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ABSTRACT. To determine the changes in heme metabolism associated with induction of cytochrome P450
expression by pyridine, we compared the time course of CYP1A expression with the time course of (i) expression
of heme oxygenase-1 (HO-1) (EC 1.14.99.3), (ii) activity of 8-aminolevulinic acid synthetase (ALAS) (EC
2.3.1.37), and (iii) heme saturation of tryptophan pyrrolase (TPO) (EC 1.13.11.11) in tissues of rats
administered a single 100 or 150 mg/kg i.p. dose of pyridine. Both mRNA and protein of HO-1 and CYP1A1
were induced in the liver, kidney, and lung, with the induction of HO-1 mRNA preceding and paralleling that
of CYP1AT mRNA in the liver and lung but not kidney. Induction of CYP1A1 mRNA expression peaked within
9-12 hr and returned to control levels by 24 hr in all tissues examined, whereas induction of HO-1 mRNA
expression was sustained for 48 hr in the lung and liver. In contrast to the transient up-regulation of CYP1A1
mRNA, increased microsomal CYP1A1 protein was sustained in all three tissues. Similar to the induction of
HO-1 expression, lipid peroxidation was stimulated by pyridine treatment in the kidney, lung, and liver, but with
the stimulation being more persistent in the liver and lung than in the kidney. Increased hepatic CYP1A1 or
CYP1A2 activity was preceded by increased activities of HO-1 and ALAS. Pyridine treatment negatively
modulated heme saturation of hepatic TPO. The findings indicate that pyridine stimulates the synthesis,
utilization, and degradation of heme in a coordinate manner, and suggest that these alterations in heme
metabolism may contribute to CYP1A1 induction by pyridine. BIOCHEM PHARMACOL 58;4:723-734, 1999.
© 1999 Elsevier Science Inc.
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Pyridine is a high volume industrial chemical and a major
constituent of tobacco smoke [1, 2]. Among the biological
effects of the compound is the induction of multiple forms
of cytochrome P450, including CYP1A/2 [3, 4], CYP2B1/2
[5], and CYP2E1 [6]. Pyridine is also a structural moiety in
many environmental agents that also induce CYP, such as
the major tobacco constituent nicotine [7] and the toxic,
food-borne heterocyclic amine 2-amino-1-methyl-6-phen-
ylimidazo[4,5-b]pyridine [8].
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We observed in preliminary studies that hepatic micro-
somes from pyridine-treated rats contained higher levels of
TBARS! than microsomes from untreated rats [9]. TBARS
are products of oxidative stress reactions and peroxidative
tissue damage. There is prior evidence that pyridine stim-
ulates oxidative stress in vivo [10, 11]. Oxidative stress and
TBARS formation in tissues can be stimulated by free heme
[12, 13], which is also essential for functional cytochrome
P450 [14]. Heme also has been implicated in the transcrip-
tional activation of one of the forms of P450 induced by
pyridine [15]. Accordingly, concomitant induction of func-
tional cytochrome P450 and increased TBARS in micro-
somes by pyridine suggested increased heme demands and
subsequent alterations in tissue metabolism of the pigment.
It was, therefore, of interest to examine the relationship
between heme metabolism and cytochrome P450 induction.

One measure of tissue heme metabolism is degradation of
the compound to bilirubin, an enzymatic reaction in which
heme oxygenase is rate-limiting [16]. Two forms of the
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heme-catabolizing enzyme have been identified, HO-1 and
HO-2, but only HO-1 is regulated transcriptionally by
several agents, including the substrate heme [17]. Com-
monly, with very few exceptions, HO-1 activity and cyto-
chrome P450 activities are related inversely [17], a relation-
ship that can be rationalized on the basis of the essentiality
of intact heme for functional cytochrome P450.

Another measure of tissue heme metabolism is tissue
concentration of the free pigment. Free heme concentra-
tion, at least in the liver, commonly is estimated indirectly
by the degree of heme saturation of the cytosolic heme-
dependent enzyme TPO or 2,3-dioxygenase [18 -20]. In this
estimation, the enzyme, which exists in the liver partially as
the apoprotein, is assayed in the absence and in the presence
of added heme and the heme saturation of the enzyme is
expressed as a percentage of the activity in the absence of
exogenous heme with respect to that in the presence of added
heme; under these conditions, heme saturation of the
enzyme is related inversely to tissue free heme concentra-
tion [18-21]. The free heme concentration has been
assigned to the so-called regulatory heme pool because it
serves such regulatory functions as feedback repression of
the rate-limiting enzyme in heme synthesis, ALAS, and
transcriptional activation of the HO-1 gene [18, 19]. These
regulatory functions may be related to homeostasis directed
at minimizing tissue levels of excessive free heme and its
consequent deleterious effects, including increased oxida-
tive stress [12, 13, 18, 19]. Bilirubin, a major product of
HO-1-catalyzed heme degradation [16, 17], is an antioxi-
dant [12, 13, 22] and has been shown to be an aryl
hydrocarbon receptor-dependent transcriptional activator
of the CYPIAI gene [23]. Increased catalytic functions of
newly synthesized cytochromes P450, as well as other
hemoproteins, reflect increased heme utilization and, thus,
provide an additional measure of tissue heme metabolism.

