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Abstract—Studies were performed to determine the effects of chronic hypoxia on enzymes that catalyze
various detoxication reactions. Rats were exposed to room air or 10.5% O, for 10 days, and microsomes
and postmicrosomal supernatants were isolated from liver. Detoxication enzyme activities were
measured by radiochemical and spectrophotometric assays, and immunoreactive protein amounts were
measured by Western blot analysis. Total cytochrome P450, as measured by the CO-difference spectrum,
and activities of superoxide dismutase (EC 1.15.1.1), epoxide hydrolase (EC 4.2.1.63), catalase (EC
1.11.1.6), glutathione disulfide reductase (EC 1.6.4.2), and glutathione (GSH) S-transferase (EC
2.5.1.18) were not affected by this extent of hypoxia. In contrast, 10 days of hypoxia decreased activities
or immunoreactivities (% of aerobic) of GSH peroxidase (EC 1.11.1.9) (54%), cytochrome P450EtOH2
(42%), CYP3A1 (53%), sulfotransferase (EC 2.8.2.1) (77%) and UDP-glucuronosyltransferase (EC
2.4.1.17) (65%). Activity of glucose-6-phosphate dehydrogenase (EC 1.1.1.49), an important enzyme
in NADPH production was also decreased to 56% of the aerobic value, but Western blot analysis
showed that the amount of protein reactive with antibodies to glucose-6-phosphate dehydrogenase was
not affected by hypoxia. Thus, hypoxia may decrease activity of enzymes by regulatory mechanisms
even though the amount of immuno-detectable enzyme is unchanged. Liver cells isolated from rats
exposed to hypoxia also gave lower GSH synthetic rates than cells from normoxic rats. This result,
together with the effect of hypoxia on glucose-6-phosphate dehydrogenase, indicates that the GSH
supply for GSH-dependent detoxication reactions may be limited due to chronic hypoxia. To test
directly whether chronic hypoxia increased sensitivity to a compound normally detoxified by a GSH-
dependent reaction, sensitivity to fert-butyl hydroperoxide (t-BuOOH) of hepatocytes from rats exposed
to in vivo hypoxia was compared to that from normoxic rats. The results showed that the cells from
the hypoxic rats were much more sensitive to injury. Taken together, these results suggest that decreases
in amounts and/or activities of detoxication enzymes during chronic hypoxia may result in increased
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susceptibility of cells to chemical injury.

Tissue hypoxia is associated with clinical conditions
under which a subnormal oxygen concentration
substantially alters cellular metabolism. Of particular
importance in toxicology, acute hypoxia enhances
cytotoxicity of certain chemicals by increasing the
rate of activation of compounds to toxic species [1].
This is particularly important for halogenated
hydrocarbons, such as carbon tetrachloride, because
generation of reactive species is enhanced by
hypoxia. More recently, we found that acute hypoxia
also decreases the capacity of cells to tolerate damage
from reactive species and thus increases their
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susceptibility to injury [2]. For example, hypoxia
and anoxia potentiate the cytotoxicity of fert-butyl
hydroperoxide (t-BuOOH)** in hepatocytes without
affecting its metabolism or activation, suggesting
that cellular defense mechanisms are impaired [2].

Glutathione (GSH) can detoxify harmful active
oxygen species by reduction reactions and con-
jugation reactions [3]. Glutathione homeostasis is
maintained by a group of enzymes involved in its
synthesis, regeneration, utilization, and transport.
Impairment of an enzyme system in any step may
render cells more susceptible to chemical-induced
toxicity. Other important detoxication enzymes
include superoxide dismutase, catalase, cytochrome
P450, epoxide hydrolase, sulfotransferases, UDP-
glucuronosyltransferases, and glucose-6-phosphate
dehydrogenase [providing NADPH for mixed-
function oxidations and reduction of glutathione
disulfide (GSSG)].

