytes and the liver (Supplemental Fig. S1A
and B), suggesting a regulatory role of AhR on mitochondrial function.
To validate the AhR effect on mitochondrial function, we monitored ox-
ygen consumption rates (OCR) in AhR KO primary hepatocytes. Both basal

A)

toxin metabolic process

NADP metabolic process
drug metabolic process
oxidation—-reduction process

metabolic process

and maximal OCR levels were significantly suppressed in AhR KO primary
hepatocytes (Figure 2A). Decreased mitochondrial function in response to
AhR inhibition was associated with increased mitochondrial ROS stress,
as quantified by MitoSox (Figure 2B). Furthermore, MitoPlate S-1 analysis
showed that overall utilization of tricarboxylic acid cycle-specific sub-
strates (e.g., citrate and o-ketoglutarate) was broadly suppressed by AhR
inhibition (Figure 2C), suggesting that endogenous AhR function supports
basal mitochondrial function in the liver.

3.2. Defective mitophagy by AhR inhibition
Regulation of mitochondrial dynamics is essential for the maintenance
of mitochondrial homeostasis [25]. Prolonged starvation changes
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Figure 1: Decreased mitochondrial gene signatures in AhR KO. (A) Gene ontology analyses of AhR KO liver treated with TCDD (GSE15858). Down-regulated genes (fold change
>1.5, p-value < 0.05) in AhR KO livers were further analyzed for the enrichment of biological process (upper), cellular component (middle), and molecular function (lower) using
David bioinformatics software. Top 5 terms in each category were shown. (B) Gene set enrichment analysis of AhR KO liver with TCDD treatment (GSE10082). Enrichment plots are
shown enriched signaling pathways in WT (left) and AhR KO (right) livers with TCDD treatment.
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Figure 2: Mitochondrial dysfunction by AhR inhibition. (A) OCRs in mouse primary hepatocytes from WT or AhR KO mice. Real-time readings (upper) and indicated rates of
oxygen consumption (lower) are shown (n = 4 each, four to six replicates per group for each experiment). (B) Mitochondrial superoxide level was quantified by MitoSOX™ in siCon
or siAhR transfected AML12 cells. (C) Mitoplate S-1 assay to measure substrate-specific mitochondrial function. AML12 cells were transfected with siCon or siAhR for 48h. The
change in metabolic rate for each substrate/imtermediate of mitochondrial/glycolytic pathways is shown as a heatmap (upper) and significantly changed substrates for the TCA
cycle were shown as a bar graph (lower). Data represented the mean 4+ SEM, *p < 0.05, **p < 0.01. PPP; pentose phosphate pathway.

mitochondrial morphology and activates autophagy/mitophagy pro-
cesses [26]. Interestingly, GO analysis of AhR KO indicated that AhR
deletion reduced the expression of a group of genes involved in
autophagy and autophagosome formation (Figure 3A), suggesting a
role for AhR in the regulation of the autophagic process. Fasting
increased Ahr expression (Figure 3B), which is consistent with the
public dataset from fed/fasted liver (GSE108499). To gain insight into
how AhR affects autophagy-related gene expression, we further
investigated expression of key autophagy genes in AhR KO liver.
Fasting-induced expression of the autophagy marker Map7/c3a mRNA
was dysregulated (Figure 3C) and other autophagy-related gene ex-
pressions [19] were disrupted in the AnR KO liver (Figure 3D). At the
protein level, LC3A expression was also attenuated in response to AhR
inhibition, whereas AhR activation by the endogenous ligand kynur-
enine (Kyn) enhanced LC3A expression (Supplemental Fig. S2). These
findings suggest that AhR functions as a crucial regulator of the hepatic
autophagy process.

Since AhR inhibition largely attenuated mitochondrial function, we
questioned whether AhR-regulated autophagy directly targets mito-
chondria. We discovered that the autophagy marker LC3A was highly
enriched in the mitochondrial fraction, which was strongly suppressed
by AhR inhibition (Figure 4A). The mitochondria-targeting fluorescent

Keima protein (called mt-Keima) emits red fluorescence in the acidic
lysosome (pH 4.5—5) and green fluorescence in the cytoplasm, which
allows detection of mitophagy inside cells [27]. As shown in Figure 4B,
the control cells exhibited both green and red puncta, indicating normal
mitophagy, whereas AhR inhibition selectively decreased red
mitophagy signals. This observation was further confirmed by the
dramatic reduction in the overlay of mitochondria (MitoTracker) and
lysosome (LysoTracker) markers in response to AhR inhibition
(Figure 4C). These results indicate that AhR suppression results in
defective mitophagy, which is closely associated with mitochondrial
ROS accumulation as shown in Figure 2B.