We originally observed a concomitant increase in micro-
somal CYP1A activities and lipid peroxides in the liver 12
hr following pyridine exposure. Therefore, it was of interest
to compare these changes in hepatic and extrahepatic
tissues over a time course following pyridine administration
and to relate them to the changes in heme metabolism. The
interest in examining CYP1A1 activities and lipid peroxi-
dation in relationship to heme stems from the fact that
both activities require heme and are related inversely in
microsomes [24]. Furthermore, there is a dearth of informa-
tion on the relationship of heme metabolism to the regu-
lation of CYP expression. Although pyridine induces di-
verse forms of CYP, we focused on CYP1A1 and CYP1A2
in the current study because induction of the two related
isozymes by pyridine has been described well [3, 4, 25], is a
subject of current research activities in our laboratory, and
is more pronounced than that of other P450 isozymes
following a single low (< 200 mg/kg) dose of the com-
pound. Our results show that pyridine administration leads
to increased ALAS activity and increased HO-1 activity,
suggesting enhancement of heme synthesis and degrada-
tion, respectively, by the compound; these effects were
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concomitant with CYP1A1 induction. Our findings that
HO-1 expression preceded CYP1A1 expression, coupled with
the reported ability of bilirubin, the major product of HO-1-
catalyzed heme oxidation, to up-regulate the expression of
CYP1AL1 directly, suggest that altered heme metabolism,
specifically enhanced synthesis and degradation, may contrib-
ute to the induction of CYP1A1 expression by pyridine.

MATERIALS AND METHODS
Animals and Pretreatment

Male Sprague-Dawley rats (from Taconic Farms) were
housed under standard conditions at our American Asso-
ciation for the Accreditation of Laboratory Animal Care-
approved facility for at least 1 week prior to experiments,
and weighed 200-250 g at the time of experiments. The
animals were treated between 8:00 and 9:00 a.m. either
with a single i.p. dose (100 or 150 mg/kg) of pyridine in
saline or with saline only (1 mL/kg, untreated controls),
and were killed in groups of three to four either immedi-
ately (zero-hour treated controls) or at 3, 6, 9, 12, 24, or 48
hr after pyridine treatment. Organs were perfused in situ via
the ventricles with ice-cold, 10 mM potassium phosphate-
buffered 1.15% (w/v) KCI to minimize hemoglobin con-
tamination. Prior to excision, 1- to 2-mg pieces of each
organ were removed and snap-frozen in liquid nitrogen for
the isolation of total RNA or for the determination of
contents of TBARS, and the remaining organ was excised
and stored at —80° for the isolation of washed microsomes
by differential centrifugation. Prior to differential centrifu-
gation, aliquots of the total liver homogenate were saved for

the determination of TPO and ALAS activities.

Electrophoresis and Western Blot Analysis

SDS-PAGE and western blot analysis of microsomes were
performed as described previously [26], using a monoclonal
antibody against rat CYP1Al, which also recognizes
CYP1A2 [27], for the detection of CYP1A1 and CYP1A2,
and a polyclonal antibody against rat HO-1 for the detec-
tion of HO-1. Immunoreactive bands on the membranes
were detected with a horseradish peroxidase-conjugated
secondary antibody by enhanced chemiluminescence in the
case of CYP1A1 and CYP1A2 or colorimetrically with an
alkaline phosphatase-conjugated secondary antibody sys-
tem in the case of HO-1. The resulting bands on the films
or membranes were quantified by densitometry using a Bio
Image IQ scanner equipped with a Unix-based data station.
Each densitometric (area under the curve) value was linear
with respect to the protein concentration analyzed.

Northern Blot Analysis

Northern blotting was performed as described previously [7,
28], with slight modifications. Briefly, 20 wg of total RNA
was fractionated on a denaturing formaldehyde/agarose
(1%) gel and transferred to a Zeta-Probe nylon membrane
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according to the recommendation of the manufacturer.
Following UV irradiation, the fixed filters were incubated
at 45° for 1 hr in hybridization buffer [3 X 0.15 M NaCl, 1
mM EDTA, 10 mM sodium phosphate buffer, pH 7.4 (3x
SSPE), containing 40% (v/v) deionized formamide, 7%
(w/v) SDS, and 200 wg/mL of denatured salmon sperm
DNA]. The filters were incubated subsequently with hy-
bridization buffer in the presence of **P-labeled CYP1A1
and HO-1 probes (specific activity: 1-2 X 10° cpm/pg) for
20 hr. After hybridization, the filters were washed with a
solution of 0.15 M NaCl, 15 mM sodium citrate, pH 7.4 (1x
SSC), containing 0.1% SDS, at room temperature for 30
min, and then three times (15 min each) with 0.1x SSC
containing 0.1% SDS, at 60°, and the blots were exposed to
X-ray film with an intensifying screen at —70°. The
membranes were subsequently stripped [29], and hybridiza-
tion, washing, and autoradiography were repeated using the
CYP1A2 probe. The membranes were stripped a second
time, probed again with the GAPDH probe, and autora-
diographed. Autoradiographic bands corresponding to
CYP1A1, CYP1A2, HO-1, or GAPDH transcripts were
quantified by densitometry using a Bio Image IQQ scanner.

