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Abstract

Excessive oxidative stress and associated macromolecular damage are considered to be key features of aging, and appear to contribute
to the age-related decline in steroid hormone production in adrenal and testicular Leydig cells. The current studies were initiated to examine
the potential mechanism by which excessive oxidative stress during aging attenuates the functional expression of the oxidant-responsive
transcription factor Activator protein-1. Chronic oxidative stress was induced in vivo by maintaining groups of rats on a diet deficient in
vitamin E for 6 months. Plasma, liver, and adrenal tissues from vitamin E—deficient animals had negligible levels of this vitamin and showed
high susceptibility to in vitro lipid peroxidation. Synthesis and secretion of corticosterone in response to corticotropin (ACTH), dibutyryl-
CcAMP, or 20a-hydroxycholesterol in vitro was significantly reduced in adrenocortical cells prepared cells from rats deficient in vitamin E.
AP-1 DNA-binding activity was diminished ~55 % in adrenal extracts from vitamin E—deficient rats with no corresponding change in the
binding activity of SP-1. The vitamin E deficiency—mediated loss of AP-1 activity was not due to an alteration in the dimeric composition
of constituent proteins, but rather to a general down-regulation of steady-state levels of members of the Fos and Jun families of proteins.
Interestingly, vitamin E deficiency also reduced the expression of the redox-regulated Ref-1 protein. Collectively these data demonstrate that
chronic oxidative stress specifically down-regulates essential components of the AP-1 transcription factor complex, and suggest that
aberranciesin AP-1 expression may adversely affect processes crucial for intracellular cholesterol transport and steroid hormone production.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction Reactive oxygen species (ROS) have long been impli-
cated in the aging process [13-16]. The potential risk for
damage to macromolecules [17-19] from excessive oxida-

tive stress is especially high for steroidogenic cells, which

Abundant evidence indicates that advancing age in hu-
mans [1-3] and experimental animals [4—6] is associated

with a profound change in the synthesis and secretion of
steroid hormones. Previous work from this laboratory has
suggested that the major cause for the age-related declinein
steroid hormone production in adrena or testis is the inabil-
ity of aging organs to efficiently mobilize and transport
intracellular cholesterol to mitochondria, as is required for
steroid hormone production [7—12]. However, various cel-
lular and molecular mechanisms controlling this defect have
not been definitely identified.
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use molecular oxygen not only for aerobic energy produc-
tion (ATP synthesis) in mitochondria but also for steroid
biosynthesis, and thus exhibit high rates of oxidative me-
tabolism and generation of ROS such as oxygen-centered
free radicals and peroxides, which are by-products of me-
tabolism [4,20—22]. Because lipid peroxidation—mediated
oxidative damage of cellular membranes can affect mem-
brane structure and/or fluidity, and because virtually every
event associated with cholesterol processing and steroido-
genesis is dependent on the integrity of cell membranes
[23-25], the likelihood of steroidogenesis being adversely
affected is quite high. As a result, steroidogenic organs are
especialy well equipped with both nonenzynmatic (e.g.,
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vitamin C, vitamin E, reduced glutathione) and enzymatic
(e.g., superoxide dismutases, catalase and glutathione per-
oxidase) antioxidant systems to combat free radical damage
[4,26]. However, previous work from this laboratory has
shown that aging leads to many oxidative changes in the
adrenal including a dramatic reduction in the normally pro-
tective antioxidant defense system [4], which probably lead
to the decline of corticosterone production in aging animals
[27,28].

Our current thinking is that during aging, cumulative
oxidative damage occurs at the levels of transcription/trans-
lation, and ultimately affects the function of protein factors
necessary for intracellular cholesterol processing and trans-
port to mitochondrial sites of P450scc. Indeed, we and
others have already shown that functional expression of
steroidogenic acute regulatory (StAR) protein and periph-
eral-type benzodiazepine receptors (PBR), the two key pro-
teins involved in cholesterol transport, are greatly reduced
during aging [11,12]. Additional evidence comes from our
demonstration that expression of “stress responsive’ tran-
scription factors AP-1 [29-31] and nuclear factor—«xB (NF-
kB) [30,32,33] are both substantially reduced in adrenal
extracts from aging animals [27,28].

The purpose of this study was to more directly examine
the long-term chronic effects of oxidative stress, asit occurs
during aging, on the functional expression of oxidant sen-
sitive AP-1 transcription factor in rat adrenals. We chose to
study adrenal gland for the following reasons: AP-1 is
congtitutively active in this tissue; its expression does not
require pretreatment with stressors; adrenal AP-1 activity is
reduced during aging [27]; and AP-1 regulates the expres-
sion of several key proteins that are crucia for steroidogen-
esis [27,28]. For these studies, in vivo chronic oxidative
stress and lipid peroxidation were experimentally induced in
rats by feeding them a diet deficient in vitamin E [34,35].
Vitamin E is a family of naturally occurring and lipid-
soluble compounds, the tocopherols and the tocotrienols, of
which a-tocopherol is the most biologicaly active antioxi-
dant in vivo [36]. It is sequestered in the hydrophobic
interior of membranes, where it acts as an important chain-
breaking antioxidant by quenching lipid peroxidation, and
helps to maintain the integrity of biological membranes
[36,37]. We investigated the mechanism of this regulation
with respect to levels of AP-1 constituent proteins (Fos/Jun
family proteins) and redox factor-1 (Ref-1, also known as
APE, HAP, and APEX), which functions as both a nuclear
DNA repair enzyme and as a reversible regulator of the
DNA-binding activity of several transcription factors, in-
cluding AP-1 by altering the redox state of specific cysteine
residues located in the basic DNA binding region of these
transcription factors [38—40Q].

