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Abstract

The goal of this study was to determine to what extent aging
affects the antioxidant defense system of the rat adrenal and
to evaluate the impact of any change in this system on the
recognized age-related decline in steroidogenic capacity of
adrenocortical cells. The studies were conducted on young
(2-5 mo) and aging (12-27 mo) Sprague-Dawley rats and
involved procedures measuring steroidogenesis; oxidative
damage to tissue; non enzymatic antioxidants such as vita-
min C, E, and glutathione; and tissue antioxidant enzyme
(Mn and CuZn superoxide dismutases, catalase, and gluta-
thione peroxidase) activity and expression (mRNA, protein
mass, and location). Some measurements were made also
on rats maintained on vitamin E-deficient diets. The data
show that adrenals from young animals are especially well
protected against oxidative events; i.e., these adrenals show
the least endogenous lipid peroxidation and the highest level
of resistance to prooxidant-induced damage (of various tis-
sues measured) and show exceedingly high levels of tissue
antioxidants. Aging, on the other hand, results in oxidative
changes in adrenal tissue that are generally linked in time
to a reduction in efficiency of the normally protective antiox-
idant defense system and to the decline in corticosterone
production. Wespeculate that these events are causally re-
lated, i.e., that the age-related reduction in oxidative mecha-
nisms in adrenal tissues leads to oxidative damage of mem-
brane or cytosolic factors important to cholesterol trans-
port, and, as a consequence of this damage, cholesterol
cannot reach appropriate mitochondrial cholesterol side
chain cleavage sites, and corticosterone production fails. (J.
Clin. Invest. 1995. 96:1414-1424.) Key words: lipid peroxi-
dation * lipid hydroperoxides * antioxidant enzymes * nonen-
zymatic antioxidants - steroidogenesis

Introduction

Studies from this laboratory (1-5) and of others (6-12) have
shown that aging in rats is associated with a decreased steroido-
genic response; i.e., when specifically challenged in vitro, iso-
lated adrenocortical cells (or Leydig cells) of 18-24-mo-old
rats (of several different strains) produce and secrete signifi-
cantly less hormone in response to maximal trophic hormone
stimulation than do cells from young (2-mo-old) or mature
(5-6-mo-old) rats. Although the mechanism behind this aging
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defect is not understood, a number of observations (2, 4, 11-
13) suggest that it may involve inadequate processing of intra-
cellular cholesterol or inefficient transport of cholesterol to mi-
tochondrial side chain cleavage sites for the initial steps in
steroidogenesis. This occurs despite the fact that internalization
of lipoprotein cholesteryl ester is quite normal (5, 14) and
intracellular cholesteryl ester storage pools are more than ade-
quate (2, 4, 11 ) in steroidogenic cells of aging rats.

Oxygen-derived free radicals and the accumulation of unre-
paired oxidant-damaged cellular products have long been impli-
cated in the aging process ( 15-19), and may, in fact, be respon-
sible for some of the cellular changes described above. The
risk of damage from lipid peroxidation is especially high for
steroidogenic cells because the cells use molecular oxygen for
steroid biosynthesis, and all interactions of the cellular cyto-
chrome P450 enzymes with their lipid substrates and products
(cholesterol and its metabolites) are major sources of free radi-
cal formation (20, 21). Indeed, in the rodent adrenal cortex,
these lipid products, combined with the naturally high tissue
content of unsaturated lipids, exaggerate the potential for cell
damage and death from autooxidation events (20, 22, 23). Be-
cause lipid peroxidation involving membranes can effect mem-
brane structure and/or fluidity (17-20, 24), and virtually every
event associated with cholesterol processing in steroidogenesis
is dependent on the integrity of cell membranes (25, 26), the
likelihood of steroidogenesis being adversely affected (espe-
cially the steps involving the transport of cholesterol) is quite
high. Indeed, several earlier studies on various steroidogenic
cells have suggested that hydrogen peroxide, an intermediate
product of lipid peroxidation in cells, is capable of inhibiting
steroidogenesis (27-30), either by interfering with cholesterol
transport to mitochondria, as in the case of cultured luteal cells
(27), and/or by interfering with the action of P450 mitochon-
drial enzymes, as shown in studies of M-10 Leydig tumor cells
and luteal cells (29, 30).

Mammalian cells are equipped with antioxidant systems to
combat free radical damage (17, 22, 24, 31-34), and organs
such as the adrenal appear to be particularly rich in these sub-
stances (20, 22). In general, the antioxidants consist of nonen-
zymatic substances, such as vitamins A, C, E, and other small
molecular weight compounds such as glutathione (17, 22, 24,
31, 32, 34), and three basic enzymes, SOD, catalase (CAT),'
and glutathione peroxidases, especially selenium-dependent
glutathione peroxidase (GPX) (16, 22, 24, 33). The fate of
these various antioxidants in the adrenal of aging animals is not
known.

The current study was designed to determine if a change in
the efficiency of the adrenal antioxidant defense system in aging

1. Abbreviations used in this paper: CAT, catalase; FOX, ferrous oxida-
tion-xylenol orange; FOXRS, FOX-reactive substances; GPX, glutathi-
one peroxidase; GSH, reduced glutathione; GSSG, oxidized glutathione;
TBARS, thiobarbituric acid-reactive substances; TPP, triphenylphos-
phine.
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rats is, in some way, associated with the age-associated decrease
in adrenal steroidogenesis. The results suggest that this is the
case. In young animals, the adrenal content of various nonenzy-
matic antioxidant substances is high compared with other tis-
sues, as is the activity, protein, and mRNAfor various important
antioxidant enzymes. As the animals age, the levels of many
of these protective substances decrease. These observations are
consistent with the idea that aging in rats is associated with a
deterioration of protective oxidative mechanisms, and in the
adrenal these changes may lead to oxidative damage in mem-
branes that are crucial for cholesterol processing and steroido-
genesis.