The rat CYP1AI1- and mouse CYP1A2-specific probes
were prepared by random priming of the inserts from
plasmid p210 [30] and plasmid pmP3450-3’, respectively,
using [a->*P]JATP, as was the human GAPDH probe. The
HO-1 cDNA probe was prepared by random priming with
[a->*P]ATP as described previously [31].

Enzymatic Assays

Microsomal =~ O-dealkylation of methoxyresorufin or
ethoxyresorufin was assayed fluorometrically as described by
Pohl and Fouts [32], at a substrate and protein concentra-
tion of 5 uM and 50 pg/mL, respectively. Microsomal heme
oxygenase activity was assayed spectrophotometrically as
described previously [30]. TPO activity was assayed colori-
metrically in the whole homogenate fraction with and
without added hematin as described previously [21]. ALAS
activity was assayed colorimetrically in the whole homog-
enate as described by Marver et al. [33].

Other Analyses

Tissue concentrations of TBARS were determined in whole
homogenate fractions fluorometrically as described by Oh-
kawa et al. [34]. Protein was determined by the method of
Lowry et al. [35]. Total RNA was isolated as described by
Chomczynski and Sacchi [36]. Total tissue heme concen-
tration was determined in whole homogenates by the
pyridine hemochrome method [37]. Differences between
treated animals and controls (zero-time treated animals) in
the densitometric data from northern or western blot analysis
or in catalytic activities were analyzed statistically by Student’s
unpaired t-test, with the level of significance set at P < 0.05.
Analysis of differences between treatment groups was per-
formed using Duncan’s multiple range test (P < 0.05).
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Materials

NADPH, NADP*, hemin (equine), human serum albumin
(fatty acid-free), 2-thiobarbituric acid, 1,1,3,3-tetrae-
thoxypropane (malondialdehyde), L-tryptophan, kynure-
nine, d-aminolevulinic acid, succinic acid, pyridoxal phos-
phate, ATP, coenzyme A, succinic thiokinase, 2,4-pen-
tanedione, dimethyl aminobenzaldehyde, and pyridine were
obtained from the Sigma Chemical Co. Pyridine contained
no detectable impurities based on analysis by gas chroma-
tography-electron impact mass spectrometry as described
previously [38]. The following materials were obtained from
the commercial sources indicated in parentheses: 3-naph-
thoflavone (Aldrich Chemicals); ethoxyresorufin (Pierce
Chemical Co.); methoxyresorufin and resorufin (Molecular
Probes); alkaline phosphatase-conjugated anti-mouse im-
munoglobulin G (Biosource International); rabbit anti-rat
hepatic HO-1 polyclonal antibody (StressGen Biotechnol-
ogies Corp.); alkaline phosphatase substrate (Kirkegaard &
Perry Laboratories); plasmid pmP3450-3" (American Type
Culture Collection); plasmid p210 (provided by Dr. John
Fagan, Maharishi International University); human
GAPDH ¢DNA (provided by Dr. Suzie Chen, Rutgers
University); enhanced chemiluminescence western blot-
ting analysis system (Amersham Life Science); Zeta-Probe
nylon membranes (Bio-Rad Laboratories); nitrocellulose
membranes (Schleicher & Schuell); [a-*’PJATP, 3000
Ci/mmol (Dupont-NEN); and Kodak Biomax MR and
X-Omat AR imaging films (Fisher Scientific Co.). All
other reagents and supplies were of the highest grade of
purity.

