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Aging could be due to the accumulation of oxidative
damage. On the other hand, growth hormone (GH) and
estrogen deficiency induce deleterious effects on dif-
ferent tissues, and hormonal replacement could counter-
act these effects. We have investigated whether GH and
estrogen administration modify some parameters related
to oxidative stress and inflammation in hepatocytes
isolated from old ovariectomized female rats. Twenty-
two month-old ovariectomized animals were divided
into control rats, rats treated with GH, rats treated with
estradiol, and rats treated with GH+estradiol. Two-
month-old intact female rats were used as young refer-
ence group. Hepatocytes were isolated, cultured, and
CO and NO release, ATP, cyclic-guanosyl monophos-
phate (cGMP), and lipid peroxide (LPO) content of cells,
as well as phosphatidylcholine (PC) synthesis, were mea-
sured. Hepatocytes isolated from old ovariectomized
rats showed a decrease in ATP content and PC synthe-
sis compared to young rats. Age also induced an increase
in LPO, NO, CO, and cGMP. Treating old rats with GH
significantly increased ATP and reduced CO and cGMP
levels. Estradiol administration improved all the param-
eters that were altered. Co-administration of GH and
estrogens induced a more marked effect than estrogens
alone only in cGMP content. In conclusion, administra-
tion of estrogens to old ovariectomized females seemed
to prevent oxidative changes in hepatocytes, whereas
the effect of GH is not so evident.
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Introduction

Aging is accompanied by several changes in the struc-
ture and function of different organs and tissues, including
the liver (/,2). Furthermore, aging increases the sensitivity
of the liver to different damages, such as anoxia/reoxyge-
nation injury (3) or toxicity to drugs (4). According to the
“Free radical theory of aging,” the physiological decline
that occurs with age is, at least in part, due to accumulative
damage induced by reactive oxygen (ROS) and nitrogen
(RNS) species to cells and molecules (5—7). In fact, an in-
crease with age in the amount of oxidative damage to vari-
ous macromolecules has been reported (6). On the other
hand, some studies have also revealed that age induces an
increase in proinflammatory enzymes and molecules (8),
suggesting that this process could involve a pro-oxidant and
a pro-inflammatory status.

Some of the changes and alterations in metabolism, body
composition and organ function that accompany aging have
been proposed to be, at least in part, related to the physi-
ological decline in the growth hormone (GH)/insulin-like
growth factor-1 (IGF-1) axis that occurs with age (9,10),
because some of these changes resemble those found in adult
patients with chronic GH deficiency (GHD) and hypophy-
sectomized experimental animals (/0—15). Exogenous GH
administration induces beneficial effects on lipid profile
and different organs and tissues in aged animals and humans
(16-20). Moreover, GH administration or IGF-1 overex-
pression is able to prevent oxidative damage and modulate
inflammatory response, as well as to induce antioxidant
defenses in some experimental models (2/-23). In fact, we
have previously shown that rhGH administration to old
male and female rats was able to improve some parameters
related to the oxidative and inflammatory damage associ-
ated with aging in hepatocytes, and that this effect was
apparently more marked in males, probably because altera-
tions are also more evident in males than in their age-matched
female counterparts (24).

Epidemiological data show that the rate of progression
of chronic hepatic disease is faster in men than in women,
suggesting a possible protective effect of estrogens on the
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Table 1
Estradiol Plasma Levels, Uterine Weight, IGF-1 Plasma Levels, and IGF-1 Hepatic Content®
Young Old control Old GH Old E Old GH+E
Plasma estradiol 37+48  235=5 32.6+3 525 +131% 592 + 53
(pg/mL)
Uterine relative weight 0.236 +0.03 0.077 +0.01% 0.070 + 0.01% 0.226 £0.03  0.259 + 0.03
(g/100 g)
Uterine absolute weight 0.613+0.07 0.28 +0.04% 0.271 +0.05% 0.985+0.06 0.983 +0.12
(€9)
Plasma IGF-1 649 + 52 504 =79 1074 + 69* 364 + 44" 984 + 71*
(nmol/mL)
Hepatic IGF-1 196 + 20 111 = 14* 236 + 36 139+ 17% 258 +29

(pg/mg tissue)

“Effect of growth hormone and estrogen administration on old ovariectomized female rats. Values are
expressed as mean = SEM. Young intact female rats (Young), old ovariectomized rats (Old control), old
ovariectomized rats treated with growth hormone (Old GH), old ovariectomized rats treated with estrogens (Old
E), old ovariectomized rats treated with growth hormone and estrogens (Old GH+E). *p < 0.01 vs young rats;
#p <0.01 vs young rats and animals treated with GH. $p <0.001 vs animals not treated with estradiol; &p <0.01

vs young and estradiol-treated rats; *p < 0.01 vs animals not treated with GH.

