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Abstract
Zinc has anti-inflammatory properties and is crucial for the integrity of vascular endothelial cells,
and the development and homeostasis of the cardiovascular system. The aryl hydrocarbon receptor
(AhR) which is expressed in the vascular endothelium also plays an important role in responses to
xenobiotic exposure and cardiovascular development. We hypothesize that cellular zinc can
modulate induction of AhR responsive genes in endothelial cells. To determine if zinc deficiency
can alter responses to AhR ligands, aortic endothelial cells were exposed to the AhR ligands 3,3’,
4,4’-tetrachlorobiphenyl (PCB77) or beta-naphthoflavone (β-NF) alone or in combination with the
membrane permeable zinc chelator TPEN, followed by measurements of the AhR responsive
cytochrome P450 enzymes CYP1A1 and 1B1. Compared to vehicle treated cells, both PCB77-
induced CYP1A1 activity (EROD) and mRNA expression were significantly reduced during zinc
deficiency. In addition, PCB77 and β-NF-mediated upregulation of CYP1A1 and CYP1B1 protein
expression was significantly reduced in zinc-deficient endothelial cells. The inhibition of CYP1A1
and CYP1B1 protein expression caused by zinc deficiency was reversible by cellular zinc
supplementation. Overall, our results strongly suggest that nutrition can modulate an environmental
toxicant-induced biological outcome and that adequate levels of individual nutrients such as zinc are
necessary for induction of AhR responsive genes in vascular endothelial cells.
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1. Introduction
The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that is normally
found in the cytoplasm and complexed with Hsp90, XAP2, Ara9 and p23. Upon activation,
the AhR complex goes through a conformational change that exposes a nuclear localization
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signal domain and triggers translocation from the cytosol to the cell nucleus where it forms a
complex with ARNT/HIF-1β. This complex recognizes specific enhancer domain sequences
in the promoter regions of responsive genes that are known as xenobiotic response elements
(XREs). The AhR/ARNT heterodimers stimulate transcription of Phase I and Phase II
xenobiotic metabolizing enzymes. Cytochrome P450 genes, specifically those belonging to the
CYP1 family (e.g. CYP1A1/2 and CYP1B1) are highly inducible by AhR activation, and the
molecular mechanisms involved in their regulation by AhR have been well characterized
(Fujii-Kuriyama and Mimura 2005; Puga et al. 2005). Although most of the research performed
on AhR has focused on its role in the molecular, biochemical, and toxic responses to xenobiotic
ligands, recent studies have also shown that the AhR plays a critical role in the development
of various organ systems and cardiovascular homeostasis (Savouret et al. 2003). For example,
mice that lack the AhR gene have been shown to suffer from cardiac fibrosis, hypertrophy,
increased left ventricular mass, increased expression of the cardiac hypertrophy markers β-
myosin heavy chain, and β-myosin light chain 2V and increased plasma levels of the vasoactive
agents angiotensin II and endothelin-1 (Fernandez-Salguero et al. 1997; Lund et al. 2003; Lund
et al. 2006). Such findings combined with the high degree of conservation of AhR among
species suggest that, in addition to orchestrating responses to exposure to xenobiotic ligands,
the AhR plays an important role in systemic homeostasis and development (Fujii-Kuriyama
and Mimura 2005). Little is known about nutritional modulation of AhR-mediated cell
signaling. The current study focuses on the micronutrient zinc, because of its importance in
regulating protein structure and cell signaling (Reiterer et al. 2006)

Zinc has multiple roles in maintaining the physiological conditions of the cardiovasculature
(Reiterer et al. 2006), and zinc may be critical in normal vascular development. For example,
zinc deficiency leads to decreased function of transcription factors associated with
cardiovascular development and homeostasis (e.g. PPARs □ and □ and GATA-4) (Duffy et al.
2004; Reiterer et al. 2004). Furthermore, a threshold activity of the zinc finger transcription
factors GATA4 and GATA6 is required for gene expression in the developing cardiovascular
system (Xin et al. 2006). There is also evidence that zinc may be critical for normal AhR
signaling. For example, both AhR and ARNT can interact with the zinc finger domain of Sp1
via their basic HLH/PAS domains (Kobayashi et al. 1996), and AhR can participate in induction
of the zinc finger transcription factor Slug, which, in turn, regulates cellular physiology
including cell adhesion and migration (Ikuta and Kawajiri 2006).