RESULTS
Effect of Pyridine Administration on Tissue HO-1
mRNA Levels

HO-1 mRNA was expressed constitutively in the kidney,
lung, and liver, and was up-regulated to varying extents and
with different time courses in each organ following pyridine
treatment. In the kidney, the induction had a 6-hr onset
and peaked (at 10-fold of the control level) 9 hr following
pyridine treatment; thereafter, the transcript level de-
creased rapidly towards the control level by 12 hr (Fig. 1, A
and B). In the lung, in contrast to the kidney, HO-1
mRNA level increased gradually following pyridine treat-
ment, reached a maximum (3-fold of the control) at 12 hr,
and decreased to 2-fold of the control level at 24 hr, a level
that was maintained for the remaining duration of the
experiment (Fig. 1, A and C). In the liver, up-regulation of
the transcript was biphasic, with a rapid initial 5.5-fold
increase relative to the control at 3 hr, which persisted for
6 hr (Fig. 1, A and D). This was followed by a transient
decrease towards the control level at 12 hr, and a subse-
quent rebound increase at 24 hr to a level (6- to 7-fold of
the control) that was sustained for the remaining duration
of the study (Fig. 1, A and D). Based on the time course of
pyridine-induced HO-1 expression in the three tissues, the
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FIG. 1. Time course of CYP1A mRNA and HO-1 mRNA expression in rat kidney, lung, and liver following a single 150 mg/kg i.p.
dose of pyridine. (A) Animals were treated with 150 mg/kg of pyridine and killed either immediately (lane 1, zero-hour treated control)
or at 3 hr (lane 2), 6 hr (lane 3), 9 hr (lane 4), 12 hr (lane 5), 24 hr (lane 6), or 48 hr (lane 7). Total RNA from each tissue was
analyzed by northern blotting, using a cDNA probe specific for CYP1A1, CYP1A2, HO-1, or GAPDH as described in Materials and
Methods. (B-D) Densitometric analysis of northern blots of kidney (B), lung (C), or liver (D) RNA from experiments similar to those
described in Fig. 1A. Relative RNA level is the abundance of the CYP1A or HO-1 transcript relative to that of GAPDH. Each point

represents the average (* range) of determinations in 2 rats from 2 separate experiments.

induction can be characterized as transient in the kidney, analyzed, but was up-regulated following pyridine treatment
relatively sustained in the lung, and persistent in the liver. to varying magnitudes and with different time courses in
each of the three tissues. In the kidney, up-regulation of the
transcript was characterized by a 3-hr lag, with a maximum

Effect of Pyridine Administration on Tissue CYP1A

and near-control level attained at 6 and 24 hr, respectively
mRNA Levels (Fig. 1, A and B). In the lung, CYPIA1l mRNA up-
CYP1A1 mRNA was undetectable in the kidney, lung, or regulation did not exhibit a lag, reached a maximum at 12

liver of control rats at the level of total RNA that we hr, and then decreased to a minimum level at 24 hr (Fig. 1,
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A and C). In the liver, up-regulation of the transcript was
characterized by a 3-hr lag and a maximum at 9 hr, with
near-control level attained at 48 hr (Fig. 1, A and D). Only
in the lung was the elevated CYP1A1 transcript sustained
at the termination of the experiment at 48 hr (Fig. 1C).
CYP1A2 mRNA, in contrast to CYP1Al mRNA, was
present only in the liver in untreated animals, and pyridine
treatment did not affect the level of the transcript signifi-
cantly either in the liver, as previously reported [3], or in
extrahepatic tissues (Fig. 1, A-D).

Effect of Pyridine Treatment on Microsomal
CYP1A Levels

Microsomal CYP1A1 protein was detectable in the lung
and kidney but not the liver of untreated rats, and was
increased by pyridine treatment in all three organs, but to
varying magnitudes and with varying kinetics. In the
kidney, the induction was characterized by a 3-hr lag and a
9.2-fold maximum at 12 hr, which was sustained for the
subsequent 12 hr of the experiment (Figs. 2A and 3A).
CYP1AL1 induction in the lung, in contrast to that in the
kidney, exhibited no lag and was rapid, reaching 6- and
7-fold of the control level at 6 and 24 hr, respectively (Figs.
2B and 3B). In the liver, the protein was not detected prior
to 6 hr following pyridine administration, and its level at 12
and 24 hr was 10- and 20-fold, respectively, of the level
observed at 6 hr (Figs. 2C and 3C). Similar to CYP1A2
mRNA expression, CYP1A2 protein was detectable only in
the liver but was induced 3-fold, 24 hr following pyridine
administration, in contrast to the insignificant up-regula-
tion of the mRNA (compare Figs. 1D and 3C). Parallelism
was observed between the increase in CYP1A1 protein and
the expression of its mRNA only for the first 12 hr, after
which the increase in protein but not mRNA was sustained
in all three tissues.

Effect of Pyridine Administration on Catalytic Activities
of Hepatic Microsomal CYP1A