Methods

Materials
[a-32P]CTP (sp act 29.6 TBq/mmol; 800 Ci/mmol) and [y-32P]ATP
(sp act 222 TBq/mmol; 6,000 Ci/mmol) were obtained from DuPont-
NEN(Boston, MA). Various molecular biology-grade reagents were
purchased from sources as listed in a previous publication (35). The
ELISA reagents were purchased from Zymed Laboratories, Inc. (South
San Francisco, CA). The following reagents came from Sigma Chemical
Co. (St. Louis, MO): bovine liver catalase, bakers yeast glutathione
reductase, bovine liver superoxide dismutase, milk xanthine oxidase,
reduced 63-nicotinamide adenine dinucleotide phosphate (OINADPH),
reduced glutathione (GSH), oxidized glutathione (GSSG), nitroblue
tetrazolium, xanthine, bathocuproinedisulfonic acid, diethylenetrami-
nepentaacetic acid (DETAPAC), xylenol orange, a-tocopherol, ascorbic
acid, and thiobarbituric acid.

Various antibodies and probes were generously provided by the
following individuals: antibodies to bovine liver CuZn-SOD, human
kidney Mn-SOD, and bovine liver catalase (36) from Dr. L. Oberley
(University of Iowa, Iowa City, IA), and antibody against bovine GPX
(37) from Dr. N. Rao (Doheny Eye Institute, Los Angeles, CA). These
antibodies cross-react with antigens (proteins) from rodent sources (36-
39), including rat (37, 38). Also, Western blot analysis performed by
us on adrenal tissue extracts further confirmed the specificity and cross
species-reactivity of these antibodies. The full-length cDNAprobes for
rat liver CuZn-SOD (40) and Mn-SOD (41) were obtained from Dr.
Y.-S. Ho (Wayne State University, Detroit, MI), a partial coding and
spacer DNAfragment (5.9 kb) of rat 18S ribosomal RNA(42) from
Dr. D. M. Chikaraishi (Tufts University School of Medicine, Boston,
MA), and a full-length cDNA probe for selenium-dependent rat GPX
(43) from Dr. C. C. Reddy (Pennsylvania State University, University
Park, PA).

Animals
Male Sprague-Dawley rats (Bantin and Kingman, Fremont, CA) were
used for all studies. Young rats were obtained at 2 mo and used at 5
moof age. Older virgin rats were obtained at 1 1-12 moand maintained
in our facility (2-5) up to 27 mo of age.

For vitamin E deficiency studies, rats were obtained at 3 wk of age
(- 40-50 g) and were randomly assigned to two treatment groups.
Group A received a control diet (TD 88165) while group B received a
diet totally deficient in vitamin E (TD 88163). Both diets were provided
by Teklad Laboratories (Madison, WI). The rats were individually
housed, fed ad libitum, and were used for experiments 6-7 mo after
the onset of the dietary regimens.

In general, two pooled adrenals obtained from the same animal were
used per experiment. All the experimental data with the exception of
mRNAcontent were normalized either to per gram of wet weight of
tissue or per milligram of protein. mRNAlevels were expressed per
unit of 18S ribosomal RNA.

Isolation of adrenocortical cells and in vitro
steroidogenesis
Freshly isolated adrenocortical cells (1, 2) from control and vitamin
E-deficient rats were used to assay steroidogenesis. Triplicate cell sam-

ples were incubated ±ACTH (10 ng/ml) or ±Bt2 cAMP (2.5 mM) at
37TC for 3 h, and samples of incubation medium were assayed for
corticosterone by direct radioimmunoassay as described previously (1,
2). Results represent nanograms of corticosterone produced per micro-
gram of DNAand are expressed as the mean±SEof duplicate determina-
tions of four different adrenal cultures derived from four individual
animals.

Measurement of free radical damage
Oxidative damage to tissue lipids (lipid peroxidation) was quantified
by measuring lipid hydroperoxides and thiobarbituric acid-reactive sub-
stances (TBARSs). Oxidative damage to proteins was assessed by quan-
tifying the carbonyl content of cellular proteins.

Determination of lipid peroxidation by measurement of lipid hydro-
peroxides. Weemployed the ferrous oxidation-xylenol orange (FOX)
assay procedure of Nourooz-Zadeh et al. (44) for the direct measure-
ment of lipid peroxides in tissue homogenates untreated or subjected
to treatment with various prooxidants. In this method, hydroperoxides
selectively oxidize ferrous ions to ferric ions in dilute acid, and the
resultant ferric ions are assayed using a ferric-sensitive dye, xylenol
orange, which selectively binds ferric ions to produce a colored (blue-
purple) complex (extinction coefficient, 1.5 x 104 M-1 cm-' at 560
nm; reference 44).

Freshly excised adrenal, liver, and other tissues were homogenized
in buffer (0.15 MKCl, 5 mMTris maleate, pH 7.4, and 1 mMEDTA),
and subsequently centrifuged at 800 g for 15 min to sediment the unbro-
ken cells and nuclei. A total membrane fraction obtained by centrifuga-
tion of the supernatant at 105,000 g for 60 min was stored in liquid
nitrogen until assayed for in vitro lipid peroxidation.

Lipid peroxidation occurring in the membrane fraction was exam-
ined directly or in the presence of Fe2+/ADP/NADPH to assess enzy-
matic lipid peroxidation (45). The incubation mixture (mixture A)
contained 50 mMTris HCl / 100 mMKCl, pH 7.4, membranes (equiva-
lent to 10 mg tissue) ±50 pM FeSO4/l mMNADPH/5 mMADP.
After incubation at 37°C for 60 min, FOX2 reagent (44) ± 1 mMtriphe-
nylphosphine (TPP) was added and the absorbance of the resulting
blue-purple color was read at 560 nm. The concentration of hydroperox-
ides formed was calculated as total absorbancy minus absorbancy ob-
served in the presence of TPP using an extinction coefficient of 1.5
x 104 m-' cm-'. TPP is used as a control for nonspecific (i.e., nonhy-
droperoxide-dependent) color formation. Note that Fe2+/ascorbate was
not used as prooxidant, because the presence of a high concentration of
ascorbic acid in the assay mixture interferes with color development.
Such interference from endogenous ascorbic acid is negligible, because
washing procedures during membrane isolation completely remove solu-
ble ascorbic acid (44).

