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ABSTRACT
The aryl hydrocarbon receptor (AHR) is an orphan nuclear receptor with a primary function of mediating
xenobiotic metabolism through transcriptional activation of Phase I and Phase II drug-metabolizing enzymes.
$OWKRXJKQRKLJKDI¿QLW\SK\VLRORJLFDODFWLYDWRUVRI$+5KDYHEHHQGLVFRYHUHGWKHHQGRJHQRXVVLJQDOLQJRI
the AHR pathway is believed to play an important role in the development and function of the cardiovascular
V\VWHP EDVHG RQ WKH REVHUYDWLRQV RQ ahr JHQHGH¿FLHQW PLFH 7KH$+5 NQRFNRXW PLFH GHYHORS FDUGLDF
K\SHUWURSK\DEQRUPDOYDVFXODUVWUXFWXUHLQPXOWLSOHRUJDQVDQGDOWHUHGEORRGSUHVVXUHGHSHQGLQJRQWKHLU
KRVWHQYLURQPHQW,QWKLVUHYLHZWKHHQGRJHQRXVUROHRI$+5LQFDUGLRYDVFXODUSK\VLRORJ\LQFOXGLQJKHDUW
IXQFWLRQYDVFXODUGHYHORSPHQWDQGEORRGSUHVVXUHUHJXODWLRQKDVEHHQVXPPDUL]HGDQGGLVFXVVHG

Key words: $U\OK\GURFDUERQUHFHSWRUEORRGSUHVVXUHFDUGLDFK\SHUWURSK\K\SHUWHQVLRQK\SRWHQVLRQ

INTRODUCTION

The aryl hydrocarbon receptor (AHR) is a transcription
factor that belongs to the basic helix-loop-helix /3(5
$5176,0 IDPLO\ RI  '1$ ELQGLQJ SURWHLQV 7KHUH
are two major categories of environmental compounds
that activate AHR signaling: halogenated aromatic
K\GURFDUERQV +$+ VXFKDVWHWUDFKORURGLEHQ]R
p-dioxin (TCDD) and polycyclic aromatic hydrocarbons
3$+ VXFKDVEHQ]R a)pyrene. Unliganded AHR forms a
complex including two copies of 90kD a heat shock protein
+63  RQH ;DVVRFLDWHG SURWHLQ ;$3  DQG RQH S
molecular chaperone protein in the cytoplasm.[1-4] After
being activated by its ligands, cytoplasmic AHR translocates
into the nucleus, disassociates from the chaperone complex,
GLPHUL]HV ZLWK WKH DU\O K\GURFDUERQ UHFHSWRU QXFOHDU

WUDQVORFDWRU $517  DQG WUDQVDFWLYDWHV WDUJHW JHQHV
through binding to dioxin response elements (DRE) in
SURPRWHUUHJLRQV$+5WDUJHWJHQHVLQFOXGH3KDVH,DQG
3KDVH,,PHWDEROLFHQ]\PHVVXFKDVF\WRFKURPH3$
&<3$  F\WRFKURPH 3 % &<3%  1$' 3
+ 4XLQRQH R[LGRUHGXFWDVH , 142  DQG DOGHK\GH
dehydrogenase 3 (ALHD3A1) [Figure 1]. The induction of
[HQRELRWLFPHWDEROL]LQJHQ]\PHVIROORZLQJ$+5DFWLYDWLRQ
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Figure 1: Aryl hydrocarbon receptor signaling pathway
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Figure 2: Aryl hydrocarbon receptor structure