Liver microsomal EROD and MROD activities, which are
catalyzed preferentially by CYP1A1 and CYP1AZ2, respec-
tively, at the substrate concentrations used in the current
study [39], were comparable in untreated rats and were
induced gradually and equally during the initial 12-hr
period of pyridine administration (Fig. 4). Thereafter,
EROD activity was induced to a greater extent than
MROD activity, with EROD and MROD activity reaching
8.8- and 4.3-fold of their respective controls at 24 hr (Fig.
4). A comparison of the level of the CYP1A2 immunore-
active protein with the level of its activity showed that the
magnitude of induction of MROD activity (4-fold) approx-
imated that of the protein (3-fold). On the other hand, a
comparison of the level of the CYP1A1 protein with the
level of its activity at 24 hr relative to the 6-hr point, the
earliest time point at which the protein was measurable,
showed that the magnitude of induction of EROD activity
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FIG. 2. Time course of kidney, lung, and liver microsomal
CYP1A and liver microsomal HO-1 induction in pyridine-
treated rats. (A-C) Rats were either administered a single 150
mg/kg i.p. dose of pyridine and then killed in groups of three
immediately (0) or 3 hr (3), 6 hr (6), 12 hr (12), or 24 hr (24)
after treatment, or administered a daily 40 mg/kg i.p. dose of
B-naphthoflavone for 2 consecutive days and killed 24 hr after
the second dose (BNF). Microsomal protein from pyridine-
treated rats (100 pg for kidney and lung or 10 pg for liver) or
from B-naphthoflavone-treated rats (1.5 pg for liver only) was
analyzed for CYP1A1 and CYP1A2 by western blotting as
described in Materials and Methods. The immunoprecipitin
bands were detected by enhanced chemiluminescence. (D and E)
Rats were treated with 100 mg/kg pyridine and killed in groups
of three either immediately (0) or at 3 hr (3), 6 hr (6), 9 hr (9),
12 hr (12), or 24 hr (24) after treatment, and 20 pg of liver
microsomal protein was analyzed by western blotting for
CYP1A1 and CYP1A2 (panel D) or for HO-1 (panel E). The
immunoprecipitin bands were detected by staining with an
alkaline phosphatase system.

(4-fold) was significantly lower than that of CYP1Al
(20-fold).

Effect of Pyridine Administration on the Level and
Activity of Hepatic Microsomal HO-1

Hepatic microsomal HO-1 was induced at all time points
following pyridine treatment, with the time course of
induction of the protein paralleling that of its activity (Fig.
5). There was a transient decrease at 12 hr followed by a
rebound increase in both the activity and protein level (Fig.
5); this biphasic increase also was observed for the HO-1
transcript (Fig. 1D). We did not analyze pulmonary or renal
microsomal HO-1 protein, HO-1 catalytic activity, or
CYP1A activities because of the limited availability of
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FIG. 3. Densitometric estimation of CYP1A from the western blot analysis of kidney (A), lung (B), and liver (C) microsomes from
pyridine-treated rats. The analyses were on blots from experiments similar to and including those described in Fig. 2. Each data point
represents the mean (* SD) of determinations in 3—4 rats, except those without error bars, which represent the average of
determinations in 2 rats. Key: (*) significantly different from zero-time treated controls (P < 0.05), and (**) significantly different
from zero-time treated controls or 6-hr treated animals (P < 0.05).

microsomal protein. However, we expect the level of the
HO-1 protein and activity in the lung and kidney to
parallel that of the respective HO-1 mRNA, based on the
parallelism observed in the liver among the mRNA level,
protein level, and activity.

Effect of Pyridine Administration on Tissue Levels of
Lipid Peroxide

TBARS were present in tissues of zero-time treated animals
at concentrations (nmol MDA equivalent/g tissue) of
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18.2 = 3.4,14.4 = 4.0, and 12.1 = 2.0 in the kidney, lung,
and liver, respectively. These concentrations were compa-
rable in corresponding tissues from untreated animals (data
not shown) and were elevated with time following pyridine
treatment. The elevation in the kidney was rapid, with the
peak level (2-fold of the control) attained 6 hr following
pyridine administration, and was transient, with the control
level re-established by 12 hr following pyridine administra-
tion (Fig. 6). The level in the lung peaked (at 1.5-fold of the
control) 3 hr following pyridine treatment, but unlike that in
the kidney, the elevation was sustained for the 24-hr duration
of the analysis (Fig. 6). In the liver, in contrast to the kidney
and lung, peak TBARS formation (2.3-fold of the control) was
not attained until 12 hr following pyridine administration,
after which the level slowly declined, but without attaining
the control level by 24 hr. Based on the above time—course
data, tissue differences in pyridine-induced formation of
TBARS could be characterized as transient in the kidney
and relatively sustained in the liver and lung.

Effect of Pyridine Administration on Hepatic
TPO Activity

To assess whether the above observed increase in lipid
peroxidation and HO-1 up-regulation was related to
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FIG. 4. Time course of hepatic microsomal EROD activity or
MROD activity in pyridine-treated rats. Rats were treated with
a single 150 mg/kg i.p. dose of pyridine and killed at the
indicated time points as described in the legends to the preceding
figures. Each data point is the average of determinations in 2 rats
(where no error bars are indicated) or the mean (= SD) of
determinations in 3—4 rats. Key: (*) significantly different from
corresponding zero-time treated controls (P < 0.05).
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FIG. 5. Time course of hepatic microsomal HO-1 protein abun-
dance and catalytic activity in pyridine-treated rats. Rats were
treated with a single 100 mg/kg dose of pyridine and killed at the
time points indicated. HO-1 protein abundance, quantified from
western blots of liver microsomes similar to that shown in Fig.
2E, is expressed in arbitrary densitometric (area under the
curve) units. Catalytic activity is expressed as picomoles of
bilirubin formed per milligram of microsomal protein per
minute X 107", Each data point represents either the average of
determinations in 1 or 2 rats (where no error bars are indicated)
or the mean (£ SD) of determinations in 3 rats. Key: (*)
significantly different from zero-time treated controls (P <
0.05).

increased hepatic heme concentration, we determined
the total heme concentrations in the animals but
observed no effect of pyridine on the hepatic content
of the pigment at any of the time points examined (data
not shown). Therefore, we determined the effect of
pyridine treatment on the size of the free heme pool by
measuring the heme saturation of hepatic TPO, a com-
monly used measure of the size of the regulatory heme
pool [18, 19].