Determination of lipid peroxidation by measurement of TBARS. Tis-
sue susceptibility to lipid peroxidation was also assayed by measurement
of TBARS in the membrane preparations according to the method of
Pyles et al. (46). TBARSformation was determined under basal condi-
tions (endogenous) and in the presence of Fe2+/ADP/NADPH (enzy-
matic) (45) and Fe2+/ascorbate (nonenzymatic) (45) as prooxidants.
After incubation of tissues with mixture A at 37°C for 60 min, peroxida-
tion development was terminated by the addition of TBA reagent con-
taining butylated hydroxytoluene. The absorbances of organic fraction
were simultaneously determined at 510, 532, and 560 nm. The amount
of 532-nm absorption resulting from TBARS(malondialdehyde, MDA
equivalent) is calculated by the following equation (46), which uses
an extinction coefficient of 1.56 x 10 15 cm-' for MDA: MDA532= 1.22
[(A532) - (0.56)(A510) + (0.44)(A560)]-

In some cases, HPLCprocedure was used to separate physically the
authentic (TBA)2-MDA adduct from other chromogens absorbing at
532 nm. This procedure eliminates artifacts caused by the reaction of
TBA with other cellular constituents to give different chromogens (47,
48). Weemployed a procedure modified from Draper et al. (47) for
HPLC determination of TBARS using a p Bondapack C18 column
(Waters Associates, Milford, MA).

Determination of protein carbonyl content. Assay of carbonyl
groups (aldehydes and ketones) in proteins provides a convenient tech-
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nique for detecting and quantifying oxidative modification of proteins
(18, 49). In the current studies, protein carbonyls were determined
according to the procedure of Reznick and Packer (49).

Measurement of non enzymatic antioxidants
Vitamin C (ascorbic acid). Total ascorbate (i.e., reduced and oxidized
ascorbate) was quantified in the trichloroacetic acid (5%) extracts of
adrenals and other tissues by the colormetric procedure of Omaye et
al. (50).

Vitamin E (a-tocopherol). Tissue levels of vitamin E were deter-
mined by HPLCprocedures (51) using a y Bondapack C18 column.

The vitamin E content of adrenal and liver subcellular membranes,
cytosol, and lipid droplets was determined as follows: adrenal and liver
homogenates were centrifuged to provide nuclear (800 g, 10 min),
mitochondrial (5,000 g, 15 min), and microsomal (105,000 g, 60 min)
fractions. After each centrifugation, the distinct floating lipid droplet
band was removed, resuspended in buffer, and saved. Aliquots of the
pooled lipid droplet fractions, total homogenate, and subcellular frac-
tions were extracted and quantified for cholesteryl esters (2) and a-
tocopherol. Each partially purified subcellular fraction showed 3-4-fold
enrichment of specific marker enzymes (2, 3).

Glutathione. Total glutathione and oxidized glutathione (GSSG)
was measured in acidic homogenate extracts by the method of Roberts
and Francetic (52). Reduced glutathione (GSH) content was calculated
as a difference of total glutathione minus oxidized glutathione. Results
are expressed as nanomoles of GSHor GSSGper gram of tissue.

Measurement of antioxidant enzyme activity
For determination of enzymatic activity, adrenal and liver tissues were
homogenized in buffer (50 mMpotassium phosphate buffer, pH 7.4,
0.1 mMEDTA), briefly sonicated, and centrifuged at 600 g for 10 min
(2, 13); supernatant fractions were stored at -90°C until assayed for
various enzyme activities and protein (2, 13).

SODassay. Total SODwas measured by the procedure of Spitz
and Oberley (53). 2 mMNaCNwas used to inhibit CuZn-SOD activity
and measure Mn-SODactivity. CuZn-SOD activity was calculated from
total activity minus activity observed in the presence of 2 mMNaCN.
One unit of SOD activity is defined as the amount of enzyme that
inhibits the NBTreduction 50%of maximum inhibition. Specific activity
is expressed as units per milligram of protein.

CATassay. CAT activity was measured according to the method of
Aebi (54) with modifications (55). Specific activity is expressed as k
units per milligram of protein (54).

GPXassay. Selenium-dependent GPXwas measured by the method
of Lawrence and Burk (56) using H202, GSH, and NADPHas sub-
strates. One unit of GPXactivity is defined as the amount of enzyme
that catalyzes the oxidation of 1 mmol of NADPHper minute. Specific
activity is expressed as units per minute per milligram of protein.

Expression of antioxidant enzymes
Mass of antioxidant enzymes. Enzyme-linked immunoabsorbent assays
(ELISA) were performed according to Duckworth et al. (57). Adrenal
and liver samples were homogenized in ice-cold buffer containing prote-
ase inhibitors (57) and were sonicated and centrifuged. Extracts were
stored at -90°C until assayed.

Adrenal and liver extracts (0.5-2.5 Htg) were absorbed to Immulon
I ELISA plates (Dynatech, Chantilly, VA) in coating buffer (0.1 M
carbonate-bicarbonate buffer, pH 9.6) overnight at 4°C. Endogenous
peroxidase activity was blocked by pretreating the coated plates with
0.1% phenylhydrazine followed by 0.3% H202 in methanol. Subse-
quently, plates were blocked by Blotto (5% nonfat dry milk in Tris-
buffered saline) overnight at 4°C, washed with Tween-Tris-buffered
saline (TTBS), and incubated with rabbit anti-CuZn-SOD, Mn-SOD,
CAT, or GPXfor 2-4 h at 37°C. Finally, the plates were developed
with goat anti-rabbit IgG conjugated with horseradish peroxidase and
3,3',5,5 '-tetramethylbenzidine (TMB) liquid substrate system. The ab-
sorbance was read at 450 nm on a automatic microplate reader, and
results are expressed as arbitrary absorbancy units x l0- per milligram

of protein. All measurements were made using linear concentrations of
tissue (protein) extracts.

Measurements of messenger RNAlevels. The steady-state levels of
CuZn-SOD, Mn-SOD, CAT, and GPXmRNAswere determined using
a sensitive ribonuclease protection assay (RPA) as described previously
(35). Because this technique requires only a small amount of cellular
RNA, the levels of four types of mRNAscan be easily measured using
total RNAobtained from two pooled adrenals of the same animal.