is considered, at least in part, an adaptive response of
the organism to its environment, which could decrease
WKHSRWHQWLDOWR[LFLW\RI IRUHLJQFKHPLFDOV2QWKHRWKHU
hand, activation of AHR also mediates the toxicity of its
environmental ligands.
7KH$+5PROHFXOHYDULHVVLJQLÀFDQWO\DFURVVVSHFLHVLQ
mediating TCDD toxicity,[5] as well as in molecular weight
by almost 30kD, which is primarily due to the different
positions of the translational termination codon.[6] Four
murine AHR alleles, AHRb-1, AHRb-2, AHRb-3 and AHRd,
have been found and cloned from different inbred and
wild mouse strains.[6-9] The AHRd receptor has a lower
OLJDQGELQGLQJDIÀQLW\FRPSDUHGWRWKH$+5b-1 and AHRb-2
alleles.[9] The AHRb-1 DOOHOHHQFRGHVDSURWHLQRI DPLQR
acids, the AHRb-2 and AHRdDOOHOHVHQFRGHSURWHLQVRI 
amino acids, and the AHRb-3DOOHOHHQFRGHVDSURWHLQRI 
amino acids. All proteins of the four alleles contain a basic
KHOL[ORRSKHOL[PRWLI  E+/+ 3(5$5176,0 3$6 
domain and a transactivation domain (TAD), and their
varied amino acids exist at the carboxyl end.[6] [Figure 2].
+XPDQ$+5LVLGHQWLFDOWRPRXVH$+5DW1WHUPLQXV
and has 60% identity with mouse AHR at C-terminus.[6] An
AlaȺ9DO polymorphism is responsible for the reduced
OLJDQGELQGLQJ DIÀQLW\ RI  WKH $+5d receptor compared
with the AHRb-2 receptor in both rodent and human.[9,10]
Through evolution of multicellular organisms, the function
of AHR in environmental adaption has also been put to
XVH LQ LPSRUWDQW SK\VLRORJLFDO SURFHVVHV $+5 P51$
is expressed in multiple human tissues, with the highest
expression in the placenta, relatively high expression in the
lung, heart, pancreas and liver, and lowest expression in
the kidney, brain and skeletal muscle.[11] ,WVP51$KDVDOVR
been detected in multiple vascular beds in human, including
pulmonary microvasclature, aortic arch and umbilical
vein.[12,13] In the absence of exogenous ligands, the intrinsic
activity of AHR signaling is subject to regulation by either
endogenous ligands, including 2-(1’H-indole-3’-carbonyl)WKLD]ROHFDUER[\OLFDFLGPHWK\OHVWHUDUDFKLGRQLFDFLG
metabolites, such as prostaglandinG2 and lipoxin4A, and
heme metabolites, such as bilirubin; or nonligand activators,
VXFK DV VKHDU VWUHVV F$03 DQG PRGLÀHG ORZGHQVLW\
lipoprotein (LDL).[14-22] Although none of these factors
KDYHEHHQSURYHGDVKLJKDIÀQLW\SK\VLRORJLFDODFWLYDWRUV
of AHR, the endogenous function of AHR signaling,
including heart function, vascular development and blood
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SUHVVXUHUHJXODWLRQKDVEHHQFKDUDFWHUL]HGXVLQJahr geneGHÀFLHQWPLFH'XHWRWKHQDWXUHRI $+5DPHGLDWRURI 
[HQRELRWLFVDQGDSRWHQWLDOWDUJHWLQJHQHWLFPRGLÀFDWLRQ
of cardiovascular function, in this review, the function of
WKLVUHFHSWRULQWKHFDUGLRYDVFXODUV\VWHPLVVXPPDUL]HG
and discussed, which may shed light on the development
of a new therapeutic methodology in cardiovascular disease
prevention and treatment.
ARYL HYDROCARBON RECEPTOR IN HEART
FUNCTION

In the 1990s, AHR-deficient mice were developed
independently in three labs, by either deleting exon 1[23,24] or
exon 2[25] of the gene. All three AHR-null mice had a mixed
&%/ïEDFNJURXQGDQGGLVSOD\HGDVORZHUJURZWK
UDWHZLWKLQWKHÀUVWIHZZHHNVDIWHUELUWK7&''UHVLVWDQFH
IDLOXUH RI  [HQRELRWLF &<3$ DQG &<3$ LQGXFWLRQ
maintained but decreased fertility and liver pathology.
The function of endogenous AHR signaling in heart
development and physiology remained contradictory. AHRGHÀFLHQWPLFHGHYHORSFDUGLDFK\SHUWURSK\DQGÀEURVLVLQ
adulthood with a sophisticated mechanism.>@ Early
FKDUDFWHUL]DWLRQRI WKHHQODUJHGKHDUWLQ$+5QXOOPLFH
suggested that enhanced vascular endothelial growth factor
(VEGF) expression may contribute to the hypertrophy
phenotype.>@,Q9DVTXH]et al., reported increased
VL]H RI  FDUGLRP\RF\WHV DQG DQ DQDWRPLF UHPRGHOLQJ
without typical features of molecular remodeling, which
was not consistent with hypertrophic growth secondary to
pressure or volume overload.>@ This suggested an intrinsic
UROHRI $+5LQFDUGLRP\RF\WHVL]HFRQWURO,QWKHVDPH
year, Lund et al., indicated that cardiac hypertrophy in
AHR-null mice was associated with high systemic arterial
blood pressure as well as increased circulating angiotensin
II (Ang II) and plasma endothelin-1 (ET-1) level.[29] This
cardiac hypertrophic phenotype was primarily mediated
by elevated circulating ET-1, thus treatment with BQ-123,
an ETA UHFHSWRU DQWDJRQLVW VLJQLÀFDQWO\ DWWHQXDWHG WKH
SKHQRW\SH DV ZHOO DV WKH P51$ H[SUHVVLRQ RI  FDUGLDF
K\SHUWURSK\PDUNHUVDWULDOQDWULXUHWLFIDFWRU $1) DQG
ƢP\RVLQKHDY\FKDLQ Ƣ0+& [30]&DUGLDFÀEURVLVZHUH
observed by both groups in AHR-null mice, suggesting
a functional remodeling of the heart. A further study on
altitude acclimated low blood pressure AHR knockout
mice revealed that the hypertrophied heart is more likely
a compensatory physiological effect to increase cardiac
output in an attempt to increase blood pressure.[31] This
is consistent with the absence of pathological cardiac
K\SHUWURSK\ PDUNHUV UHSRUWHG E\ 9DVTXH] et al.>@ A
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recent study on AHR-null mice also indicated cardiac
K\SHUWURSK\ DQG ÀEURVLV ZKLFK PLJKW LQYROYH 9DY DQ
DFWLYDWRURI 5KR5DF*73DVHVUHJXODWHGE\$+5[32] The
authors also demonstrated a thickening of arterial media
wall and increased number of vascular smooth muscle
cells in arterial walls. All the research data above, although
inconsistently, suggest that local AHR signaling contributes
WRWKHGHYHORSPHQWRI FDUGLDFK\SHUWURSK\DQGÀEURVLV
WKDWUHÁHFWVDFDUGLDFIXQFWLRQDOUHPRGHOLQJ
ARYL HYDROCARBON RECEPTOR IN VASCULAR
DEVELOPMENT