Figure 7 shows that TPO activity was increased
slightly (1.3-fold) 3 hr following pyridine administra-
tion, but decreased gradually thereafter to 38% of the
control activity at 24 hr. Added heme stimulated the
activity 1.5-, 1.9-, 2.3-, 1.9-, and 3.2-fold at 0, 3, 6, 12,
and 24 hr, respectively (Fig. 7), with a resulting heme
saturation of the enzyme of 66, 53.1, 43.6, 53.8, and
31.4% at O, 3, 6, 12, and 24 hr, respectively (Fig. 7,
insert). The data, thus, suggest that pyridine treatment
did not increase but rather decreased the size of the free
heme pool.
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FIG. 6. Time course of tissue peroxide levels in pyridine-treated
rats. Rats were treated i.p. with a single 100 mg/kg dose of
pyridine and killed in groups of 3 at the time points indicated.
Control (100%) peroxide levels (expressed as nanomoles of
thiobarbituric acid-reactive substance equivalents per gram of
tissue) determined in the animals immediately following pyri-
dine treatment (zero-time controls) were 18.2 = 3.4, 14.4 =
4.0, and 12.1 % 2.0 for lung, kidney, and liver, respectively.
Each data point represents the mean of determinations from 3
rats. The assay was repeated at least once with similar results.

Effect of Pyridine Administration on Hepatic
ALAS Activity

Since the preceding results indicated that pyridine treat-
ment led to a decrease in saturation of the free heme pool,
it was relevant to assess whether the decrease was associated
with impaired heme synthesis by determining the activity
of ALAS, the rate-limiting enzyme in heme synthesis [18,
19]. As shown in Fig. 8, hepatic ALAS activity was
increased nearly 2.5-fold 3 hr following pyridine adminis-
tration, and then declined slightly at 6 hr but rebounded to
2.7-fold of the control level at 12 hr, and remained at that
level for the remaining duration of the experiment. The
activity (nmol ALA formed/g liver/hr) in zero-time treated
rats (5.1 * 1.1) was comparable to that in untreated
(saline-treated control) rats killed along with the treated
rats at O hr (4.8 £ 0.6), 3 hr (5.0), 6 hr (5.1), 12 hr (4.9 =
0.0.8), or 24 hr (5.2 % 0.8), indicating that pyridine per se
rather than other factors effected the enhanced ALAS
activity.

DISCUSSION

An objective of the present study was to compare the
changes in the induction of cytochrome P450 expression
with changes in the reactions related to heme metabolism
in rats following pyridine administration. The reactions of
heme metabolism that we examined were those of synthesis
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(specifically ALAS activity), degradation (as estimated by
HO-1 expression and activity), and utilization (as measured
by CYP1A expression and activities). Our findings, collec-
tively, support the conclusion that pyridine treatment
stimulates the synthesis, utilization, and degradation of
heme.

Our evidence for increased heme synthesis stimulated by
pyridine is the sustained increase in hepatic ALAS activity
following administration of the compound. Interestingly,
the increased ALAS activity did not appear to result in
tissue heme accumulation at any time point during the
experiment. Furthermore, pyridine treatment caused a de-
crease rather than an increase in heme saturation of hepatic
TPO, a commonly used estimate of the level of free heme
concentration in the liver [18, 19]. In addition, the apo-
CYP1A1 induced by pyridine may have been saturated only
partially with heme, based on the observation that immu-
noreactive CYPIA1 was induced 20-fold compared with
only a mere 4-fold increase in its catalytic activity at 24 hr
relative to the 6-hr point, the earliest time point that

Percent heme saturation

0O 3 6 9 12 15 18 21 24 27

Time after pyridine treatment (hr)

pmol Kynurenine formed/g liver/hr

0 } t t }

0 5 10 15 20 25
Time after pyridine treatment (hr)