The objectives of the experiments described below were to determine if zinc plays a critical
role in AhR function in the vascular endothelium. Our data strongly suggests that zinc is
required for induction of the AhR responsive genes CYP1A1 and CYP1B1 upon endothelial
cell exposure to xenobiotic and non-toxic AhR ligands. Alterations in AhR function and
transcription present a novel mechanism for understanding induction of vascular diseases
associated with zinc deficiency and exposure to environmental pollutants such as AhR ligands.

2. Materials and Methods
2.1. Cell culture and experimental media

Endothelial cells were isolated from porcine pulmonary arteries and cultured as previously
described (Hennig et al. 1984). Cells were exposed to experimental media containing the
membrane-permeable zinc chelator N, N, N′, N′-Tetrakis - (2-pyridylmethyl) ethylenediamine
(TPEN) (Sigma-Aldrich, St. Louis, MO) with or without zinc supplementation (20 µmol/L)
and/or the AhR ligands PCB77 or β-naphthoflavone (β-NF) (Sigma-Aldrich, St. Louis, MO)
for 24 h. PCB77 was kindly provided by Dr. Larry W. Robertson (University of Iowa). The
control media were composed of culture media containing 0.05% of ethanol and up to 0.04%
of DMSO.
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2.2. Measurement of CYP1A activity
Cellular cytochrome P450 1A (CYP1A) activity was measured in intact endothelial cells grown
in 48 well plates (Costar, Corning Incorporated, NY) by ethoxyresorufin-o-deethylase (EROD)
activity assay as previously described (Ramadass et al. 2003; Stegeman et al. 1995). 7-
Ethoxyresorufin was used as a CYP1A substrate. CYP1A activity indicated by the fluorescence
of resorufin generated was measured using a Cytofluor 4000 plate reader (PE Biosystems,
Foster City, CA) with excitation and emission at 530 nm and 590 nm, respectively.

2.3. Measurement of CYP1A1 gene expression
Total RNA was extracted with Trizol reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s directions. cDNA was generated using the Reverse Transcription System
(Promega, Madison, WI). Gene expression of CYP1A1 was determined by RT-PCR. β-Actin
was used as an endogenous control for normalizing the expression of CYP1A1. Specific primer
sequences were synthesized by IDT Technologies, Inc, San Jose, CA. The primers used were:
CYP1A1, forward, 5'-TGGAGAGGCAAGAGTAGTTGG-3', and reverse, 5'-
GGCACAACGGAGTAGCTCATA-3; β-Actin, forward, 5’-
GGGACCTGACCGACTACCTC-3’, and reverse, 5’-GGGCGATGATCTTGATCTTC-3’.

2.4. Measurement of CYP1A1 and CYP1B1 protein expression
Cellular protein was extracted as previously described (Slim et al. 1999). Protein extracts were
electrophoresed on 8–10% SDS-polyacrylamide gels followed by transfer to nitrocellulose
membranes. The membranes were incubated in blocking solution for 1 hour followed by
incubation with a 1:1000 dilution of CYP1A1 goat polyclonal IgG (Santa Cruz Biotechnology,
Santa Cruz, CA) or CYP1B1 rabbit polyclonal IgG (Santa Cruz Biotechnology, Santa Cruz,
CA) or a 1:4000 dilution of β-Actin rabbit polyclonal IgG (Sigma, St. Louis, MO) in blocking
buffer overnight at 4°C. β-Actin was used as an endogenous control to normalize the expression
of proteins of interest. The membranes were then incubated with a mouse anti-goat or goat
anti-rabbit secondary antibody conjugated to horseradish peroxidase. Signals of the blots were
measured using the enhanced chemiluminescence (ECL) detection system (GE Healthcare,
Piscataway, NJ).

2.5. Statistical analysis
Statistical analysis was performed with SPSS 12.0 (SPSS, Inc., Chicago, IL). Data were
analyzed using one way ANOVA with post hoc comparisons of the means by LSD procedure.
Differences were considered significant at p < 0.05. Data are presented as means ± standard
error of the mean (SEM).