Results obtained from the current study indicate that
vitamin E deficiency—induced chronic oxidative stress sig-
nificantly down-regulates adrenal AP-1 activity. Moreover,
AP-1 inhibition seems to be due to both reduced levels of
AP-1 constituent proteins as well as Ref-1. Based on the

evidence presented here, we suggest that oxidative stress/
free radical-mediated inhibition of adrenal AP-1 activity
may represent a common mechanism resulting in the re-
duced functional efficiency of key proteins involved cho-
lesterol transport and its conversion to steroids as observed

during aging.

2. Methods and materials
2.1. Reagents

[vy-*2P] ATP (3000 Ci/mmol, 111 TBg/mmol) was pur-
chased from PerkinElmer Life Sciences, Inc. (Boston, MA).
T4 polynucleotide kinase, kinase reaction—buffer and dou-
ble-stranded oligonucleotides that represent consensus se-
guences to AP-1, SP-1, NF-«B transcription factors were
obtained from Promega Corp. (Madison, WI). The follow-
ing chemicals were supplied by Sigma Chemical Co. (St.
Louis, MO): thiobarbituric acid, «-tocopherol, ascorbic
acid, Bt,cCAMP, corticosterone, B-nicotinamide adenine
dinucleotide phosphate (BNADPH), spermidine, spermine,
pepstatin A, leupeptin, aprotenin, paramethyl sulfonyl flu-
oride (PMSF), dithiothreitol, and sucrose. The affinity-pu-
rified rabbit polyclonal immunoglobulin G antibodies (1gG)
against c-Fos, c-Jun, JunB, JunD, Fra-1, Fra-2, and FosB
were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). These antibodies were used for Western blotting
and/or gel shift analysis and were mouse, rat, and human
reactive. ACTH (Cortrosyn) was obtained from Organon,
Inc. (West Orange, NJ). Anticorticosterone antibody was
the product of Endocrine Sciences (Tarzana, CA). All other
reagents used were of analytical grade.

2.2. Animals, experimental design, and tissue collection

Male, Sprague-Dawley rats (n = 32; initial weight, 87—
129 g) were obtained from Harlan Sprague Dawley (India-
napolis, IN) and housed two animals per cage covered with
a microisolator in a room controlled for humidity, temper-
ature (21° = 1°C), and light (12-hour light:dark cycle). Rats
were acclimated for 48—72 hours and then randomly di-
vided into two dietary groups (n = 16/group) with adjust-
ments made to keep mean group weights comparable.
Group A received a control (vitamin E—adequate) diet,
whereas group B received a diet totally deficient in vitamin
E. Both diets were provided by Harlan Teklad (Madison,
WI). The composition of both diets were identical except
that the vitamin E—adequate diet contained 0.15 g of vitamin
E acetate (500 1U/g)/kg diet, whereas the deficient diet
contained no vitamin E. The rats were maintained on these
diets for a period of 5-6 months, and fed ad libitum with
unrestricted access to drinking water. No overall differences
in food consumption were noted between animals fed the
deficient or control diet. The rats were weighed once each
week and at the end of the study.
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At the end of the feeding period, rats were killed by
decapitation and blood collected in heparinized tubes for the
isolation of plasma and quantification of plasma—associated
a-tocopherol. Liver, adrenal, testis, and, if required, other
tissues (e.g., heart, brain, lung, and kidney) were immedi-
ately removed, rinsed in phosphate-buffered saline, blotted,
and weighed. The tissues were either processed immedi-
ately for the isolation of cells, and subcellular fractions or
stored frozen at —80°C until analyzed for AP-1 activity,
AP-1 protein congtituents, or tissue vitamin E content.

2.3. Isolation of adrenocortical cells and in vitro
steroidogenesis

Freshly isolated adrenocortical cells[7] from control and
vitamin E—deficient rats were used to assay steroidogenesis.
Cell samples were incubated with =ACTH (10 ng/mL), =
Bt,cCAMP (2.5 mmol/L), or *20a-hydroxycholesterol (10
pumol/L) at 37°C for 3 hours, and samples of incubation
medium were assayed for corticosterone by direct radioim-
munoassay as described previously. Results represent nano-
grams of corticosterone produced per microgram of DNA
and are expressed as the mean + SE of duplicate determi-
nations of four different adrena cell preparations derived
from four individual animals.