FIG. 7. Time course of hepatic TPO activity and percent heme
saturation of the enzyme in pyridine-treated rats. Pyridine
treatment was as described in Fig. 6. The assay was performed in
the whole liver homogenate of rats in the absence (—@— or
presence (—Ill—) of added heme (2 pM, final concentration).
Each data point is the mean (= SD) of determinations in 3 rats
from 2 separate experiments. Tryptophan pyrrolase activity in
untreated control rats was 2.4, 2.0, 2.3, 2.9, and 2.8 pmol
kynurenine formed/g wet liver at 0, 3, 6, 12, and 24 hr following
initiation of the experiment. Insert: Kinetics of heme saturation
of the tryptophan pyrrolase. The degree of heme saturation of
the enzyme at each time point is expressed as the ratio of the
activity without added heme to that in the presence of added
heme (X 10?).
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FIG. 8. Time course of hepatic ALAS activity in pyridine-
treated rats. Animals were treated as described in Fig. 2. Each
value is the mean (= SD) of determinations in 3 rats. ALAS
activity 0, 3, 6, 12, and 24 hr following initiation of experiments
in control rats not treated with pyridine was 5.3, 4.6, 4.5. 4.3,
and 5.1 pmol ALA formed/g liver/hr, respectively. Key: (*) signif-
icantly different from zero-time treated controls (P < 0.05).

CYP1A1 was measurable. We speculate that the lack of
accumulation of heme despite the increased ALAS activity
resulted from increased utilization of the iron protoporphy-
rin at a rate that exceeded that of its synthesis. Persistent
and exaggerated increase in total heme utilization that is
not balanced by synthesis would be expected to decrease
free heme concentration, with consequent derepression and
sustained increase in ALAS activity. Other potential causes
of the lack of heme accumulation despite the suggested
increase in synthesis of the iron protoporphyrin include
enhanced catabolism (as indicated by the observed up-
regulation of HO-1), and increased loss as a result of
increased participation of the pigment in reactions (such as
lipid peroxidation) that lead to its degradation. In addition,
pyridine forms complexes with heme iron [37], and such
complexes could have contributed to the heme depletion in
tissues of the treated animals. However, we did not observe
evidence of the hemichromes or hemochromes character-
istic of such complexes in tissue homogenates from pyri-
dine-treated animals [38]. Alternatively, the increased
ALAS activity following pyridine treatment could have
resulted from inhibition of heme synthesis by either pyri-
dine or its metabolites at steps downstream from ALA
synthesis. This possibility, however, is unlikely, given the
need for heme synthesis by the multiple P450 forms
induced by pyridine.
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Our evidence for pyridine-induced increase in heme
utilization includes the induction of functional CYP1A1
and CYP1A2. The induction by pyridine of other func-
tional forms of P450 isozymes [5, 6] provides additional
evidence of pyridine-induced increase in hepatic heme
utilization. Our data on the time course of pyridine-induced
expression of hepatic CYPIA mRNA and protein agree
with the findings of Kim et al. [3] and extend the findings
to the lung and kidney, extrahepatic tissues in which the
time course of pyridine-induced CYP1A1 expression has
hitherto not been examined. However, parallelism between
CYP1AL1 and its mRNA was observed by other investiga-
tors [3] for 24 hr following pyridine exposure, whereas we
observed the parallelism for only 12 hr, after which the
induced protein but not mRNA was sustained in each of
the three tissues examined. The difference in the data from
the two studies underscores, perhaps, the significance of the
dose of pyridine and the age of animals in CYP induction by
the compound. We have also shown that the route of
exposure and concomitant exposure to other agents are
important determinants of CYP1A1 induction by pyridine
(38, 40].

The mechanisms by which pyridine up-regulates
CYP1AL1 expression and the role of unchanged pyridine
therein remain to be established. Ongoing studies, using in
vitro gel mobility shift assays, show that pyridine is a poor
agonist for the AhR,* suggesting that CYP1A1 induction
by pyridine may not involve activation of the AhR by this
compound [41]. The disparity between the level of
CYPI1A1 and that of its mRNA observed 12 hr after
pyridine treatment suggests that protein stabilization or
increased translation contributed to the sustained elevation
of the protein. The significant induction of hepatic micro-
somal CYP1A2 by pyridine, in contrast to the lack of effect
of the compound on the CYP1A2 mRNA level, suggests
that enhanced translation or protein stabilization may
account for CYP1A2 induction by the compound.

Similar to our previous observation in rat lung micro-
somes [4], the immunoreactive level of hepatic microsomal
CYP1AL1 protein in the present study was induced by
pyridine to a greater extent (20-fold) than EROD activity
(4-fold) at 24 hr relative to the 6-hr point. We interpret
this disparity between CYP1A1 activity and its protein
level as evidence that over 50% of the total CYP1A1
protein induced by pyridine lacked catalytic activity. We
speculate that the catalytically nonfunctional fraction of
CYP1ALI resulted from accumulation of newly synthesized
heme-deficient apo-CYP1A1. In vivo formation of metab-
olite complexes between pyridine and CYP1Al heme,
similar to those reported for other compounds [42], could
have contributed to the catalytic deficit. However, this
possibility is unlikely because pyridine appears not to be a
substrate for CYP1A1 [6], and we did not detect metabo-
lite—cytochrome P450 complexes in tissues from pyridine-
treated rats [4]. The catalytic deficit appears to be peculiar

* Iba MM and Fung ], unpublished observations.
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to CYP1A1l because CYPIA2 ( [4], and this study),
CYP2EL1 [4], and CYP2B1/2 [5] are induced by pyridine to
magnitudes that are comparable with their catalytic activ-
ities.