Previous studies have shown that acute hypoxia
can impair GSH-dependent detoxication systems.
For instance, the NADPH supply for regeneration
of GSH from GSSG [4] and the GSH synthesis rate
[5] are decreased when isolated hepatocytes are
incubated under anoxic or hypoxic conditions.
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However, chronic hypoxia is more clinically relevant
than acute hypoxia to some diseases, e.g. obstructive
lung diseases and anemias. Therefore, knowledge of
the effects of chronic hypoxia on detoxication
systems can potentially be useful for drug therapy
of these diseases. Chronic hypoxia has been shown
to induce different regulation and expression of
enzyme activities [6-8]. Recent studies also showed
that absorption of acetaminophen into plasma was
delayed and formation of glucuronide and sulfate
conjugation was decreased by chronic hypoxia [9].

Tounderstand better the potential effect of chronic
hypoxia on chemical-induced toxicity, we studied
the effects of chronic hypoxia on several detoxication
systems. The results showed that GSH peroxidase,
glucose-6-phosphate dehydrogenase, some subtypes
of cytochrome P450 (CYP2E1, CYP3Al, CYP2BI,
P450EtOH2), sulfotransferase, and UDP-glucu-
ronosyltransferase activities are decreased by 10-day
exposure to 10.5% O,. Other enzymes tested were
not affected by this extent of hypoxia.

MATERIALS AND METHODS

Materials. GSH, GSSG, HEPES, iodoacetic acid,
1-fluoro-2,4-dinitrobenzene,  1-chloro-2,4-dinitro-
benzene, diethyl maleate (DEM), t-BuOOH,
xanthine, collagenase (type IV), xanthine oxidase,
GSSG reductase, and anti-glucose-6-phosphate
dehydrogenase serum were purchased from the
Sigma Chemical Co. (St. Louis, MO). [7-°H]Styrene
oxide was purchased from Amersham (Arlington
Heights, IL). All other materials were of reagent
grade and purchased locally. Solvents used for high-
performance liquid chromatography were of HPLC
grade and were filtered prior to use. Deionized water
was used throughout except for HPLC analyses,
where distilled, deionized water was used.

Chronic hypoxia model. Induction of chronic
hypoxia in rats was described in detail elsewhere [9].
Briefly, male rats {Kng: (SD), King Animal
Laboratories, Oregon, WI] weighing between 200
and 250 g were exposed to hypoxia (100 torr for
24 hr followed by 70-80 torr) for 10 days in specially
constructed plastic cages. The desired pO, was
achieved by mixing air and nitrogen in a Matheson
gas mixer (Matheson Gas Products, East Rutherford,
NJ). Cages were opened daily for 5 min to change
bedding and food. Control rats were housed in
standard open rat cages. In this chronic hypoxia
model, two parameters need to be considered:
magnitude and duration of hypoxia. The magnitude
of hypoxia used in the present studies does not result
in irreversible cell injury {10] but is sufficient to
cause major alterations in biochemical function [9].