2.4. Measurement of lipid peroxidation

Tissue susceptibility to lipid peroxidation was quantified
by colorimetric determination of thiobarbituric acid-reactive
substances (TBARS) as described previously [4,41]. Ali-
guots of adrena membrane preparations (100-120 ug of
protein) were incubated at 37°C for 60 minutes in 50
mmol/L Trissmaleate buffer, pH 7.4 containing 0.1 mol/L
KCI (1 mL total volume) in the absence (basal) or presence
of either 130 wmol/L ascorbate and 26 pwmol/L ferrous
sulfate [42] (nonenzymatic) or 1 mmol/L NADPH, 2
mmol/L ADP and 20 mmol/L FeCl;(enzymatic) [43]. After
incubation, the peroxidation reaction was stopped by rapid
addition of 0.2% butylated hydroxy toluene (50 uL), fol-
lowed by 20% trichloroacetic acid (0.3 mL) and 50 mmol/L
thiobarbituric acid (0.6 mL) [41]. The samples were mixed
thoroughly and placed in a boiling water bath for 8 minutes.
The resulting chromagen in each case was extracted with a
mixture of n-butanol:water:pyridine (15:3:1 v/v) and absor-
bances of organic phase were simultaneously determined at
510, 532, and 560 nm [44]. The amount of 532 nm absorp-
tion resulting from TBARS (malondial dehyde, MDA equiv-
alent) was calculated by the following equation [44], which
uses an extinction coefficient of 1.56 x 10 cm™* for
MDA: MDAgs, = 1.22 [(Asg) — (0.56) (Agg) + (0.44)

(Aseo)]-

2.5. Preparation of nuclear extracts and electrophoretic
mobility shift assays

Adrenal nuclear extracts were prepared as described pre-
viously from this laboratory [27]. The double-stranded oli-
gonucleotide probes were end-labeled using [y->2P] ATP
and T, polynucleotide kinase, and unincorporated radioac-
tivity in each preparation was removed by Sephadex G-25
spin column chromatography (Roche Diagnostics Corp.,
Indianapolis, IN). Electrophoretic mobility shift assays
(EMSAS) were carried out as previoudy described with
minor modifications [27,28]. Briefly, adrenal nuclear ex-
tracts (2.0-2.5 g protein) were incubated with 3?P-labeled
double-stranded oligonucleotide probe (50,000-100,000
DPM) in a 20-uL reaction mixture for 20 minutes at room
temperature. Each reaction mixture for AP-1 contained the
following: 15 mmol/L HEPES-NaOH (pH 7.9), 3 mmol/L
TrissHCI (pH 7.9), 60 mmol/L KCI, 0.5 mmol/L EDTA, 1
mmol/L MgCL,, 100 wg/mL poly (dI-dC).poly (dI-dC),0.5
mmol/L DTT, 1% NP-40, and 10% glycerol. For SP-1 the
mixture contained the following: 50 mmol/L Tris-HCI (pH
7.9), 100 mmol/L KCI, 12.5 mmol/L MgCl,, 1 mmol/L
DTT, 100 pg/mL poly (di-dC).poly (dI-dC), 1 mmol/L
DTT, 1% NP-40, and 10% glycerol. The 32P-oligonucleo-
tide-nuclear protein complexes formed were separated from
free oligonucleotides by electrophoresis through a 4% na-
tive polyacrylamide gel in running buffer of 0.5 X TBE at
150 V (~40 mA) for 2-3 hours until bromophenol blue was
~1-2 cm from bottom of gel. Gels were dried and exposed
to x-ray (Kodak X-Omat, Rochester, NY, USA) film for
5-20 hours at room temperature, and were then scanned and
the appropriate bands quantified by densitometry. The upper
strand of the synthetic oligonucleotides containing AP-1,
NF-«kB, SP-1 recognition sequences (the consensus se-
guences shown in boldface type) were as follows: AP-1
(TRE)—5'-CGC TTG ATG AGT CAG CCG GAA-3' SP-
1—5'-ATT CGA TCG GGG CGG GGC GAG C-3

Competition experiments were performed by preincubat-
ing the extracts with unlabeled AP-1, SP-1, or NF-kB oli-
gonucleotides for 5 minutes at room temperature before the
addition of 3?P-labeled oligonucleotide probe, and were
followed by incubation at room temperature for an addi-
tional 20 minutes.

Composition of AP-1 DNA-binding complexes was de-
termined by performing antibody supershift and antibody
inhibition assays. Adrenal nuclear extracts were preincu-
bated with 2 ug of polyclonal rabbit antibodies specific for
the Fos and Jun protein families or preimmune rabbit 1gG
for 60 minutes at 4°C before the DNA-protein binding
reaction in EMSA. The DNA-protein complexes were sub-
sequently resolved by electrophoresis as described above.