Molecular cloning of cDNA fragments. Cloned cDNA inserts for
SODs, CAT, GPX, and 18S ribosomal RNA were subcloned into
pBluescript KS II+ (pBS KSH+) so that RNAcomplementary to the
mRNA(antisense) could be synthesized using either T3 or T7 RNA
polymerase. cDNA fragments were cloned into the polylinker region of
the pBluescript KSII+ (PBS KSII') vector employing standard cloning
techniques. For the CuZn-SOD probe, a 388-bp EcoRI-PstI fragment
(position 277-664) was subcloned into EcoRI-PstI sites of pBS KSIIV.
For MnSODa 265-bp PVUH-PVUII fragment (position 155-420) was
cloned in the SmaI site of pBS KSIIV. Similarly, a 533-bp EcoRI
fragment (position 319-852) of GPXcDNA was subcloned into the
EcoRI site of the pBS KSII+. Finally, a 268-bp fragment (position
1176-1423) rat liver catalase (58) was obtained by reverse transcrip-
tion-PCR of rat liver RNAand cloned into the HindIII-EcoRI sites of
the PBS KSII+. Ligation of inserts and transformation of Escherichia
coli strain XL1 Blue with the recombinant pBS KSII+ plasmids was
carried out following standard methods. Northern blotting analyses dem-
onstrated that these cDNAs detect the specific message and do not cross-
hybridize to other irrelevant mRNAtranscripts (data not shown).

Preparation of 32P-labeled riboprobes. Antisense 32P-labeled cRNA
probes were synthesized using [32P]rCTP, lineraized plasmids (35), and
appropriate T7 or T3 RNApolymerase following the method supplied in
the Stratagene (La Jolla, CA) in vitro transcription kit.

Isolation and quantitation of mRNA. Total RNAfrom adrenal and
liver tissues was isolated according to the procedure of Chomczynski
and Sacchi (59). Aliquots of total RNA(10 Mg) or control tRNA (10
Mg) were hybridized with freshly synthesized antisense riboprobes for
CuZn-SOD, Mn-SOD, CAT, GPX, or 18S ribosomal RNAtranscripts
and the RNA:RNAhybrids were digested with RNase A and T1 (35).
The protected fragments were resolved by electrophoresis followed by
autoradiography to visualize the bands and scanning densitometry for
quantitation. Data were normalized to the 18S ribosomal RNA sig-
nal (35).

In situ hybridization. Rat adrenals were either perfusion fixed with
4% paraformaldehyde (20 min), excised, cut in half, and fixed for an
additional 3 h before dehydration and paraffin embedment, or quick
frozen in dry ice-chilled isopentane and stored at -20°C until used.
Sections from both types of blocks were cut at 8 im and placed on
DEPC-water washed, polylysine-coated grids. Frozen sections were
subsequently fixed for 20 min in 4%paraformaldehyde at room tempera-
ture. The protocol for the dewaxed or frozen sections was similar and
followed the procedure of Watkins (60). cRNAprobes were 35S-labeled
antisense, 35S-labeled sense, or 35S-labeled antisense + lOX unlabeled
antisense cRNA incubated with sections for 18 h at 55°C. All pre-probe
solutions were prepared with diethyl polycarbonate (DEPC) water. All
post-probe equipment was kept separated from pre-probe steps in subse-
quent experiments. The radioautographs were exposed in light-tight
boxes for 7-21 d at 4°C, developed in D19, air dried, and stained lightly
with hematoxylin and eosin.

Immunohistochemistry. Paraffin-embedded blocks used for in situ
hybridization techniques were also sectioned at 6 Mm, mounted on poly-
lysine-coated slides, deparaffinized, blocked with 0.3% H202 and 10%
goat serum, and incubated with rabbit antibodies to human kidney Mn-
SOD (36) or preimmune rabbit antisera (1:200, 18 h, 4°C). Subse-
quently, the sections were washed, treated with goat anti-rabbit IgG-
peroxidase (1:200, 30 min) and freshly prepared diaminobenzidene
(Zymed Laboratories) + 3% H202 for 2-7 min, depending on color
development.

Statistical analysis
All results were expressed as the mean±SE unless stated otherwise.
The Student's t test or analysis of variance (ANOVA) was used to
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Table L In Vitro Prooxidant-induced TBARFormation in Tissue
Homogenates of Young Rats

nmol MDAformed/mg proteinh

Enzymatic Nonenzymatic
(Fe2+/ADP/ (Fe2+/

Tissue homogenate Basal NADPH) ascorbate)

Adrenal 0.21±0.03 1.18±0.16 1.32±0.14
Brain 7.69±1.19 25.5±2.63 15.43±1.81
Heart 0.48±0.06 3.17±0.58 0.69±0.08
Kidney 1.63±0.18 25.61±3.81 5.81±0.68
Liver 0.97±0.11 21.94±1.85 15.28±1.61
Lung 0.61±0.07 2.12±0.27 1.79±0.21
Skeletal muscle 0.83±0.09 4.05±0.43 1.01±0.07
Spleen 0.50±0.05 0.68±0.08 0.52±0.03
Testis 3.01±0.41 22.50±2.39 8.89±1.06

Results are the means±SE of five separate experiments. MDA, malondi-
aldehyde.

evaluate the differences of the means between groups. A P value of
<0.05 was considered significant.

Results

This study is divided into two parts. In part I, we examine
young rats and compare various aspects of the oxidative defense
system of adrenals with several other organs. In part II, we
track changes in these same protective mechanisms as rats age.

Young rats
Endogeneous lipid peroxidation and susceptibility of various
rat tissues to prooxidant-induced lipid peroxidation. Because
no one assay measuring lipid peroxidation is entirely reliable
(48), adrenal homogenate lipid peroxidation was measured as
"basal" or "prooxidant-induced" levels using an endproduct
assay (Table I TBARS) in which measurements were made
colorimetrically (or by HPLC), or by a new sensitive method
for measuring lipid peroxides based on the principle of perox-
ide-mediated oxidation of Fe2" to Fe3" under acidic conditions
(Table II, FOXRS).