3. Results
3.1. Zinc deficiency reduces PCB77-induced CYP1A activity and CYP1A1 mRNA expression
in vascular endothelial cells

To determine if zinc deficiency can alter induction of the AhR responsive enzyme CYP1A1,
we first measured PCB77 induction of CYP1A1 activity by the EROD assay. As expected,
PCB77, a potent AhR agonist, significantly increased cellular CYP1A1 activity. Zinc
deficiency caused by TPEN treatment did not change basal CYP1A1 activity but significantly
reduced PCB77-induced CYP1A1 activity in vascular endothelial cells (Figure 1A). To
determine if zinc deficiency alters CYP1A1 induction, we measured CYP1A1 mRNA
expression in endothelial cells treated with PCB77 alone or in combination with TPEN. The
PCB77-mediated upregulation of CYP1A1 mRNA expression was significantly reduced
during zinc deficiency (Figure 1B).
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3.2. Zinc deficiency compromises PCB77-induced CYP1A1 and CYP1B1 protein expression
in vascular endothelial cells, which can be reversed with zinc supplementation

Western blot analysis demonstrated that the compromising effect of zinc deficiency on AhR
responsive protein expression could be reversed by zinc supplementation. Specifically, PCB77
significantly increased the cellular protein levels of CYP1A1 and CYP1B1, both major PCB-
inducible CYP1 enzymes. TPEN treatment alone did not affect expression of the two proteins,
but co-treatment with TPEN and PCB77 led to a significant reduction in the expression of both
enzymes. However, zinc supplementation of the TPEN-treated cell culture media reversed the
reduction of CYP1A1 and CYP1B1 observed during zinc deficiency (Figure 2).

To determine if the observations made above were specific not only to PCB77 exposure but
also relevant to other AhR ligands, similar experiments were performed using the non-toxic
AhR agonistβ-NF. Treatment with β-NF significantly induced CYP1A1 protein expression,
which was significantly reduced in TPEN-treated endothelial cells. When zinc was added back
to the cell cultures, CYP1A1 protein induction by β-NF was completely reversible (Figure 3).

4. Discussion
The results from the experiments described above suggest that induction of AhR responsive
genes in the endothelium is dependent on zinc availability, i.e., our data provide evidence that
zinc is required for proper induction of the AhR-CYP1 pathway. As predicted, both toxic
(PCB77) and non-toxic (β-NF) AhR ligands can markedly induce both mRNA and protein of
CYP1A1, as well as activity of CYP1A1. Induction of the CYP1A1 gene was markedly down-
regulated during zinc deficiency. This suggests that zinc deficiency can impair enzyme
function, or that zinc is critical for proper transcriptional or translational induction of gene
expression. Our data also suggest that the dysfunction of the AhR pathway is zinc specific
because we were able to reverse the reduction in protein of CYP1A1 (and CYP1B1) by zinc
supplementation of TPEN-treated cells.

Zinc has a critical role in protein structure, enzyme activity and gene regulation. Most of the
genes that are zinc regulated are involved in signal transduction, responses to stress and redox
changes, growth and energy utilization (Cousins et al. 2003). Thus, zinc has a role not only in
tertiary protein structure but also in the capacity of proteins to interact with DNA, RNA and
other proteins. For protein-DNA and protein-RNA interactions, zinc is commonly found as a
zinc finger motif in transcription factors (Klug and Schwabe 1995). Classical zinc fingers have
also been shown to interact with RNA and DNA/RNA complexes (Shi and Berg 1995). The
susceptibility of zinc fingers to zinc deprivation is not well understood. For example, certain
zinc-finger transcription factors, such as Sp1, EGR-1, vitamin D3 receptor and retinoid X
receptor have been found to be inhibited due to loss of zinc as a response to zinc replacement
by nitric oxide (Kroncke and Carlberg 2000). Following translation, a gene is also subject to
zinc dependency during protein folding. For example, zinc is essential for certain chaperones,
such as heat shock protein 40 (Hsp40) (Linke et al. 2003), and Hsp40, Hsp60, and Hsp70
mRNA expression were down-regulated during zinc deficiency (Cousins et al. 2003).