2.6. Western blotting

Adrenal nuclear protein extracts were prepared as de-
scribed above. Equal amounts of nuclear fractions (30—40



P. Abidi et al./ Journal of Nutritional Biochemistry 15 (2004) 210-219 213

g of protein) were resolved on 10% sodium dodecy! sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE), fol-
lowed by electrophoretic transfer to Immobilon-P mem-
branes as described earlier [27,28]. After staining with
Ponceau S to verify loading equivalency and transfer effi-
ciency [27,28], the membranes were incubated with anti—
c-Fos, FosB, Fra-1, Fra-2, JunD, c-Jun, JunB, or Ref-1
followed by treatment with horseradish peroxidase—conju-
gated goat antirabbit 1gG. Bands were visualized by en-
hanced chemiluminescence detection as described by the
manufacturer (ECL System, Amersham/Pharmacia Biotech,
Arlington Heights, IL, USA). Blots were exposed to film for
various times (3—10 minutes), and exposures were subjected
to densitometric scanning.

2.7. Analytical methods

The concentrations of a-tocopherol in plasma, liver, ad-
renal, and other tissues were measured by the high-perfor-
mance liquid chromatography method as previously de-
scribed [4]. The protein concentrations of membrane
fractions were determined by the colorimetric procedure of
Markwell et al. [45], and the modified Lowry procedure of
Peterson [46] was used to quantify protein content in nu-
clear extracts.

2.8. Satistical analysis

The Student t test was used for statistical evaluation of
the results. A P vaue of < 0.05 was considered to be
significant. The program used for statistica analysis was
GRAPH PAD PRISM™ version 3.0 (Graph Pad Software,
San Diego, CA).

3. Results

Table 1 shows body weights and levels of a-tocopherol
in plasma, liver, adrenal, and testicular tissues of rats fed
either a vitamin E—adequate (control) diet or vitamin E—d-
eficient diet. At the beginning and end of the 6-month study,
the overall body weights were not significantly different
between the control and vitamin E—deficient groups of rats.
Also, food intake was not affected by vitamin E deficiency
(data not shown). Vitamin E deprivation of rats significantly
decreased a-tocopherol concentration in plasma, liver, ad-
renal gland, and testis and the extent of the reduction in
a-tocopherol concentrations were comparable (90-95%)
among the three tissues (Table 1). However, as reported
before, the a-tocopherol levels of control adrenals were 10-
to 12-fold greater than liver vaues.

TBARS measurements were made to assess the extent of
lipid peroxidation in adrenal and liver membrane prepara-
tions from rats maintained on vitamin E—adequate (control)
or vitamin E—deficient diets for 6 months. These measure-

Table 1
Body weight, and plasma, liver, and adrenal vitamin E content of rats
fed either a control (adequate vitamin E) or a vitamin E—deficient diet

Control Vitamin
diet E-deficient diet P
Body weight
Initial (g) 106 + 2 107 + 3
Final (g) 540 =11 529+ 13 = NS
Plasma vitamin E 6.8+ 12 0.34+007 < 0.0005
(ng a-tocopherol/mL.)
Liver vitamin E 16.7 =31 0.76 = 0.17 < 0.0001
(g a-tocopherol/g liver)
Adrenal vitamin E 207 +18 203=*=7.2 < 0.001
(g a-tocopherol/g
adrenal)
Testis vitamin E 255+6.7 093*025 < 0.0005

(g a-tocopherol/g testis)

Values (mean = SE) are expressed as ug equivalent of a-tocopherol/g
tissue except plasma (ug/mL) (n = 14-16 animals/group). Feeding rats a
vitamin E—deficient diet for approximately 5%> months reduced plasma
levels of vitamin E by 95% and dramatically reduced the levels of vitamin
E inliver, adrenal, and other organs (e.g., brain, heart, lung, kidney, spleen
and testis; data not shown).

ments were made both under basal conditions and after
exposure to either enzymatic (Fe**/ADPINADPH) or non-
enzymatic (Fe**/ascorbate) initiators. Consistent with the
previous data [4,34,35], adrena membranes from control
animals displayed only minimal endogenous levels of
TBARS and only an approximately 10-fold increase in
malondialdehyde levels after exposure to either enzymatic
or nonenzymatic initiator. Moreover, adrena membranes
were more resistant to lipid peroxidation than the liver
under ascorbate-induced and conditions induced by reduced
nicotinami de adenine dinucleotide phosphate (NADPH), as
well aslipid peroxidation without added initiators (Table 2).
In contrast, adrenal membrane preparations from vitamin
E—deficient rats were more susceptible to lipid peroxidation
than that of the controls and exhibited roughly 10-fold
higher basal levels and approximately 20- to 25-fold higher
TBARS levels than control in response to prooxidants.
Finally, the TBARS content of vitamin E—deficient adrenal
membranes in response to either enzymatic or nonenzy-
matic initiator was comparable to the values obtained with
liver membranes from both control and vitamin E—deficient
animals.

The effects of vitamin E deficiency on ACTH- and
Bt,CAMP-induced or 20 «-hydroxycholesterol—supported
secretion of corticosterone by isolated adrenocortical cells
are shown in Table 3. These data demonstrate that the mean
basal level of corticosterone in adrenal cells from control
rats was 5.3 ng/ing DNA compared to 1.8 ng/ug DNA in
vitamin E—deficient rats. Maximal ACTH-induced cortico-
sterone production also diminished with vitamin E defi-
ciency, with mean corticosterone levels in the adrenocorti-
cal cells from control rats of 187 ng/uwg DNA compared
with 96 ng/ug DNA from vitamin E—deficient rats. Like-
wise, Bt,CAMP-induced corticosterone production also de-
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Table 2

Basal and pro-oxidant-induced lipid peroxidation levels in adrenal and
liver of rats fed either a vitamin E adequate control diet or a diet
deficient in vitamin E.