3.3. BNIP3 as a direct transcriptional target of AhR

Stress conditions like starvation or hypoxia activate receptor-mediated
mitophagy mechanisms [28]. Since our data suggested that AhR might
regulate mitophagy, we assessed the expression of the well-described
mitophagy receptors BNIP3 and BNIP3L in fed or fasted wild-type and
AhR KO livers. Interestingly, Bnip3 expression was strongly upregu-
lated by fasting in wild-type livers (Figure 5A) and this was completely
prevented in AhR KO liver (Figure 5B). Moreover, we detected a strong
positive correlation between Ahr and Bnip3 transcription among the
samples (Figure 5C). Immunoblotting and IHC images confirmed that
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Figure 3: Attenuated autophagy gene expressions by AhR inhibition. (A) Gene set enrichment analysis of autophagosome and regulation of autophagy gene sets in AhR KO
livers. (B) The mRNA level of Ahr and autophagy marker Map7/c3a in the GEO dataset (GSE108299) and our real-time PCR (n = 6 or 7). Data represented the mean + SEM,
*p < 0.05, **p < 0.01. (C) The mRNA levels of Map1ic3ain WT and AhR KO livers during feeding and fasting (left, n = 3 or 4). Inmunohistochemical analysis of LC3a (middle) in
the fasted liver and quantification of LC3a expression (right) by Image J. Representative liver sections were shown (n = 3 each). Scale bar, 100 pm. (D) Gene expression analysis of
autophagy-related genes in WT and AhR KO livers during feeding and fasting. (B)—(D), data were shown as box and whisker plots. Box, interquartile range (IQR); whiskers, min to

the max; and horizontal line within box, median, *p < 0.05, **p < 0.01.

AnR suppressed BNIP3 expression (Figure 5D). Activation of AhR by the
endogenous agonist Kyn significantly increased Bnip3 transcription
and protein levels in primary hepatocytes and AML12 cells (Figure 5E).
In contrast, Bnip3/ level was not correlated with AhR activity and its
expression was unchanged during fasting and by Kyn treatment
(Supplemental Figs. S3A-C).

We further examined whether AhR directly serves as a direct transcrip-
tional regulator of the Bnip3 gene. Cistrome analysis of AhR ChIP seq data
(GSE97634) identified AhR recruitment to the —10 kb enhancer and
promoter regions of Bnip3 gene locus (Figure 5F), which have multiple
AhR-binding motifs (TGnnTG; data not shown). Our ChIP-PCR also
confirmed that AhR recruitment was significantly increased by Kyn
treatment (Figure 5G). The functional interaction of AhR with AhR binding
motifs at the Bnip3 enhancer region (—10 kb) was further validated in
luciferase reporter assays (Figure 5H). These data collectively suggest
that AhR is a direct upstream regulator of Bnip3 transcription.

3.4. Restored mitochondrial function by BNIP3 activation

To assess whether AhR regulation of mitophagy is dependent on
BNIP3, we transfected AML12 cells with siAhR or siAhR plus BNIP3-
overexpressing plasmid (Supplementary Fig. S4). As expected, AhR
inhibition suppressed LC3A expression, whereas BNIP3 overexpression
restored LC3A levels (Figure 6A). Mitochondria-associated LC3A-II

level was more sensitively regulated by AhR inhibition and BNIP3
overexpression (Figure 6B). Similarly, mitophagy-specific quantifica-
tion using mt-Keima identified that reduced mitophagy by AhR
knockdown was recovered upon BNIP3 overexpression (Figure 6C and
D), which was confirmed by colocalization of the mitochondria marker
(MitoTracker) and autophagy marker (LC3A) (Figure 6E and F). More-
over, increased mitochondrial ROS by AhR inhibition was entirely
reversed by BNIP3 overexpression (Figure 6G) and restored the mito-
chondrial functionality to utilize tricarboxylic acid cycle-specific sub-
strates in MitoPlate S-1 assay (Figure 6H). These results collectively
suggest a functional significance of AhR-BNIP3 axis on mitophagy
process and mitochondrial homeostasis.