Preparations of hepatocytes, microsomes, and
postmicrosomal cytosol. Hepatocytes were isolated
from rats by the collagenase perfusion procedure
described by Moldeus et al. [11]. Routinely, > 90%
excluded 0.2% trypan blue. Cell incubations
(108 cells/mL) were carried out at 37° in modified
Krebs—Henseleit buffer containing 25 mM HEPES,
pH 7.4, Microsomes and postmicrosomal cytosol
were prepared from bomogenates of livers from
normoxic and hypoxic rats by differential cen-
trifugation as previously described [12].
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Analyses. GSH peroxidase (EC 1.11.1.9) activity
was measured according to Ref. 13. GSSG reductase
(EC 1.6.4.2) activity was measured according to
Ref. 14. Glutathione S-transferase (EC 2.5.1.18)
was measured using 1-chloro-2,4-dinitrobenzene as
the substrate [15]. Glucose-6-phosphate dehydro-
genase was measured following the procedure of
Deutsch [16]. The GSH synthesis rate was measured
as described in Ref. 5. In this experiment, cellular
GSH was first depleted by 0.25 mM DEM followed
by cell incubation with 0.5 mM each of glutamate,
methionine, and glycine. GSH synthesis rate was
then measured by determination of the increase in
cellular GSH concentration with time. A direct
comparison of measurement of total non-protein
thiols by this method and measurement of cellular
GSH by HPLC [17] showed that greater than 90%
of the increase in non-protein thiols is due to GSH
synthesis. Total cytochrome P450 content was
determined from the CO difference spectrum of
dithionite-reduced microsome samples [18]. Catalase
was measured as described in Ref. 19. Briefly,
catalase concentration was determined after addition
of 26 mM methanol by recording the absorbance
change at 660 minus 630 nm following addition of
1.2mM KCN, and using the extinction coefficient
of S.4mM~lcm~l. Superoxide dismutase (SOD;
EC 1.15.1.1) activity was measured using the
method described by Crapo et al. [20]. In this
spectrophotometric assay system, xanthine/xanthine
oxidase was used as a source of superoxide radical
and cytochrome ¢ was used as the indicating
scavenger for the radical. Epoxide hydrolase (EC
4.2.1.63) activity was measured radiometrically by
determination of the conversion of [7-3H]styrene
oxide to [7-°H]styrene glycol [21]. UDP-glucu-
ronosyltransferase and sulfotransferase activities
were determined as described in Ref. 22. In both of
the measurements, acetaminophen was used as a
substrate. For cytochrome P450 subtypes [7],
Western-blot analysis was performed using 0.5 to
2 ug of protein per well. After electrophoresis, the
proteins were blotted to nitrocellulose and the filters
were blocked with 5% bovine serum albumin or 5%
milk powder. Development was carried out using an
alkaline-phosphatase linked goat and anti-rabbit-
IgG as the secondary antibody and color was
obtained by introducing 5-bromo-4-chloro-indolyl
phosphate reagents as per manufacturer’sinstruction.
The films were scanned using a Schimadzu CA-930
scanner in the reflectance mode. Relative changes
in protein amounts of GSH S-transferase, UDP-
glucuronosyltransferase [23], and glucose-6-phos-
phate dehydrogenase were also measured by similar
Western blot analyses using specific antibodies. t-
BuOOH toxicity was determined by measuring
0.5 mM t-BuOOH-induced loss in cell viability, as
measured by exclusion of 0.2% trypan blue.

Statistical analyses. Analyses were performed using
the paired Student’s t-test.

RESULTS

GSH functions in protection against cell injury
from oxidants and reactive electrophiles, and a major
purpose of the present study was to determine the
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Table 1. Effect of chronic hypoxia on GSH-dependent detoxication systems

Enzyme

Activity
(nmol/min/mg protein)

Hypoxia Normoxia

GSH peroxidase

GSSG reductase

GSH S-transferase
Glucose-6-phosphate dehydrogenase

450 + 100* (12) 830 + 160(12)

713 +17.7 (9) 50.6 + 5.1 (9)
855 = 26 (6) 937 + 62 (6)
10.9 = 1.7% (9) 19.3 £ 4.8 (9)

Microsomes and postmicrosomal cytosol were isolated from rats exposed to hypoxia
for 10 days or control rats. Enzyme activities were measured under aerobic conditions
as described under Materials and Methods. Values are means + SEM; the numbers
in parentheses indicate the number of experiments.

* P < 0.05 versus normoxic control.
+ P < 0.1 versus normoxic control.
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Fig. 1. Effect of chronic hypoxia on GSH synthesis rate in
isolated hepatocytes. Hepatocytes isolated from chronic
hypoxic rats or control rats were treated with 0.25 mM
DEM for 15 min followed by the incubation with 0.5 mM
each of glutamate, methionine and glycine under aerobic
or anoxic conditions for 60 min. The reactions were
terminated by trichloroacetic acid. GSH synthesis was
determined by the increase of cellular GSH concentrations,
which was measured by the method os Saville [24]. Values
are means * SEM of five cell preparations. Key: (*)
P < 0.001 versus aerobic control.

effect of chronic hypoxia on GSH-dependent
detoxication systems. The results are shown in Table
1. Although GSSG reductase and GSH-S-transferase
did not show significant change upon hypoxia, 10-
day hypoxia resulted in decreased activities of GSH
peroxidase and glucose-6-phosphate dehydrogenase
by 46 and 44%, respectively.