Tissue Pro-oxidants nmol MDA produced/60 min/mg
protein = SE
Vitamin
Control diet E—deficient diet
Adrena
None 0.08 = 0.01 0.94 = 0.15¢
Fe"/ADP/NADPH 1.11 +0.20 242 + 31
Fe?* /ascorbate 117 = 0.33 27.7+53
Liver
None 0.67 = 0.14 136 + 1.9"
Fe?*/ADP/NADPH 235+ 31 276 +53
Fe?*Jascorbate 19.1+22 244 + 4.4

Results are mean £ SE of six separate experiments. These results that
vitamin E deficiency causes adrenal and liver tissues to excessive lipid
peroxidation especially under basal conditions (i.e., in the absence of
externally added pro-oxidants)

* P < 0.001 (control vs deficient diet).

TP < 0.01 (control vs deficient diet).

creased in response to vitamin E deficiency. Thus, the max-
imal concentration of corticosterone in adrenocortical cells
of control rats was 225 ng/ng DNA compared with 159
ng/ng DNA in the vitamin E—deficient group.

In an attempt to determine whether the adrenal steroido-
genic pathway is compromised by vitamin E deficiency—
induced oxidative stress, we also measured 20 «-hydroxy-
cholesterol—supported corticosterone secretion (Table 3).
The 20 a-hydroxy-cholesterol, like other hydroxycholester-
ols, isfreely transported to michondria, and the extent of its
conversion into steroids is indicative of the functiona effi-
ciency of the steroidogenic pathway. Adrenocortical cells
isolated from rats fed a control diet showed robust secretion
of corticosterone when challenged with 20 a-hydroxycho-
lesterol. However, 20 «-hydroxycholesterol—supported re-
sponses were significantly decreased in adrenal cells from
vitamin E—deficient rats. These results suggest that vitamin
E deficiency—induced chronic oxidative stress not only in-
hibits steroidogenesis but also negatively impacts the effi-
ciency of the steroidogenic pathway.

Table 3
Corticosterone production by isolated adrenocortical cells from rats fed a
normal diet or a diet deficient in vitamin E

Additions Corticosterone (ng/ng DNA
Vitamin
Control diet E—deficient diet
Basal (no addition) 53+09 1.8+ 0.4*
ACTH (10 ng/mL) 187.0 + 21.1 96.3 + 8.9
Bt,cAMP (2.5 mmol/L) 2253+ 24.3 159.2 + 25.6*
20 a-Hydroxycholesterol 297.0 + 26.0 173.1 = 20.0%

(20 wmol/L)

Results are mean + SE of eight separate experiments.
* P < 0.003; TP < 0.00L ¥P < 0.005; $P < 0.01.
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Fig. 1. EMSA demonstrating AP-1 and SP-1 binding activities in the
adrenal nuclear extracts isolated from rats fed a control diet or a diet
deficient in vitamin E. (A) EMSA of AP-1 binding activity. Nuclear
extracts (2 ug protein) were incubated with [*2P] labeled-AP-1 TRE
oligonucleotide probe as described in the “Methods and materials’ section.
(B) EMSA of SP-1 DNA-binding activity. Adrenal nuclear extracts were
analyzed by EMSA for [®2P] labeled SP-1 oligonucleotide binding as
described in the “Methods and materials’ section. (C) Numerical values
demonstrating the effects of vitamin E deficiency on AP-1 DNA-binding
activity. Values were derived from results similar to those shown in A and
B. All AP-1 binding data were normalized to SP-1 DNA-binding activity
and are expressed as the mean + SE of five different experiments. (P <
0.05.)

To correlate cellular responses with molecular events, we
next investigated the effects of vitamin E deficiency and
resultant oxidative stress on the activities of oxidant sensi-
tive transcription factors, AP-1 and NF-«B. To assess AP-1
activity, EMSAs were performed using a probe containing
the 12-O-tetradecanoyl phorbol-13-acetate response element
(TRE) consensus sequence, TGA®/STA (1,69). Asshownin
Fig. 1A, adrena nuclear extracts from control rats fed a
vitamin E—adequate diet contained one major and one minor
congtitutively active AP-1 binding complex. These results
are in agreement with previous studies demonstrating the
constitutive expression of AP-1 DNA-binding activity in rat
adrenals [27,47]. Likewise, adrena nuclear extracts from
rats maintained on a vitamin E—deficient diet also exhibited
a single prominent band and a minor band, which migrated
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with similar mobility to that seen in control adrenals. How-
ever, vitamin E deficiency resulted in a significant decrease
(50—60%) in adrenal AP-1 DNA-binding activity. To de-
termine whether the vitamin E-induced loss in AP-1 activ-
ity was specific, the binding activity of SP-1 was also
evaluated. Under similar experimental conditions, the bind-
ing activities of SP-1 (Fig. 1B) did not show any significant
change in response to vitamin E depletion. Figure 1C sum-
marizes and quantifies the data presented in Fig. 1A and 1B.
Adrena AP-1 binding activities were evaluated by scanning
densitometry to allow quantitative comparison between
control and vitamin E—deficient animals. To ensure that the
vitamin E-induced alteration in AP-1 binding was not due
to aberrant protein loading or extraction bias, all results
were normalized to SP-1 activity. These analyses further
confirmed that vitamin E deficiency is accompanied by a
significant reduction (~55%) in AP-1 DNA-binding activ-
ity (Fig. 1C).