The role of endogenous AHR in vascular development
is also uncovered from the research on AHR knockout
mice, which exhibit a spectrum of hepatic defects,
LQFOXGLQJSRUWDOÀEURVLVDQGDVPDOOHUOLYHU7KHPHFKDQLVP
underlying the liver defect seems due to fetal hepatic
necrosis caused by compromised perfusion,[33,34] and
partially resulted from a patent ductus venosus in
adulthood, which is mediated by loss of AHR in endothelial
FHOOV VSHFLÀFDOO\[34-36] Abnormal vascular structures have
also been reported in the liver, kidney and hyaloid of AHR
knockout mice.[35] A further investigation showed that the
mice carrying the hypomorphic AHR allele also develop
patent ductus venosus, which could be rescued by TCDD
treatment.[34],QDGGLWLRQQXFOHDUWUDQVORFDWLRQDQG'1$
binding abilities of AHR are both required in the closure
of ductus venosus, suggesting a transactivation mechanism
in this particular endogenous AHR function.>@ Taken
together, these two models suggest that the endogenous
and exogenous ligand-activated AHR signaling may share
the same signal transduction mechanism in mediating
vascular development.
ARYL HYDROCARBON RECEPTOR IN BLOOD
PRESSURE REGULATION

The role of the AHR agonist, TCDD, in inducing high
blood pressure has been demonstrated in both epidemiology
studies and research using mouse models, in which AHRPHGLDWHG F\WRFKURPH 3 RYHUH[SUHVVLRQ PD\ EH
involved.[39-43] Due to the similarity between endogenous
and exogenous AHR signaling, it is not surprising that
endogenous AHR also contributes to blood pressure
regulation in addition to the cardiovascular development
PHQWLRQHGDERYH$QHVWKHWL]HG$+5QXOOPLFHZHUHÀUVW
found hypotensive in the absence of a heart rate difference
at eight months of age.>@ The authors also reported a
decreased cardiac output caused by diminished stroke
volume in four-month-old AHR knockout mice.>@ This
Journal of Cardiovascular Disease Research Vol. 2 / No 2