Table I indicates that of the eight organs tested, the adrenal

Table II. Formation of FOXRS(Lipid Peroxides) and TBARSin
Adrenal and Liver Homogenates from Young Rats

FOXRS TBARS
(nmol lipid peroxides (nmol MDAformed
formed/mg protein/h) formed/mg protein/h)

Adrenal
Basal 2.34±0.37 0.20±0.04
Enzymatic

(Fe2+/ADP/NADPH) 29.50±5.00 1.29±0.15
Liver

Basal 7.9±1.1 1.08±0.09
Enzymatic

(Fe2+/ADP/NADPH) 759.0±66 25.31±3.83

Results are the means±SE of experimental data obtained from five
separate experiments.

Table III. Vitamin C (Ascorbic Acid), Vitamin E (a-Tocopherol),
and Glutathione (Reduced) Content in Tissues of Young Rats

Vitamin C Glutathione
(nmollg Vitamin E (reduced)

Tissue homogenate tissue±SE) (nmol/g tissue±SE) (nmol/g tissue±SE)

Adrenal 21,766±732 481±42 8,088±1325
Brain 2,378±57 24±3 1,863±257
Heart 318±17 63±8 919±179
Kidney 1,618±85 28±4 3,274±407
Liver 1,607±108 39±7 6,785±958
Lung 2,107±216 42±8 1,401±254
Ovary (luteinized) 5,440±278 344±59 4,785±358
Ovary (regular) 3,595±119 161±26 4,424±603
Skeletal muscle 57±6 32±5 730±147
Spleen 4,185±80 62±12 2,316±287

Results are the means±SE of experimental data obtained from six sepa-
rate experiments.

is the most protected against oxidative damage as measured by
the TBARSassay. This is the case whether endogenous (basal)
tissue levels are measured, and is generally the case if the tissues
have been exposed to enzymatic or nonenzymatic prooxidants.
Table 2 compares TBARSmeasurements obtained in adrenal
and liver with the FOXRSmethod. The tests provide similar
information indicating that both basal lipid peroxide levels and
prooxidant-induced formation of lipid peroxides are far less in
adrenal tissue than in liver.

Comparison of endogenous and prooxidant-induced lipid
peroxidation of adrenal tissues from rats fed standard or vita-
min E-deficient chow. Colorimetric TBARmeasurements were
made on adrenal homogenates from rats maintained on control
or vitamin E-deficient diets for 7 mo. Consistent with the data
of Table II, adrenals from control animals show minimal endog-
enous (basal) malondialdehyde levels and display only a 10-
fold increase in malondialdehyde levels following either enzy-
matic or nonenzymatic prooxidant treatment. Adrenal tissues
from similarly aged vitamin E-deficient rats were far less resis-
tant to lipid peroxidation than that of the controls and showed
ninefold higher basal levels and 33-fold higher malondialdehyde
levels than controls following the use of prooxidants (data not
shown). Cells from the vitamin E-deficient rats (which showed
increased hydroperoxide formation) were also less efficient than
cells from control animals in corticosterone production: i.e.,
maximal, cAMP-stimulated corticosterone production was 40-
50% lower than that of control cells (data not shown).

Nonenzymatic antioxidant levels in various rat tissues. Ta-
ble III provides data on tissue levels of vitamin C and E and
reduced glutathione in 10 rat tissues. In each case, the adrenal
levels exceeded those of any other tissue measured. Adrenal
vitamin C values were fourfold higher than those of the lutein-
ized ovary (a steroidogenic tissue that processes large quantities
of cholesterol and its metabolites), sixfold higher than control
ovary, and some 15-fold higher than liver. Adrenal and ovary
vitamin E levels were 5-10-fold higher than other tissues. Al-
though glutathione levels of the adrenal were higher than those
of the other tissues measured, the differential between tissues
with the highest and lowest glutathione concentrations was not
as wide as those seen with vitamin C and E.

Antioxidant enzymes in adrenal and liver tissues. Fig. 1
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provides information on the enzyme activity (Fig. 1 A), protein
mass (Fig. 1 B), and mRNAlevels (Fig. 1 C) of four different
antioxidant enzymes, CuZn-SOD, Mn-SOD, CAT, and GPX,
in adrenal and liver tissue obtained from young rats. CuZn-
SODand Mn-SOD are enzymes that convert the superoxides
formed in cells to H202; CuZn-SOD is the predominant form
in mammalian cells located mainly in the cytosol of cells (24,
33), while Mn-SOD is primarily found in mitochondria (24,
33). CATand GPXare enzymes that convert the intermediate,
H202, to water; in addition, GPXplays a role in the metabolism
of organic peroxides. The enzyme CATis believed to be located

Figure 1. Comparison of (A) enzyme

activity, (B) protein content, and (C)
mRNAlevels of four antioxidant en-

zymes measured in adrenal or liver ho-
mogenates from 5-mo-old rats. Overall,
these three characteristics of CuZn-
SODand GPXwere similar in adrenal
and liver homogenates. In contrast, Mn-
SODwas far more active and expressed
in adrenals, and CATwas far more ac-

tive and expressed in liver.

in peroxisomes of the cell, whereas GPXis located in mitochon-
dria and in the cell cytosol (24, 33).

Our results show that both SODenzymes are especially
active in adrenal homogenate (Fig. 1 A), and that the activity
of the mitochondrial form (Mn-SOD) is 12 times higher
in adrenal than in liver. This differential in adrenal and liver
mitochondrial (Mn-SOD) activity may be explained by the fact
that adrenal steroidogenesis relies on a constant flux of choles-
terol and cholesterol/lipid products cycling through mitochon-
dria (25, 26) (requiring protection against the accumulation of
lipid peroxides), whereas hepatic mitochondria do not metabo-
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lize lipids to any large extent and do not specifically require
this protection. GPXalso appears to be active in adrenal tissue
(Fig. 1 A); this is consistent with the notion that the enzyme
is needed both in the cytosol and mitochondria to convert the
H202 formed by the action of the two SODenzymes. In contrast,
CAT activity in adrenal homogenate (Fig. 1 A) is barely mea-
sureable in comparison with that found in liver.