AP-1 is composed of either homodimers of Jun family
members (c-Jun, Jun B, Jun D) or heterodimers of Jun
proteins with Fos family members (c-Fos, Fos B, Fra 1, and
Fra 2) [29,31]. Considerable evidence suggests that dimeric
composition is an influential determinant of the AP-1 bind-
ing and transactivational potential [29,31]. Therefore, to
delineate whether the reduced expression of AP-1 in adre-
nals of vitamin E—deficient rats was due to ateration of the
dimeric composition of AP-1 homo-/heterdimers, we com-
pared the subunit composition of AP-1 complexes in adre-
nal nuclear extracts from rats fed a control diet or a diet
deficient in vitamin E. To identify the Fos and Jun families
that participate in AP-1 complex formation, polyclonal an-
tisera against the individual c-Fos and Jun proteins were
added to the EMSA reaction. The inhibition, or atered
electrophoretic mobility, of complex formation by specific
antiserum is taken as the presence of that protein in the
oligonucleotide probe-transcription factor complex. As
shown in Fig. 2, the antibodies to Jun D and Fos B “ super-
shifted” the AP-1 specific DNA complexes in adrena ex-
tracts from both the control and vitamin E—deficient groups.
However, antibodies to c-Fos, ¢c-Jun, Jun B, Fra 1, and Fra
2 had no discernable effect on the AP-1 binding in either of
the two groups. From these data we concluded there were no
major differences in the subunit composition of the AP-1
complexes between the control and vitamin E—deficient
groups.

We next evaluated whether the vitamin E deficiency
induced attenuation of AP-1 activity was correlated with a
reduction in the levels of Jun and Fos families of proteins.
Adrena nuclear extracts from control and vitamin E—defi-
cient adrenal s were subjected to Western blot analysis using
antibodies directed against the Jun and Fos families of
proteins (Fig. 3). The quantitative data obtained from six
individual blots are presented in Table 4. As can be seen,
vitamin E deficiency significantly reduced the steady state
levels of all members of Fos and Jun family members with
the exception of Fra 1 and Jun B, the levels of which were
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Fig. 2. Super-shift/inhibition analysis of the dimeric composition of the
AP-1 DNA-binding activities in adrena nuclear extracts from rats main-
tained on a vitamin E adequate (control) or vitamin E—deficient diet.
Nuclear extracts (2 pg of control or 4 ug vitamin E—deficient) were
pretreated with vehicle (preimmune 1gG) (lane 1), anti—c-Fos (lane 2),
anti—c-Jun (lane 3), anti-Jun B (lane 4), anti—Jun D (lane 5), anti—-Fos B
(lane 6), anti—Fra 1 (lane 7), or anti—Fra 2 (lane 8) at 4°C for 60 minutes
and EMSAs were performed. The arrows show the DNA binding com-
plexes supershifted by the antibodies.

T
L2

below the detection limits of antibodies used and thus could
not be accurately measured.

Another potential mechanism by which AP-1 DNA-
binging activity may be regulated is through changes in
intracellular oxidation/reduction reactions involving the re-
dox factor-1 (Ref-1) protein. Ref-1, also known as APE-1/
Hap-1/APEX is a ubiquitously expressed, bifunctiona nu-
clear enzyme that acts as an endonuclease in the base
excision repair of oxidatively modified DNA and as an
agent reducing protein to modulate the oxidation/reduction
(redox) state of specific cysteine residues, which promotes
the DNA binding activities of many transcription factor
including AP-1 [38,39,48,49]. Therefore, we sought to de-
termine whether Ref-1 played a role in the vitamin E defi-
ciency—induced decrease in AP-1 DNA-binding activity.
Using Western blot analysis, we quantified Ref-1 protein
levels in adrenal nuclear extracts from rats fed either a
control diet or a diet deficient in vitamin E. Ref-1 protein
expression was significantly reduced in adrenals of vitamin
E—depleted animals (Fig. 4). Scanning densitometry analy-
sis of the immunopositive bands demonstrated that vitamin
E deficiency reduced Ref-1 protein content by ~50% (P <
0.0242), as shown in Fig. 5.