The evidence for a pyridine-induced increase in heme
degradation is our observed up-regulation of HO-1 expres-
sion. The parallelism observed between the time course of
HO-1 mRNA expression and that of its protein level or
catalytic activity following pyridine treatment suggests that
expression of the enzyme by pyridine is regulated transcrip-
tionally, as reported for other agents known to regulate
expression of the enzyme [17]. The factor(s) directly re-
sponsible for the transcriptional activation of the HO-1
gene in the present study is unknown but may include
pyridine itself. Heme, a known transcriptional activator of
the gene [17], is unlikely to have contributed because, as
discussed above, we observed no evidence that the pigment
accumulated to levels sufficient to trigger the induction.
Peroxides and other intermediates of oxidative stress reac-
tions also are known to up-regulate HO-1 expression [43].
The peroxides were elevated by pyridine treatment in the
current study, and the elevation preceded HO-1 expression
in the tissues examined. Accordingly, these products of
lipid peroxidation, or, even more likely, the reactive oxygen
species that initiated their formation, may have been
responsible for HO-1 up-regulation following pyridine
treatment. Pyridine metabolites also may have contributed
to HO-1 induction in the liver, based on the reported
ability of N-oxides, which are major metabolites of pyridine
and pyridine derivatives, to induce lipid peroxidation [44].
The role of pyridine metabolites in hepatic HO-1 induction
also is suggested by the observed second surge in the
induction of hepatic HO-1 expression.

Among the salient findings of the current study is the
coordinate expression of HO-1 and CYPIAI in the lung
and liver, a finding that contrasts with the more commonly
observed inverse relationship between cytochromes P450
and HO-1 activities [17, 45]. Pyridine, thus, becomes one of
only a few agents capable of the coordinate induction of the
two enzymes. The other agents reported to induce cyto-
chrome P450 as well as HO-1 include 3,3’-dichlorobenzi-
dine [28], arsenite [46], low doses of lipopolysaccharide [47],
and ethanol [48]. Only in the kidney did CYP1A1 expres-
sion precede HO-1 expression, and it was exclusively
inverse to HO-1 expression. This apparent tissue specificity
in the coordinate expression of CYP1A1 and HO-1 is
attributable to tissue-specific differences in such factors as
pyridine metabolism, regulation of heme metabolism, and
responses to oxidative stress. While it remains to be
established whether the coordinate induction of CYP1A1
and HO-1 by pyridine represents independent or related
events, the time course of induction of the two enzymes in
the current study strongly suggests that the induction of
both enzymes may be related, at least in the liver and
perhaps the lung. In the liver, HO-1 induction preceded
and paralleled CYP1A1 induction immediately following
pyridine administration; only late in the treatment was
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HO-1 expression inverse to CYP1A1 expression. Hepatic
CYP1A1 expression not only was preceded by HO-1
expression, but was sustained at the early peak of HO-1
expression. Therefore, it is not unreasonable to speculate
that HO-1 expression and activity contributed to CYP1A1
expression. The speculated involvement of HO-1 activity
in CYP1A1 induction deserves further investigation and is
supported by several, albeit indirect, experimental observa-
tions, one of which is the reported transcriptional activa-
tion of the CYPIAI gene by bilirubin [23], a major product
of HO-1 activity. Furthermore, CYP1A1 is up-regulated
markedly in congenitally hyperbilirubinemic Gunn rats in
comparison with their normal counterparts [49]. The pos-
sibility also exists that the up-regulation of HO-1 and
CYP1AL1 are independent and perhaps unrelated events.
CYP1AT1 up-regulation could result from reactive oxygen
species-mediated release of a preformed endogenous in-
ducer such as bilirubin or oxidized tryptophan derivatives,
which are known inducers of the enzyme [50, 51]. Under
these circumstances, the time course of tissue CYPIA1
induction would coordinate to tissue levels of the endoge-
nous inducer(s) rather than HO-1 induction. These possi-
bilities are being examined.

In summary, we have shown that pyridine treatment
induces the up-regulation of HO-1 expression concomi-
tantly with the expression of CYP1A1, an effect that was
most prominent in the liver and lung. The data also show
that pyridine treatment stimulates ALAS activity, which
suggests increased heme synthesis. Nevertheless, pyridine
treatment did not cause heme accumulation, due, perhaps,
to increased utilization of the pigment. Obviously, more
definitive experiments will be necessary to determine the
effect of pyridine on the balance between heme synthesis
and utilization. Based on the observed time course of HO-1
and CYP1A1 induction, our observation in ongoing studies
that pyridine per se may not activate the CYPIAI gene, and
the reported ability of bilirubin to activate the CYPIAI
gene [23], CYP1A1 induction by pyridine could be influ-
enced significantly by the changes in heme metabolism
induced by the compound.
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