Previous studies showed that GSH synthesis rate
is decreased by acute hypoxia [5]. In the present
study, we addressed this question following in vivo
chronic hypoxia. Figure 1 shows that hepatocytes
isolated from chronic hypoxic rats gave much lower
GSH synthesis rates under aerobic conditions than
control hepatocytes. The cellular GSH content in
liver from hypoxic rats was 46.0 = 3.5 nmol/10° cells,

which was very similar to that of control rats
(41.1 = 5.5nmol/10° cells). These results suggest
that in the absence of oxidative stress or xenobiotics,
cellular GSH content is maintained at normal levels
during chronic hypoxia even though the synthesis
rate is lower. Under pathological conditions where
there is a demand for GSH, GSH may not be
sufficient because of lower GSH synthesis rate.

Other key enzymes in detoxication systems include
cytochrome P450, SOD, catalase and epoxide
hydrolase. These enzymes can catalyze reactions
that protect cells against toxicity from active oxygen
intermediates and other xenobiotics. The effect of
chronic hypoxia on activities of these detoxication
enzymes is shown in Table 2. Ten-day hypoxia did
not change significantly SOD, catalase, epoxide
hydrolase, or the total amount of cytochrome P450.
Several forms of P450 were analyzed to reflect both
constitutive and inducible forms of P450. It was
found that some of the subtypes of P450 (CYP2E1,
CYP2B1, CYP3A1, P450EtOH2) were decreased
50-60% by hypoxia. Measurements after 5 days on
hypoxia showed no significant changes from controls,
indicating that the response of P450s to hypoxia is
slower than usual for induction time courses (data
not shown).

UDP-glucuronosyltransferases and sulfotransfer-
ases are two central enzyme systems in detoxication
systems that utilize conjugation reactions, i.e.
glucuronidation and formation of sulfate esters. Our
current study showed that microsomal UDP-
glucuronosylitransferase and sulfotransferase activi-
ties were decreased significantly by hypoxia to 65
and 77% of their control values, respectively. The
cellular values of these two enzymes were decreased
to the same extent because the ratio of microsomal
to cellular values was not changed by hypoxia (see
Table 3).

To study whether protein amounts of those
affected enzymes were decreased by hypoxia,
glucose-6-phosphate dehydrogenase, GSH S-trans-
ferases, and UDP-glucuronosyltransferases were
analyzed by Western blot analyses using specific
antibodies. The results indicated that 10-day hypoxia
did not change the concentrations of any of these
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Table 2. Effect of chronic hypoxia on other key detoxication enzymes

Enzyme

Activity or concentration

Cytochrome P450 (total) (nmol/mg protein)
CYP2E1 (% of control)

P450EtOH?2 (% of control)

CYP3A1 (% of control)

CYP2B1 (% of control)

SOD (% inhibition of cytochrome ¢ reduction/mg protein)

Catalase (nmol/10° cells)

Epoxide hydrolase (nmol/min/mg protein)
Microsomes
Cytosol

Hypoxia Normoxia
0.35+0.03(12)  0.35x0.05 (12)
56 + 39 (6) 100 + 60 (6)
42 + 13* (6) 100 + 25 (6)
53 = 347 (6) 100 = 35 (6)
50 £ 42 (6) 100 + 46 (6)
20.8 £ 4.0 (6) 19.6 +=2.8 (6)

0.38+0.03(4)  0.45+0.05 (4)
0.36 (5)

4.50 4.30 £ 0.55 (6)
1.55 = 0.19 (6)

1.62 = 0.25 (6)

Experimental conditions were the same as in Table 1. Catalase was measured in isolated cells.
Cytochrome P450 was measured by Western blot analysis as described under Materials and Methods.
Values are means * SEM; the numbers in parentheses indicate the number of experiments.

* P < 0.01 versus normoxic control.
1 P < 0.1 versus normoxic control.

Table 3. Effect of chronic hypoxia on UDP-glucuronosyltransferase and sulfotransferase

Activity Microsomal/Cellular

Hypoxia Normoxia
Enzyme (N=9) (N=06) Hypoxia Normoxia

UDP-glucuronosyl transferase (nmol/min/mg protein) 0.25 0.24
Cellular 0.53 = 0.02* 0.82 +0.02
Microsomalt 0.13 +0.01* 0.20+0.02

Sulfotransferase (nmol/min/mg protein) 0.83 0.74
Cellular 0.29 = 0.02% 0.42 £ 0.03
Microsomal 0.24 = 0.02* 0.31 £0.02

Experimental conditions were the same as described in Table 1. Values are means = SEM.