liver (25). In this sense, both menopause and ovariectomy
are known to induce deleterious effects on different organs
and systems (26,27). Estrogens have been shown to exert
a positive influence on several tissues (26,28) and to have
antioxidant and anti-inflammatory properties (29-32). In
old women, the decline in somatotrophic axis and ovarian
function converge. Thus, it seem interesting to study the
effect of both hormonal replacements on tissues in which
their effects have not been clearly elucidated, such as the
liver. We have already described that GH administration
was able to improve several parameters related to oxidative
and inflammatory damage in hepatocytes isolated from old
male rats, and that such effect was not so evident in old intact
females (24). Because old female rats maintain a certain
production of ovarian estrogens until very late in their lives,
this estrogenic production could play a protective role in
old female rats as compared with males. Therefore, we
decided to investigate the effect of GH and estrogen admin-
istration on these same parameters in primary hepatocyte
cultures obtained from livers of old female rats that had
been ovariectomized at 12 mo of age, that is, rats that have
lacked these ovarian estrogens for half their lives as a model
of menopause, and using young intact females as a refer-
ence group.

Results

Plasma estradiol levels were significantly increased in
both groups of estradiol-treated animals as compared to non-
treated rats. No significant differences were found among
young animals, old controls, and old rats treated with GH
(Table 1).

Uterine weight was used as an index of estrogen expo-
sure. As expected, this parameter was significantly reduced
in both groups of old untreated and GH-treated ovariecto-

mized animals as compared to young intact and old ovari-
ectomized estradiol-treated rats (Table 1). Uterine relative
weight was similar in young intact and both groups of estro-
gen-treated old animals.

Plasma IGF-1 levels were reduced in old animals when
compared with young ones, although this reduction was sig-
nificant only in the group of old estrogen-treated rats. When
rhGH was administered, either alone or with estrogens, a
significant increase was observed (Table 1). In the liver, the
IGF-1 content was significantly decreased in old control
and old estrogen-treated rats when compared with young
ones, and rhGH administration was able to significantly in-
crease this parameter when given alone or in combination
with estrogens.

Cellular ATP content showed a significant decrease in old
ovariectomized animals (Fig. 1) when compared to 2-mo-
old females. Treatment with both GH and estrogens attenu-
ated this decrease to a similar extent, showing that treated
rats’ ATP levels were significantly higher than those of un-
treated old animals. Co-administration of estrogens and GH
treatment did not show any effect different from that of GH
or estrogens alone.

As shown in Fig. 2, LPO content of hepatocytes was also
affected by age. This parameter was significantly increased
in old control ovariectomized rats as compared to young
intact females. GH administration was not able to signifi-
cantly decrease LPO levels, although a tendency to reduc-
tion was observed. In contrast, when old animals were treated
with estradiol, a significant decrease in LPO levels was ob-
served. When GH and estrogens were administered together,
LPO levels were significantly lower than those of old un-
treated control and GH-treated rats, but differences were
not significant when compared to animals treated only with
estrogens.
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Fig. 1. Adenosyl triphosphate (ATP) content of hepatocytes iso-
lated from female Wistar rats (nmol/ug protein): Effect of growth
hormone and estrogen administration on old ovariectomized
female rats. Values are expressed as mean + SEM. Young intact
female rats (Young), old ovariectomized rats (Old control), old
ovariectomized rats treated with growth hormone (Old GH), old
ovariectomized rats treated with estrogens (Old E), and old ova-
riectomized rats treated with growth hormone and estrogens (Old
GH+E). *p < 0.001 vs Young; *p < 0.01 vs Old control.
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Fig. 2. Lipid peroxide (LPO) content of hepatocytes isolated from
female Wistar rats (fmol/ug protein): Effect of growth hormone
and estrogen administration on old ovariectomized female rats.
Values are expressed as mean + SEM. Young intact female rats
(Young), old ovariectomized rats (Old control), old ovariectomized
rats treated with growth hormone (Old GH), old ovariectomized
rats treated with estrogens (Old E), and old ovariectomized rats
treated with growth hormone and estrogens (Old GH+E). *p <
0.001 vs rest of groups; *p <0.05 vs Old control; *p < 0.05 vs Old
GH.

NO release to the medium was significantly increased
with age in old ovariectomized untreated rats when com-
pared to young intact animals (Fig. 3). GH administration
did not significantly reduce NO release, whereas the admin-
istration of estradiol was able to reduce this parameter sig-
nificantly, reaching values similar to those of young rats.