The protein mass (Fig. 1 B) of the antioxidant enzymes in
both adrenal and liver mirrors the measurements of enzyme
activity seen in Fig. 1 A; i.e., where enzyme activity is high or
low, proteins levels are correspondingly high or low.

Likewise, mRNAvalues (Fig. 1 C) for each enzyme (cor-
rected for the ribosomal RNAfrom the same preparation) corre-
sponds well with enzyme activity levels. Fig. 2 shows the data
from RNase protection assays identifying protected mRNA
fragments for CAT, GPX, Mn-SODand CuZn-SOD; for each
enzyme, lanes 1-4 sequentially represent probe, tRNA control,
and mRNAfor adrenal and liver tissue extracts. Consistent with
the enzyme activity and protein mass reported above, CuZn-
SOD, Mn-SOD, and GPXmRNAlevels appear to be abundant
in adrenal tissue extracts, while adrenal CATmRNAis low.

In situ hybridization and immunocytochemistry of antioxi-
dant enzymes. Experiments carried out with radioactive probes
for Mn-SOD, CuZn-SOD, and GPXon sections of quick-frozen
adrenals or paraformaldehyde-perfused/paraffin-embedded ad-
renals provide similar in situ hybridization data regarding the
tissue mRNAdistribution for the different antioxidant enzymes.
Fig. 3 depicts the typical adrenal localization of mRNAfor Mn-
SODindicating that exposed silver grains are to some extent
present in cells of all layers of the adrenal cortex. Fewer grains
appear associated with individual cells of the zona (Z.) glomeru-
losa than cells of z. fasciculata (Fig. 3 C), and fewer grains

Figure 2. Autoradiogram from RNase protec-
tion assay for tissue CAT, GPX, Mn-SOD, and
CuZn-SOD. Equal amounts of total RNAfrom
liver or adrenal of 5-mo-old rats was hybrid-
ized with freshly synthesized antisense cRNA
probe and the RNA:RNAhybrids were di-
gested with RNAse A and tI. The protected
fragments were resolved by electrophoresis
followed by autoradiography. A, protected
fragment from adrenal RNA; C, tRNA control;
L, protected fragment from liver RNA; P. in-
tact cRNA probe. Size markers in nucleotides
(726-740) represent the size of the [32p]_
phosphorylated rX 174 Hinf 1 digested frag-
ments.

appear associated with cells of the adrenal medulla than z. fasci-
culata cells (Fig. 3 D). No attempt was made to quantitate these
impressions of grain density differences, because data on cell
RNAconcentration were not available for the different layers,
and correction for mRNAvalues (as done in Fig. 1 C) was not
possible. Control in situ hybridization experiments carried out
with excess (nonlabeled) probes showed a > 90% reduction in
the hybridization signal obtained (compare Fig. 3, A and B).
Hybridization experiments -carried out with CuZn-SOD or GPX
probes showed the same tissue distribution as shown for Mn-
SOD.

Immunohistochemistry studies suggest that all cortical lay-
ers of the rat adrenal show the presence of this enzyme, but the
most peripheral layers of the z. fasciculata and all layers of the
z. reticularis appear heavily stained (data not shown).

Aging rats
In a previous study we described certain structural changes that
occur in the adrenal of aging Spraque-Dawley rats (3). Of
relevance to the current report is the fact that the mean adrenal
weight of aged rats is substantially higher than that of young,
mature (5-6-mo-old) rats, that the relative thickness of each
zone within the adrenal cortex is similar in young and old rats,
but that the cell size (specifically the size of corticosterone-
producing z. fasciculata cells) of the older rat is larger than that
of younger rats (3). To some extent, the larger cell size can be
explained by the increased mass of accumulated lipid droplets
in cells of the older animals (2, 3).

Effect of age on endogenous lipid peroxidation and suscepti-
bility of adrenal tissue to prooxidant-induced lipid peroxidation.
Table IV shows that adrenal homogenates from old (20-27-
mo-old) rats have twofold the endogenous levels of TBARS
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Figure 3. Representative autoradio-
graphs of the in situ hybridization
procedure utilizing a 35S-labeled
antisense Mn-SODcRNAprobe on

sections of paraffin-embedded adre-
nal tissue of a young, 5-mo-old, rat.
(A) A low magnification micro-
graph (x400) including cells from
the z. glomerulosa (ZG), z. fascicu-
lata (ZF), and z. reticularis (ZR).
Exposed grains are visible through-
out the cortical layers. (B) A section
(control) treated as in A, except the
incubation mixture also contained
10 times excess unlabeled antisense
probe. (C and D) A higher magni-
fication view ( X 1450) of an autora-
diogram (as in A) in which it is pos-

sible to see individual exposed
grains associated with cells of the
different cortical zones and also me-

dulla (M). In general, such sections
show the highest grain density to be
associated with ZF and ZR layers.

of young mature (5-mo-old) rats, regardless of method used.
When the tissue homogenates are subjected to prooxidants, ho-
mogenates from the older animals are more susceptible to oxida-
tion than homogenates from younger animals. Using the sensi-
tive FOXRStechnique for measuring lipid peroxides and divid-
ing the animals into groups of increasing age, we obtain much
the same information; i.e., as the animals age, adrenal tissue
contains increasing amounts of endogenous lipid peroxides.
Also, after prooxidant treatment, tissue from 2-year-old rats

produce 5-6-fold the lipid peroxides formed by tissue of young

mature rats, although, unlike the TBARS measurements, the
ratio of induced lipid peroxide production over basal levels is
about the same for each age group.