4, Discussion

Increasing evidence suggests that elevated levels of cel-
lular oxidative stress contribute to aging [13-16]. High
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Fig. 3. Immunoblot analysis of c-Jun, Jun-D, c-Fos, Fos-B, and Fra-2
proteins in adrenal nuclear extracts prepared from rats on control or
vitamin E—deficient diets as described in the “Methods and materials’
section. This figure is representative of four separate experiments and the
densotometric quantitation is presented in Table 4.

levels of ROS may damage DNA [17], cause degradation of
membrane lipid constituents due to enhanced lipid peroxi-
dation [18], and inactivate proteins[19], resulting in chronic

Table 4

Scanning densitometry of the c-Fos and c-Jun family of proteinsin
adrenal nuclear extracts from rats fed a control diet or a vitamin
E—deficient diet

Arbitrary Units/Unit Protein = SE

Vitamin
Control diet E-deficient diet P

c-Fos 19.42 + 2.0 839+ 14 <0.005
c-Jun 4225+ 1.2 35.97 = 2.0 <0.03
Jun D 46.81 = 2.9 3132+ 16 <0.001
Fos B 2415+ 1.8 17.59 + 0.8 <0.05
Fra-2 86.41 + 6.0 52.66 + 4.7 <0.005
Fra-1l BD BD

Results are mean = SE of four separate experiments.
BD = below detection limit.

dysfunction of vital cellular processes. The steroidogenic
tissues are particularly vulnerable to the deleterious actions
of oxidative stress because they contain a high content of
unsaturated membrane lipids, use excessive amounts of
molecular oxygen for steroid synthesis, and generate ROS
(e.g., oxygen-centered free radicals and peroxides) as by-
products of oxidative metabolism [4,20,50-53]. Lipid per-
oxidation is a membrane degradative process arising as a
consequence of the production and propagation of free rad-
ical reactions, and can therefore modulate membrane struc-
ture and/or fluidity. Because amost every event associated
with cholesterol maobilization aswell as transport to and use
by mitochondria is dependent on the integrity of cellular
membranes [23-25], the chances of steroidogenesis being
adversely affected are quite high in tissues subjected to
chronic oxidative stress. As a result, steroidogenic tissues
are especially well equipped with a variety of antioxidant
defenses including reduced glutathione, glutathione perox-
idase, glutathione reductase, catalase, ascorbate, superoxide
dismutases (SOD, Cu/Zn-SOD, and Mn-SOD) and vitamin
E (a-tocopheroal), which protect the cells from the deleteri-
ous actions of free radicals (e.g., superoxide, hydrogen
peroxide, and lipid peroxidation reactions) [4,26].

Our laboratory has recently demonstrated that antioxi-
dant protection is greatly compromised during aging and

Ref-1
D e S e e — —

Control Vitamin E
Diet Deficient Diet
Fig. 4. Levels of Ref-1in adrenal nuclear extracts from control and vitamin
E deficient rats. Adrenal nuclear extracts were separated on 10% SDS-
PAGE gels, transferred to nylon membranes, and immunoblotted with
anti—Ref-1 as described in the “Methods and materials’ section. Thisfigure
is representative of four experiments.
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Fig. 5. Numerical values demonstrating the effects of vitamin E deficiency
on Ref-1 expression in rat adrena gland. Vaues were derived from results
similar to those shown in Fig. 4. Results are mean + SE of six separate
experiments.

that, as a consequence, adrenals of aged rats exhibit mark-
edly elevated levels of oxidative stress and enhanced sen-
sitivity to lipid peroxidation, which ultimately lead to the
decline of corticosterone production in aging animals [4].
Moreover, the deleterious effects of oxidative stress appear
to affect three major cellular processes. One such processis
the adrenal antioxidant defense system itself. Indeed, the
steady levels of Cu-Zn SOD, Mn SOD, GPX, and vitamin C
as well as reduced glutathione are greatly decreased in
adrenals of aging rats, while at the same time the suscepti-
bility of adrenal membranes to lipid peroxidation is pro-
foundly enhanced [4]. A second process that is severely
impaired during aging is the functional expression of StAR
and PBR, the key proteins involved in cholesterol transport
to and within the mitochondrial sites of CYP11A1
(P450scc) [11,12]. Findly, impaired expression of oxidant
sensitive transcription factors, AP-1, and NF-«B, has aso
been observed in adrenas of aging rats [27,28]. Thus, a
correlation between the loss of steroidogenic response and
oxidative stress-induced impairment of StAR, PBR, AP-1,
and NF-kB in aging adrenals, in conjunction with accumu-
lating evidence that oxidative stressisamajor contributor to
aging process, raises the possibility that oxidative stress
may contribute to the age-related decline in steroid hormone
synthesis by rat adrenals.