Fig. 3. Nitric oxide (NO) release from hepatocytes isolated from
female Wistar rats (nmol/mL): Effect of growth hormone and
estrogen administration on old ovariectomized female rats. Values
are expressed as mean = SEM. Young intact female rats (Young),
old ovariectomized rats (Old control), old ovariectomized rats
treated with growth hormone (Old GH), old ovariectomized rats
treated with estrogens (Old E), and old ovariectomized rats treated
with growth hormone and estrogens (Old GH+E). *p < 0.001
vs Young; *p < 0.001 Old control; $p < 0.001 Old GH.
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Fig. 4. Carbon monoxide (CO) release from hepatocytes isolated
from Wistar rats (pmol/mL): Effect of growth hormone and estro-
gen administration on old ovariectomized female rats. Values are
expressed as mean + SEM. Young intact female rats (Young), old
ovariectomized rats (Old control), old ovariectomized rats treated
with growth hormone (Old GH), old ovariectomized rats treated
with estrogens (Old E), and old ovariectomized rats treated with
growth hormone and estrogens (Old GH+E). *p <0.001 vs Young;
*» <0.001 vs Old control; *p < 0.05 vs Old GH.

Combined treatment with GH and estradiol decreased NO
release to a similar extent than estradiol alone.

Figure 4 shows that CO release was significantly more
marked in old ovariectomized nontreated female rats than
in young intact animals. Both treatments with estradiol and
GH were able to normalize CO release in old ovariectomized
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Fig. 5. Cyclic guanosyl monophosphate (cGMP) content of hepa-
tocytes isolated from female Wistar rats (fmol/ug protein): Effect
of growth hormone and estrogen administration on old ovariecto-
mized female rats. Values are expressed as mean + SEM. Young
intact female rats (Young), old ovariectomized rats (Old control),
old ovariectomized rats treated with growth hormone (Old GH),
old ovariectomized rats treated with estrogens (Old E), and old
ovariectomized rats treated with growth hormone and estrogens
(Old GH+E). *p <0.001 vs rest of groups; *p <0.05 and *p < 0.001
vs Old control; SI‘p < 0.01 vs Old GH; “p < 0.05 vs Old E.

rats, obtaining levels similar to those found in 2-mo-old ani-
mals. Rats treated with GH and estrogens together showed
significantly lower levels than GH-treated rats, but differ-
ences compared to animals treated only with estradiol were
not significant.

As could be expected, cGMP content of hepatocytes iso-
lated from old rats showed a dramatically age-related sig-
nificant increase (Fig. 5). Again, both estradiol and GH
treatments were able to significantly reduce cGMP content
in hepatocytes, although this decrease was more evident in
estrogen-treated rats than in GH-treated ones. In this case,
co-administration of GH and estradiol further reduced cGMP
content, reaching values significantly lower than estradiol-
treated animals.

When PC de novo synthesis was tested, a marked decrease
was found in old untreated rats as compared to young con-
trols (Fig. 6). When the old animals were treated with GH,
no significant differences were observed as compared to
untreated animals. In contrast, estrogens induced a signifi-
cant increase in PC synthesis by the hepatocytes. Addition
of GH to estradiol did not further increase PC synthesis.

Discussion

In contrast to what happens in women after menopause,
female rats maintain a certain estradiol secretion until very
late in their lives (around 20-24 mo) (33,34). Thus, to obtain

Fig. 6. Phosphatidylcholine (PC) synthesis of hepatocytes iso-
lated from female Wistar rats (pmol/ug protein/24 h): Effect of
growth hormone and estrogen administration on old ovariecto-
mized female rats.Values are expressed as mean + SEM. Young
intact female rats (Young), old ovariectomized rats (Old control),
old ovariectomized rats treated with growth hormone (Old GH),
old ovariectomized rats treated with estrogens (Old E), and old
ovariectomized rats treated with growth hormone and estrogens
(Old GH+E). *p < 0.001 vs rest of groups; *p < 0.001 vs Old con-
trol; *p < 0.05 vs Old GH.

an experimental model of long-term ovarian estrogen dep-
rivation in rats, similar to the situation of old postmeno-
pau-sal women, we considered it convenient to ovariecto-
mize the animals at around 12 mo of age, which is almost
half the lifespan of this rat strain. In fact, the ovariecto-
mized adult/old female rat has been considered a proper
model for the study of other menopausal alterations, such
as osteoporosis (26,35), and we have used a similar meno-
pause model in order to investigate the effect of rhGH on
vascular function (65).

On the other hand, it has previously been described that
hepatocytes isolated from old intact female rats show changes
in some parameters related to oxidative stress as compared
to young animals, and these changes have been shown to
be even more pronounced in males and old ovariectomized
females (36), which underlines the importance of estrogens
in preserving the function of different organs and systems.
In the present study we investigated the effect of different
hormonal replacement therapies on this experimental model
of estrogen deprivation.