Effect of age on endogenous oxidized proteins in adrenal
tissues. The carbonyl content of cellular proteins has previously
been used as a measure of free radical-damaged protein in
tissues such as liver (18, 49). In the current study, we find that
protein damage in adrenal tissue is comparable with that found
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Table IV. Effect of Aging on the Formation of FOXRSand
TBARS in Adrenal Homogenates

Age (mo) Basal Enzymatic Nonenzymatic

A. TBARS (colorimetric):
nmol MDAformed/
mg protein/h±SE

5 0.18±0.04 1.58±0.17 1.68±0.15
22-24 0.46±0.07 7.07±1.08 7.74±1.12

B. TBARS(HPLC): nmol
MDAformed/mg
protein/h±SE

5 0.071±0.009 0.512±0.05 0.51±0.04
22-24 0.231±0.035 4.567±0.80 4.29±0.64

C. FOXRS: nmol lipid
peroxides formed/mg
protein/h±SE

2 1.98±0.21 25.88±2.72
5 2.43±0.35 29.25±2.50

12 5.32±0.45 80.65±9.55
20 7.75±1.00 124.00±16.30
24 10.48±1.25 177.88±32.32
27 12.68±1.91 163.88±24.35

Enzymatic prooxidant, Fe2+/ADP/NADPH; nonenzymatic prooxidant,
Fe2+/ascorbate. Results are the means±SE of experimental data obtained
from three separate animals.

in liver (1.59±0.15 vs. 1.8±0.19 nmol/mg protein±SE), and,
in both tissues, aging increases the damage several fold (adre-
nal, 3.94±0.46; liver, 6.43±0.17 nmol/mg protein).

Effect of age on nonenzymatic antioxidant levels in adrenal
tissues. Table V shows that endogenous levels of adrenal vita-
min C and glutathione decrease with the age of the rat. The
decline is greatest with vitamin C, and the age-related difference
is already statistically valid (P < 0.05) by 12 mo. With reduced
glutathione, this level of significance does not develop until the
animals reach 20 mo of age.

The situation with vitamin E is more complex. In the exami-
nation of total tissue homogenates, tissue vitamin E levels actu-
ally increase with advancing age (young, 523 nmol/g tissue;
old, 834 4tmol/g tissue; n = 1, obtained from four pooled adre-
nals from each group). However, when adrenal samples are
subjected to subcellular fractionation and vitamin E is measured
in individual cell fractions, it appears that the stored lipid drop-
lets of cells of older animals contain most ( - 60%) of the lipid
soluble vitamin (as well as 85% of tissue cholesteryl ester),
and that most of the other fractions (nuclear, mitochondrial,
and microsomal) show relatively little change with age (data
not shown).

Effect of age on antioxidant enzymes in adrenal tissues.
CuZn-SOD, Mn-SOD, CAT, and GPXactivity, protein content,
and mRNAlevels were measured in adrenal tissues from 5-mo-
old young and 18-20-mo-old rats, and the results are shown in
Fig. 4. With the exception of CAT, which shows little activity
and no change with age, all the other antioxidant enzymes show
a substantial decline in activity, protein content, and mRNA
levels in the tissues obtained from the older animals. There is,
in fact, a remarkable consistency in the data obtained from these
three enzymes; in each case, aging is associated with a 3-4-
fold decline in enzyme activity (Fig. 4A), with a consistent but

Table V. Effect of Aging on Vitamin C (Ascorbic Acid), Vitamin E
(a-Tocopherol), and Glutathione Levels in Adrenal, Liver,
and Plasma

Vitamin C Vitamin E GSH GSSG
Tissue (nmol/g) (nmoug) (nmol/g) (nmol/g)

A. Adrenal
2 mo 25,800±1710 477±63 8131±1467 74.5±18.0
5 mo 26,590±459 651±62 8701±1878 88.5±25.1

12 mo 21,260±1652* 730±79 6866±1043 99.0±29.2
20 mo 15,390±827t 749±41 5974±856* 11.1±26.6
24 mo 11,550±284t 914±86* 5422±102* 89.0±20.2
27 mo 10,670±775* 1003±114* 4181±622* 115.7±25.3

B. Liver
2 mo 1477±87 36.5±4.8 6518±1261 136±24
5 mo 1556±86 45.8±0.9 6870±1497 227±65

12 mo 1074±62* 55.4±3.0* 7009±899 163±10
20 mo 815±71* 72.4±3.8t 5020±588 155±33
24 mo 743±65t 89.2±6.4* 4517±718* 150±20
27 mo 741±58* 108.1±6.4t 3610±600* 155±21

C. Plasma
2 mo 89.2±1.5 15.5±1.4
5 mo 90.9±3.3 17.0±1.5

12 mo 63.1±4.1t 18.5±0.7
20 mo 55.6±6.0t 25.0±2.9
24 mo 58.8±4.3* 28.8±4.8
27 mo 46.1±6.8t 39.7±13.6

Results are the means±SE of experimental data obtained from four
separate experiments. * P < 0.05; t P 0.005.

somewhat less impressive drop in levels of enzyme protein (Fig.
4 B) and mRNA(Fig. 4 C). Immunocytochemical and in situ
hybridization techniques indicated that Mn-SOD protein and
mRNAwere distributed similarly in adrenal layers of 5- and
18-mo-old rats: i.e., the signal for this enzyme was most promi-
nent in peripheral z. fasciculata layers and in cells of the z.
reticularis (data not shown).

Discussion

The goal of this study was to determine whether an overall
change in the antioxidant capacity of aging adrenocortical cells
could account for their recognized decline in steroidogenic ca-
pacity. At the outset, we traced the changes in key adrenal tissue
antioxidants (vitamins E and C, glutathione, and the activity
and genetic expression of various antioxidant enzymes) as rats
aged from 2 to 24 mo. However, to understand the linkage
between loss of antioxidant protection, aging, and steroidogene-
sis failure, it became necessary to document the fact that increas-
ing free radical damage does occur in adrenal tissues over the
life cycle of a rat, that the adrenal tissue of an aged rat is more
susceptible to acute oxidative damage than is adrenal tissue
from young animals, that dietary reduction of a key antioxidant
(e.g., vitamin E), even in a young animal, results in enhanced
oxidative damage to the tissue, and that this combination of
factors is associated with a loss of adrenal steroidogenic func-
tion. The net result of these experiments has provided us with
a comprehensive overview of various functional, biochemical,
and molecular changes taking place as tissue autooxidation oc-
curs with time, using age-related steroidogenic changes in rat
adrenals as a model system.
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Figure 4. Comparison of (A),
enzyme activity, (B) protein
content, and (C) mRNAcon-
centrations of four different anti-
oxidant enzymes in adrenal ho-
mogenates from young (5-mo-
old) vs. old (18-20-mo-old)
rats. With the exception of CAT,
which is relatively unexpressed
in adrenal tissue (see Fig. 1),
the activity and expression of all
other antioxidant enzymes was
substantially decreased in the
aging animals.