ÀQGLQJVXJJHVWHGDUROHRI $+5LQFDXVLQJK\SRWHQVLRQE\
decreasing cardiac function. Later in the same year, Lund
et al., reported high blood pressure in conscious AHR-null
mice, associated with elevated circulating Ang II and ET-1
levels.[29] ,Q WKLV VWXG\ DQJLRWHQVLQ FRQYHUWLQJ HQ]\PH
EORFNDGHE\FDSWRSULODWWHQXDWHGEXWGLGQRWQRUPDOL]H
elevated arterial blood pressure. Subsequently, ET-1 was
LGHQWLÀHGDVWKHSULPDU\IDFWRUFDXVLQJKLJKDUWHULDOEORRG
pressure in those AHR-null mice.[30] Treatment with BQ123, an ETA receptor blocker, dramatically attenuated mean
arterial blood pressure as well as plasma Ang II levels in
AHR-null mice, suggesting increased Ang II as a secondary
effect of ET-1 elevation. Another group also reported
elevated arterial blood pressure in AHR-null mice, which
ZDV QRUPDOL]HG E\ FDSWRSULO WUHDWPHQW[44] Their model
DOVRVXJJHVWHGDQLQFUHDVHRI YDVFXODUơ'DGUHQRFHSWRU
expression that was involved in the hypertensive phenotype.
Interestingly, both groups reported hypertension in AHRQXOOPLFHORFDWHGDWPLOGKLJKDOWLWXGH $OEXTXHUTXH10
1620m; Mexico City, 2240m). A further investigation of
blood pressure in AHR-null mice indicated that loss of
endogenous AHR signaling in mice led to hypotension at
sea level and hypertension at mild high altitude, which was
caused by different atmospheric oxygen levels.[12]
A recent study performed by the group in Albuquerque
comprehensively investigated the role of AHR in blood
SUHVVXUH UHJXODWLRQ XVLQJ $+5 KHWHUR]\JRXV DQG QXOO
mice.[31] Their up-to-date data indicated a very interesting
phenotype of AHR-null mice. After living for a few years
at high altitude, the AHR null mice have a hypotensive
phenotype, which mimics the blood pressure phenotype
observed at sea level. Additionally, the former proposed
mediators of high blood pressure, including high circulating
Ang II and ET-1 levels, no longer occur in these animals.
This suggests that the AHR-null mice in Albuquerque have
physiologically adapted to the altitude and exhibit a blood
pressure phenotype consistent with sea level animals. The
K\SRWHQVLYH$+5QXOOPLFHH[KLELWDVLJQLÀFDQWO\KLJKHU
OHYHO RI  HQGRWKHOLDO QLWULF R[LGH V\QWKDVH H126  DQG
HQKDQFHGYDVFXODUQLWULFR[LGH 12 SURGXFWLRQFRPSDUHG
WRERWKZLOGW\SHDQG$+5KHWHUR]\JRXVPLFHZKLFKERWK
have normal blood pressure. However, this is not likely the
FDXVHRI K\SRWHQVLRQLQ$+5QXOOPLFHVLQFH1ƹ-nitro/DUJLQLQH /11$ DQRQVHOHFWLYHQLWULFR[LGHV\QWKDVH
126  EORFNHU IDLOHG WR QRUPDOL]H WKH EORRG SUHVVXUH
0RUHRYHU QHLWKHU SUD]RVLQ DQ DOSKD DGUHQRFHSWRU
antagonist, nor hexamethonium, a ganglionic blocker
treatment, causes any differences in the blood pressure
FKDQJH DPRQJ $+5 ZLOGW\SH KHWHUR]\JRXV DQG QXOO
mice, suggesting an intact sympathetic activity in the blood
pressure regulation of AHR-null mice. However, a research
93
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JURXSLQ6SDLQ6DODPDQFD P FRPSDUHG$+5QXOO
and Vav3-null mice, which developed similar cardiovascular
remodeling and blood pressure, and suggested that the
hypertension of AHR-null mice is mediated by Vav3
through a sympathoexcitation mechanism.[32] Although
the role of AHR in blood pressure regulation remains to
be elucidated, there is no doubt that AHR could serve as
a target in the treatment of high blood pressure and other
12GHSHQGHQWYDVFXODUGLVHDVHV
CONCLUSIONS

3.

4.

5.

6.



Most cardiovascular diseases are attributed to long term,
repeated functional interruption and deposition of harmful
factors in the cardiovascular system. The role of AHR in
mediating xenobiotics-induced vascular damage has been
well documented. However, the research results on the role
of endogenous AHR in vascular homeostasis and blood
pressure regulation still remain contradictory. From all the
research on ahrJHQHGHÀFLHQWPLFHWKHUHLVQRGRXEWWKDW
AHR is one of the most important factors in maintaining
blood pressure stability in those animals. The mechanism
of more than 90% of the cases of human hypertension is
unknown and ahr gene polymorphism has been detected
in humans.[45] Therefore epidemiology research to correlate
ahr gene polymorphism, altitude of residence and blood
pressure phenotype will provide valuable insight into the
UROHRI $+5LQKXPDQEORRGSUHVVXUHFRQWURO2QWKH
other hand, endothelium-derived nitric oxide production is
a critical prognostic parameter in vascular function. Further
XQGHUVWDQGLQJRI WKHUROHRI $+5LQ12JHQHUDWLRQLQ
vasculature endothelium and vascular remodeling will also
contribute to the prevention of vascular diseases, such
as atherosclerosis. The nature of cardiovascular diseases
suggests a multifactorial etiology and a long-lasting disease
development process. The endogenous AHR signaling
represents a very promising target for cardiovascular
disease prevention and treatment due to its role in heart
and vascular physiology, blood pressure regulation and
YDVFXODU12JHQHUDWLRQ7KXVWKH$+5IXQFWLRQLQWKH
cardiovascular system requires careful and comprehensive
investigation with employment of true littermate animals
with a pure genetic background and well-controlled animal
husbandry environment.
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