4. DISCUSSION

AhR is an environmental sensor and a transcription factor with various
physiological and homeostatic functions. AhR function is still contro-
versial in liver pathology. Deletion of AhR induced liver fibrosis and liver
injury [29], but another study reported that activation of AhR accelerated
nonalcoholic steatohepatitis [30]. Generally, toxin-induced AhR activa-
tion is detrimental since it has been shown that AhR activation by
environmental toxicants such as dioxin induces cellular damage [31,32].
However, beneficial roles of AhR in several tissues, such as the liver [33]
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and intestine [34], have been documented. In the current study, we
focused on the endogenous and physiologic function of AhR in mito-
chondrial homeostasis. We discovered that AhR inhibition decreases
mitochondrial respiration and induces mitochondrial stress, which is in
line with previous reports that showed AhR inhibition suppressed NAD(P)
H quinone dehydrogenase 1 level and increased oxidative stress in
alcohol-challenged mice [22]. It has also been reported that AhR inhi-
bition induces oxidative stress and mitochondrial dysfunction [35,36].
These reports strongly support our observation that AhR is an essential
player in the maintenance of mitochondrial function.

Mitochondrial homeostasis is tightly regulated by mitochondrial fission/
fusion, mitophagy, and biogenesis pathways under various physio-
logical and pathological conditions [37]. We first hypothesized that
morphological dynamics might be affected by AhR, but our analysis of
fission and fusion gene expression showed that both fusion (Opa? and

MOLECULAR METABOLISM 72 (2023) 101717 © 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

www.molecularmetabolism.com

Mfn1) and fission genes (Drp7 and Mff) were decreased (Supplemental
Fig. S5). Other genes such as Mfn2 and Fis1 were unchanged. Instead,
we found that AhR regulates hepatic mitophagy. Consistent to our
demonstration using an endogenous hepatic AhR activation, environ-
mental toxicants such as TCDD directly affect autophagy and
mitophagy in other contexts [38,39]. For example, TCDD-activated AhR
enhances autophagy to ameliorate ROS-triggered cytotoxicity in
neuronal cells [40]. In human keratinocytes, benzo[a]pyrene induces
mitophagy in an AhR-dependent manner [41] and AhR knockdown
attenuated autophagy genes [42]. However, an opposing result also
has been documented [43], possibly due to the distinct biological
properties of xenobiotic and endobiotic AhR ligands in tissue- and
context-specific manner. Together, these results imply diverse effects
of AhR on autophagy in tissue-, ligand- or disease model-dependent
manner.
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Figure 5: Direct regulation of Bnip3 transcription by AhR. (A) The mRNA level of Bnip3 and Ahrin the GEO dataset (GSE46495) during fed and fasted conditions. (n = 5, each).
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Accumulation of damaged or dysfunctional mitochondria induces
oxidative stress, inflammation, and cell death in various liver diseases.
Elimination of damaged mitochondria is vital for normal liver function
and autophagy/mitophagy is essential for the maintenance of mito-
chondrial function. We first asked whether AhR directly modulates key
autophagy gene expression (Fig. 3). However, we did not observe AhR
binding to autophagy gene loci in our cistrome analysis (data not
shown). Instead, we identified a direct regulatory mechanism of AhR
on mitophagy processes through the key mitophagy receptor BNIP3.
BNIP3 is generally increased in stressful conditions and activates
mitochondrial surveillance programs [44]. One of the BNIP3-activating
signals is nutrient deprivation, as previously reported that glucagon
induces BNIP3-mediated mitophagy in hepatocytes [45]. Others also
showed that BNIP3 activation is generally protective against high fat-
induced liver damage [46] and hypoxia-reoxygenation apoptosis
[47]. These observations were compatible with our data indicating that
the AhR-BNIP3 axis mediates fasting-induced mitophagy and ulti-
mately reduces mitochondrial stress. However, further studies are
needed to define molecular mechanisms underlying the selective
regulation of autophagy genes by AhR.

Overall, we conclude that AhR regulation of BNIP3 activates mitophagy
in the liver. Inhibition of AhR impairs mitochondrial energetics and
increases mitochondrial ROS. These findings expand our knowledge of
how AhR signaling contributes to mitochondrial homeostasis in
response to nutrient-related cellular and/or organ stress. This study
suggests the utility of AhR targeting therapeutics for aberrant mito-
chondrial function in liver diseases.
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