One possible mechanism for our observed compromising effect of zinc deficiency on PCB77-
induced CYP1A1 and CYP1B1 expression and CYP1A1 activity could have been due to
changes in AhR expression. However, western blot analysis showed no effect of either zinc
deficiency or PCB77 or both on AhR expression (data not shown). This suggests that zinc
deficiency may affect cell signaling downstream of AhR. Studies from other groups also
suggest that AhR ligand-induced DNA binding is not altered by depletion of metal ions,
including zinc (Denison and Deal 1990; Mahon and Gasiewicz 1992). However, these studies
did not measure the effects of metal depletion on AhR dependent gene regulation, which may
be a major target during zinc deficiency.
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We provide evidence that induction of the AhR responsive P450 genes CYP1A1 and CYP1B1
is sensitive to cellular zinc depletion. Mechanisms for inhibition of AhR-dependent gene up-
regulation during zinc deficiency could be possible by modulating ARNT nuclear translocation
(Chun et al. 2001) or by effecting AhR-DRE binding (Saatcioglu et al. 1990). Another
mechanism could be inhibition of zinc-dependent AhR co-factors that are necessary for
transcriptional initiation and gene induction. One of these necessary interactions occurs with
the transcription co-factor Sp1, which binds to GC-rich regions in the promoter of responsive
genes and contains three Cys2His2 Zn fingers on its C-terminal region (Li et al. 2004; Suske
1999). It has been demonstrated that Sp1 expression and function is significantly reduced by
cellular depletion of zinc and other metals (Denison and Deal 1990; Thiesen and Bach 1991)
and that CYP1A1 induction requires AhR/ARNT interactions with Sp1 (Kobayashi et al.
1996). Our preliminary data suggest a correlation between Sp1 expression and reduced AhR
signaling during zinc deficiency. This may be critical in understanding the involvement of the
AhR in the regulation of cardiovascular functions.

Zinc finger DNA-binding proteins such as members of the Sp1 family also contain redox-
sensitive thiol groups (Wu et al. 1996). For example, attenuation of cardiac dysfunction by
PPAR-□ agonists is associated with down-regulation of redox-regulated transcription factors,
including Sp1, NF-□B, and AP-1 (Ichihara et al. 2006). The regulation of redox-regulated
transcription factors by zinc and the involvement of PPAR signaling further support our data
that zinc is also required for the anti-inflammatory properties of both PPAR-□ and -□ agonists
(Reiterer et al. 2004).

In summary, there is clear evidence that AhR function plays a critical role in the development
and homeostasis of the cardiovascular system. Our results demonstrate that zinc deficiency can
inhibit AhR-dependent gene induction. Impairment of the AhR pathway presents an additional
molecular mechanism by which zinc deficiency negatively alters transcription factor function
and homeostasis of the vascular system.
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Figure 1. Zinc deficiency reduces PCB77-induced CYP1A activity and CYP1A1 mRNA expression
in vascular endothelial cells
A. CYP1A activity measured by EROD assay. Cells were exposed to vehicle control (0.05 %
of ethanol and 0.04 % of DMSO), TPEN (1.0 µM), PCB77 (0.04 µM), or TPEN (1.0 µM) plus
PCB77 for 24 hours. Bars with different letters (a, b, c) are statistically different from each
other (p < 0.05). n = 8. B. CYP1A1 mRNA expression measured by RT-PCR. Cells were
exposed to vehicle control, TPEN, PCB77 (3.4 µM), or TPEN plus PCB77 for 24 hours. The
figure is representative of the typical outcome of three repeated RT-PCR experiments.
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Figure 2. Zinc deficiency compromises PCB77-induced CYP1A1 and CYP1B1 protein expression
in vascular endothelial cells
Similar to Figure 1, cells were exposed to vehicle control, TPEN, PCB77 (3.4 µM), TPEN plus
PCB77, or TPEN with zinc supplementation (20 µM) plus PCB77 for 24 hours. The values are
ratios of the densitometric units of CYP1A1 or CYP1B1 over those of β-Actin. Bars with
different letters (a, b, c for CYP1A1 and a’, b’ c’ for CYP1B1) are statistically different from
each other (p < 0.05). n = 3. The figure is a representative of the typical outcome of three
repeated western blot experiments.
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Figure 3. Zinc deficiency compromises β-naphthoflavone-induced CYP1A1 protein expression in
vascular endothelial cells
Cells were exposed to vehicle control, TPEN, β- NF (1.0 µM), TPEN plus β- NF, or TPEN
with zinc supplementation plus β- NF for 24 hours. The values are ratios of the densitometric
units of CYP1A1 over those of β-Actin. Bars with different letters (a, b, c) are statistically
different from each other (p < 0.05). n = 3. The figure is a representative of the typical outcome
of three repeated western blot experiments.
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