To explore potentia cellular mechanism that may confer
transcriptional susceptibility to oxidative stress, the current

studies were initiated to examine the impact of depletion of
vitamin E on the functional expression of the oxidative
stress—responsive transcription factor AP-1. Vitamin E is
the major lipid-soluble, chain-breaking antioxidant that is
sequestered in the hydrophobic interior of membranes,
where it functions as an important quencher of lipid peroxi-
dation and helps to maintain the integrity of biological
membranes [36,37]. Loss of cellular levels of vitamin E is
known to cause excessive oxidative stress, lipid peroxida-
tion, and oxidative damage in vivo [36,37]. We report that
vitamin E deficiency, achieved by feeding a diet deficient in
vitamin E, resulted in the inhibition of AP-1 DNA-binding
activity with concomitant down-regulation of corticosterone
production. Vitamin E deficiency—induced oxidative stress
appeared to inhibit AP-1 DNA-binding activity by reducing
the steady state levels of constituent Fos and Jun families of
proteins as well as the redox-regulated protein, Ref-1. The
current work confirms that vitamin E deficiency induces
increased lipid peroxidation [34,35] and consequently leads
to inhibition of steroidogenesis. In addition, the use of a
freely diffusible steroid precursor, 20a-hydroxycholesterol,
demonstrated that vitamin E deficiency—induced chronic
oxidative stress appears to interfere not only with choles-
terol transport to mitochondria but also to affect the steroi-
dogenic pathway responsible for the conversion of precur-
sor cholesterol into steroids. Our interpretation of these
results is as follows: because CYP11A1l (P450scc),
CYP11B1 (P450118), CYP21 (P450c21) are al cyto-
chrome P450 requiring enzymes, excessive oxidative stress
inhibits one or more of these enzymes. This suggestion is
based on the previous observations that cytochrome P450
requiring enzymes are highly susceptible to oxidative insult
[50,51,54,55], and that some of these hydroxylases are
down-regulated during aging [5]. Additionaly, StAR pro-
tein, which facilitates cholesterol transport to mitochondria,
likely is vulnerable to inhibition by oxidative stress because
StAR mRNA and protein levels are significantly reduced
during aging [11,56]. Thus, the deleterious actions of oxi-
dative stress on steroidogenesis are likely to involve effects
on both cholesterol mobilization and transport to mitochon-
dria as well as its conversion to steroid products.

AP-1 is a heterodimeric complex composed of Jun (c-
Jun, JunB, and JunD) and Fos (c-Fos, FosB, Fra-1 and
Fra-2) families of proteins, as either Jun:Jun homodimers or
Jun:Fos heterodimers [29,31]. Various combinations of
these two families of proteins dictate the extent and out-
come of AP-1 binding [29,31]. In this study we observed no
aterations in specific members of the Jun and Fos families
by vitamin E deficiency—-induced oxidative stress. Super-
shift analyses indicated that JunD and FosB are the major
constituents of AP-1 in adrenal nuclear extracts obtained
from rats maintained on either vitamin E—adequate or vita-
min E—deficient diets. Other proteins such as c-Fos, ¢-Jun,
JunB, Fral, and Fra2 also contribute to varying extent in
AP-1 complex formation and, again, their overall contribu-
tions were not influenced by vitamin E depletion. The in-
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hibition of congtitutively active AP-1 binding by vitamin E
deficiency is at least in part due to suppression of Fos and
Jun proteins. Indeed, we have determined by Western blot-
ting that vitamin E deficiency elicits decreases in the levels
of all members of the Jun/Fos families. Our data are con-
sistent with previous studies, showing that major adrenal
AP-1 constituents are drastically reduced during aging [27].
In addition, although not tested directly, there is a possibil-
ity of adirect effect of oxidative stress on posttranslational
modifications, especialy the phosphorylation state of the
AP-1 family members [29-31].

Vitamin E deficiency—induced oxidative stress also re-
sults in down-regulation of Ref-1. Ref-1 is a ubiquitously
expressed bifunctional 36 kDa protein that acts as a DNA
repair enzyme, as well as, a stimulator of DNA-binding
activity by severa transcription factors, including AP-1,
through a redox-dependent mechanism [38,39,48,49]. Re-
duced Ref-1 expression in vitamin E—deficient adrenals is
likely to have multiple functional consequences in addition
to impaired genomic repair. Among these, lack of Ref-1
could affect the redox state of many transcription factors
including AP-1 that may affect the functional expression of
many genes that participate in stress signaling [30,40] and
steroidogenic pathways [27]. Also, optimal expression of
Ref-1 isrequired for proper mitochondrial function [57,58].
Because mitochondria are also the primary site for steroid
hormone production, reduced Ref-1 expression may affect
overall steroidogenic capacity of the adrena gland. More-
over, Ref-1 expression is subject to hormonal regulation
[59,60], and reduced expression of Ref-1 along with AP-1
could seriously compromise the functional efficiencies of
steroidogenic cell proteins (e.g., CYP11B1, trophic hor-
mone receptors, StAR protein). Thus, impaired expression
of AP-1/Ref-1 is likely a major contributor to oxidative
stress-induced loss of steroid hormone production.

In summary, the key findings of our work are that vita-
min E deficiency—induced oxidative stress leads to de-
creased expression of Jun and Fos families of proteins as
well as inhibition of constitutively active AP-1 DNA-bind-
ing by a mechanism that also appears to involve Ref-1
protein. These results support the concept that chronic ox-
idative stress exerts a negative effect on oxidant-responsive
AP-1 DNA-binding activity, which in turn leads to ineffi-
cient functional expression of crucial steroidogenic and cho-
lesterol transport proteins and concomitant reduction in ste-
roidogenic response.
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