* P < 0.01 versus normoxic control.

+ Microsomal data on UDP-glucuronosyltransferase were taken from Ref. 9.

f P < 0.05 versus normoxic control.

enzymes (data not shown). Thus, hypoxia apparently
decreased the activities by enzyme regulatory
mechanisms rather than changing their synthesis or
degradation in the cell.

To test whether these changes in enzyme activities
may be associated with increased susceptibility
of cells to oxidative injury, t-BuOOH-induced
cytotoxicity was studied in isolated hepatocytes from
normoxic and chronically hypoxic rats. Cells from
chronically hypoxic rats were much more sensitive
to cell death caused by t-BuOOH (Fig. 2). Taken
together with the result that chronic hypoxia
decreased GSH peroxidase and glucose-6-phosphate
dehydrogenase activities, the study suggests that
declines in activities of enzymes such as GSH
peroxidase and glucose-6-phosphate dehydrogenase,
which are involved in detoxication reactions, can
render cells more susceptible to chemical-induced
injury.

DISCUSSION

Hypoxia is commonly associated with physiological

or pathological conditions and is relevant to drug
metabolism and toxicity in two general ways: it can
affect the pathways and rates of drug elimination
and it can alter the susceptibility of cells to
injury. Many enzyme activities involved in normal
metabolism of the body are known to be affected
by both acute hypoxia and chronic hypoxia.
However, relatively little information is available on
key detoxication enzyme activities in the liver as a
function of O, supply. In the present study, we
provide evidence that chronic hypoxia can result in
selective decreases in enzyme activities of detox-
ication systems.

This effect isin addition to the previously described
dependence of detoxication upon O, concentration
that occurs during acute hypoxia [22]. The
comparison of activities was made using identical in
vitro conditions with saturating O, concentrations
for cells from normoxic and hypoxic rats. This
comparison may not accurately reflect differences in
functions in vivo between normoxic and hypoxic
livers because these hypoxic livers have altered
enzyme activities, altered cellular O, dependence
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Fig. 2. Effect of chronic hypoxia on t-BuOOH-induced
cytotoxicity. Cells isolated from control rats (circles) or
rats exposed to hypoxia for 10 days (squares) were
incubated in modified Krebs-Henseleit buffer in the
absence (open symbols) or presence (closed symbols) of
0.5 mM t-BuOOH. Cell viability was measured at indicated
times. Values are means = SEM of three cell preparations.
Key: (*) P < 0.05 versus incubation of normoxic cells with
t-BuOOH at the correspondent time points.

[9], and altered cellular O, exposure [10}. Complete
O, dependence studies and more accurate assessment
of in vivo O, concentration will be necessary to
determine which of these factors is more important
in determining in vivo rates.

The condition of chronic hypoxia used in the
present study represents a moderately severe but
not life-threatening condition. In other studies using
these conditions, rats gained weight at only about
half the rate as controls [9], but hepatic glycogen
levels were nearly normal (unpublished data). Total
body clearance of acetaminophen was decreased
about 35% [9]. Intestinal absorption of acetamino-
phen [9] and GSH [25] was decreased, as was blood
plasma proteins [9] and GSH [9]. Thus, the rats
were substantially affected by the degree of hypoxia
in several physiological parameters yet continued to
groom themselves and otherwise appeared healthy.

After exposure to 10-day hypoxia, rat liver cells
showed a much lower GSH synthesis rate than cells
from normoxic rats. A similar decrease occurs in
cells exposed to acute hypoxia, but this appears to
have a different basis. In acute hypoxia, S-
adenosylmethionine (SAM), a very important
intermediate in the cystathionine pathway for
cysteine production from methionine, was shown to
be decreased when O, concentration was decreased
[5]- This decrease was due to decreased ATP
concentration which limited the activity of the SAM
synthetase [S]. In the present experiments, cells from
chronically hypoxic rats were maintained under
normoxic conditions in vitro. Therefore, cellular
ATP concentrations were maximal and cannot
account for the decreased rate of synthesis. Thus, it
appears that the decreased synthesis rate during
chronic hypoxia is due to decreased expression or
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altered regulation of enzymes required for GSH
synthesis.