Overall, these data tell us that adrenals from young (2-5-
mo-old) animals are especially well protected against oxidative
events. That is, among the various tissues tested, such adrenals
display the least endogenous lipid peroxidation and the most
resistance to prooxidant-induced lipid peroxidation, regardless
of the assay method used. Not surprisingly, we found the adrenal
tissues of young rats to contain exceedingly high concentrations
of nonenzymatic antioxidants such as vitamins C and E and
high levels of reduced glutathione compared with other tissues.
Likewise, the activity and expression (mRNAand protein con-

tent) of adrenal antioxidant enzymes such as Mn-SOD, CuZn-
SODand GPX is high; Mn-SOD values are - 10-fold higher
in adrenal than liver (such high enzyme activity is probably
necessary to reduce mitochondrial lipid peroxidation products
during steroidogenesis), and cytosolic CuZn-SOD and GPX

levels in both adrenal and liver are substantial. Of the various
enzymes measured, only adrenal CAT activity, mRNA, and
protein levels are low compared with liver, and although the
reason for this is not clear, it may simply reflect differences in
the tissue content of peroxisomes in adrenal versus liver tissue;
in any event, adrenal GPX levels are probably sufficient to
remove the H202 generated by the tissue SODs. In situ hybrid-
ization experiments suggest that all layers of the adrenal are

actively involved in making antioxidant enzymes. In general,
sites of highest Mn-SOD synthetic activity and enzyme mass

appear in the most peripheral z. fasciculata and the most proxi-
mal z. reticularis regions.

In adrenal tissue from young rats maintained on a vitamin
E-deficient diet for several months, the super-antioxidant de-
fense system just described appears to have been undermined.
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There is a three-fold increase in TBARSand lipid peroxides in
adrenal tissues of the vitamin E-deficient rats, and essentially
no protection against prooxidant-induced damage. Predictably,
adrenal vitamin E levels are one tenth control values. Also,
hormone-stimulated, lipoprotein-supplied corticosterone pro-
duction by isolated adrenocortical cells from such vitamin E-
deficient rats decreases substantially compared with cells from
identically aged rats fed normal rat chow. The latter finding is
of importance in that it suggests a link between a decrease in
steroidogenesis with increased levels of tissue lipid peroxidation
and the loss of at least one of the defense mechanisms used by
adrenal cells against oxidative damage.

The changes observed in adrenal tissue obtained from aging
rats are remarkably similar to those described for the young
rats fed a vitamin E-deficient diet. As the rats age from 5 to
27 mo, freshly isolated adrenal tissue shows increasing evidence
of lipid peroxide formation and protein carbonyl content, sug-
gesting that there has been an increase in oxidation of both
lipids and proteins with age. This is seen with each of the
methods used to detect such changes. Similarly, as the animals
age, tissue levels of vitamin C and reduced glutathione progres-
sively decrease. Perhaps the most significant change in aging
rats, however, is that the activity and expression of each promi-
nent adrenal antioxidant enzyme of the old rats decreases to
less than half that found in adrenals of young mature rats.

The role of vitamin E during aging requires comment. Al-
though total adrenal tissue vitamin E levels actually increase
with age (as shown previously; reference 61), crude subcellular
fractions from adrenal tissue indicate that more than 50% of
tissue vitamin E is associated with lipid droplets, and because
adrenal tissue from aging rats contains - 50% more pooled
lipid than adrenal tissue from young rats, there appears to be
little net membrane change in vitamin E content with age.
Whether this resistance to changes in vitamin E affords aging
adrenocortical cells protection against more debilitating oxida-
tive damage remains to be seen.

These results show that aging in Sprague-Dawley rats results
in oxidative changes in adrenal tissue that appear linked to a
reduction in efficiency of the normally protective antioxidant
defense system. The timing of these changes in the life of the rat
correlates generally with the age-related loss of corticosterone
production in the same tissue (1-3, 5, 14). Insofar as the de-
crease in hormone production in adrenal cells of aging animals
is believed to result from the inefficient transport of intracellular
cholesterol to mitochondria (5, 12), we speculate that all these
events are causally related; i.e., the age-related reduction in
oxidative defense mechanisms in adrenal tissue leads to oxida-
tive damage of membrane or cytosolic factors important to cho-
lesterol transport, and, as a consequence of this damage, choles-
terol cannot reach appropriate mitochondrial side chain cleavage
sites, and corticosterone production decreases.

This speculation (regarding the link between aging, alter-
ations in antioxidant substances, tissue free radical damage,
blockage of intracellular transport of cholesterol to mitochon-
dria, and the idea that these sequential events cause the reduc-
tion in hormone synthesis) has an interesting biologic correlate
in another aging steroidogenic model-the rat corpus luteum
during luteolysis. Regression of the aging corpus luteum is an
example of degeneration of a cellular function as a normal and
necessary part of the reproductive cycle. Behrman and col-
leagues (27, 30) and others (28) have convincingly shown that
luteinizing hormone (or use of the luteolysin, prostaglandin F2)
causes the depletion of vitamin C, an increase in superoxide and

H202 formation, and a block of hormone-sensitive cholesterol
transport into the mitochondria of ovarian luteal cells. All this
results in the reduction of progesterone formation by the luteal
cells (27, 30) in a manner similar to that proposed in the present
report for the reduction of corticosterone formation in the adre-
nals of aging rats.

Given these various observations, and the proposed function
of antioxidant defense systems in preventing the cell damage
that increasingly occurs with aging, one wonders why simple
up-regulation of crucial antioxidant enzymes does not occur in
aging. Of interest in this regard is recent evidence that oxidative
damage during aging also may occur at the gene level (16, 24,
62-65). Were this to occur in adrenal tissue, an initial insult
at the DNAlevel (62, 64) could lead secondarily to the types
of changes observed in this study. Ongoing studies from this
laboratory are examining this possibility further.
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