Although maximal GSH synthesis rate is decreased
by hypoxia, the total cellular GSH content of liver
from hypoxic rats is maintained at the same level as
in controls. This indicates that under hypoxic
conditions alone, the endogenously synthesized GSH
is enough to maintain its cellular level. However,
under pathological conditions, where GSH is
required for detoxication reactions, GSH synthesis
may not be sufficient during hypoxia and may
therefore make cells more vulnerable to oxidative
and chemical-induced injury.

An enhanced sensitivity to oxidative injury is also
suggested by the measurements of glucose-6-
phosphate dehydrogenase activity. This enzyme
catalyzes oxidation of glucose-6-phosphate, pro-
ducing NADPH, which is required for regeneration
of GSH from GSSG. NADPH supply is decreased
by acute hypoxia [4] and this effect, along with
decreased GSH synthesis rates [5], contributes to an
increased susceptibility of hepatocytes to oxidative
stress during acute hypoxia {2]. Because cells from
chronically hypoxic rats have both impaired GSH
synthesis and NADPH supply, it appeared likely
that cells from chronically hypoxic rats would be
more vulnerable to oxidative injury and direct
measurement with t-BuOOH confirmed this. Thus,
altered function of GSH-dependent detoxication
systems due to chronic hypoxia increases sus-
ceptibility to oxidant-induced injury.

Hypoxia at 10.5% O, for 10 days did not change
total cytochrome P450 concentration. This is
consistent with the report by Costa [26] who
demonstrated that relatively moderate hypoxia did
not decrease cytochrome P450 concentration.
However, severe hypoxia can reduce cytochrome
P450 content [26]. The present study showed that
even though the total amount of cytochrome P450
was not changed under our conditions, some
subtypes, i.e. CYP2B1, P4SOEtOH2, CYP3Al, and
CYP2E1, were decreased by hypoxia. This may be
explained by the fact that other P450 forms are
induced or that lesser amounts of apoproteins are
present in the microsomes from hypoxic rats.

Chronic hypoxia has been shown to increase a
variety of enzyme activities, such as succinate
dehydrogenase [27], glycogen phosphorylase [28],
and pyruvate kinase [29]. Other reports indicate that
hypoxia results in a decrease in enzyme activity,
such as superoxide dismutase of lung and brain in
mice [30]. In contrast with our results, SOD and
catalase in rat liver were shown to be reduced by
chronic hypoxia [26]. This may be due to the
differences in chronic hypoxia models used in
different studies, namely, length and severity of
hypoxia. Thus, even though some enzymes are
relatively more resistant to changes during hypoxia,
longer or more severe hypoxia may decrease activities
of these enzymes. Hypoxia affects enzyme by
two ways, i.e. by changing either the enzyme
concentration or the activity. For instance, studies
with pyruvate kinase showed that when pyruvate
kinase activity is increased by chronic hypoxia,
pyruvate kinase content is increased proportionately
[29]. In contrast, our current studies show that
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chronic hypoxia decreased activities of some
detoxication enzymes without detectably changing
their concentrations. This apparently occurs by
regulation of enzyme activity rather than changes in
expression or degradation.

In summary, we have shown that (1) GSH
homeostasis was altered by hypoxia; (2) some key
enzymes in detoxication were decreased. Others
were not changed significantly, but some specific
isozymes were affected. Thus, chronic exposure to
hypoxia in vivo has differential effects on expression
and regulation of drug metabolism and detoxication
systems; and (3) chronic hypoxia potentiates t-
BuOOQOH-induced injury in hepatocytes. Although
the mechanism responsible for this effect is not
known, it may be due to reduction in GSH peroxidase
and glucose-6-phosphate dehydrogenase activities
during chronic hypoxia. These results therefore
indicate that chronically hypoxic individuals are
likely to have altered pharmacokinetics and enhanced
sensitivity to drugs and other foreign compounds.
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