Plasma estradiol levels were not found to be signifi-
cantly different between young intact and old ovariecto-
mized control rats. This finding was not surprising, because
during most of the estrous cycle (except pro-estrous phase),
estradiol concentrations are physiologically low (around
20-30 pg/mL); thus, ovariectomy was not expected to in-
duce a dramatic reduction in estradiol levels compared to
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young rats. This finding is similar to those obtained in other
studies performed with ovariectomized female rats by our
group and others, in which no significant differences in
plasma estradiol levels between intact and ovariectomized
rats were found (37,38, 65). A better indicator of persistent
estrogen action is the relative uterine weight. This param-
eter more reliably reflected estrogen exposure, because the
groups of intact rats or ovariectomized rats treated with
estradiol showed weights significantly higher than those of
ovariectomized animals not receiving estradiol. The find-
ing that old estradiol-treated rats showed similar relative
uterine weights than intact young rats could mean that,
although estrogen plasma levels were high in estradiol-
treated animals, a nearly physiological substitution dosage
was achieved.

The decline in the GH/IGF-1 axis of our animals can be
observed through the reduction in plasma levels of IGF-1
in old rats as compared to the young ones. This decrease was
only significant in the group of old rats treated with estro-
gens. However, when hepatic IGF-1 content was measured,
a significant reduction was found in all old non-GH-treated
groups as compared to young animals. This finding could
mean that, although tissular IGF-1 production is significantly
decreased with age, this fact is not totally reflected in plasma
levels, as previously reported (20). As expected, GH admin-
istration induced a significant increase in IGF-1 levels in
both liver and plasma, when given either alone or combined
with estrogens.

Estrogens have been shown to have antioxidant proper-
ties and are also able to prevent peroxidative membrane
damage (29,30,39). Moreover, estrogens were able to pro-
tect hepatocytes undergoing oxidative stress (40) and were
able to preserve hepatic integrity and function in several
experimental models of liver injury in which oxidative dam-
age was involved (41,42). These findings are in accordance
with the present study, in which estrogen administration
was able to partially prevent the increase in LPO content of
hepatocytes induced by both aging itself and ovariectomy.
LPO is a marker of cellular oxidative damage, and it has
been reported to increase with aging in different tissues (4,
43). The importance of this phenomenon lies in the fact that
after its initiation by free radicals, it becomes a self-perpet-
uating chain reaction that reduces membrane fluidity and
can alter closely situated proteins, which negatively affects
membrane functions (44). The present study also showed
that GH administration tended to reduce LPO content of
cells isolated from old ovariectomized rats. Both GH and
IGF-1 administration have previously been shown to reduce
oxidative stress and to improve antioxidant defenses in some
experimental models in which oxidative damage is involved,
such as CCly-induced liver cirrhosis (27), thermal injury
(45), and in old male rats (24). Transgenic Mini rats, in
which GH production is suppressed, showed a higher sus-
ceptibility to hepatotoxic agents inducing oxidative damage
(46,47). In another transgenic experimental model, IGF-1

overexpression reduced diabetes-induced oxidative stress
in cardiomyocytes (23). In humans, it has been demon-
strated that patients with GH deficiency showed increased
free radical production and oxidative damage, and that
GH administration was able to improve this situation (48).
Although the differences found in the present study between
old ovariectomized control and GH-treated rats were not
very evident, the tendency seems to point to a reduction in
LPO content of cells.

Mitochondria isolated from brain and liver of female rats
exhibited higher antioxidant gene expression and lower
oxidative damage than males and ovariectomized females
(49), and estrogen administration was able to restore these
parameters in ovariectomized females, which points to a
protective effect of estrogens against mitochondrial func-
tion impairment. These data support the findings of the
present study, in which estrogen administration prevented
the decrease in ATP content exhibited by old ovariectomized
female rats. Several changes in mitochondrial function have
been reported to be induced by age, including the alteration
of the activity and expression of different mitochondrial
enzymes and elements of the mitochondrial electron trans-
port chain, and these facts could lead to a reduction in ATP
synthesis and energy supply in old cells (44,50,51). Oxida-
tive damage seems to be involved in this phenomenon, as
oxidative stress was able to inhibit mitochondrial respira-
tion (52). In our present study, GH administration was able
to prevent the reduction in ATP content in cells isolated
from old ovariectomized animals. This finding agreed with
previous studies, in which the age-induced reduction in the
expression of some components of the mitochondrial res-
piratory chain was prevented by GH administration (57).
Moreover, these results were supported by previous findings
of our group, in which GH administration improved ATP
content of cells isolated from old male and intact female
rats (24). In our study, NO release to the culture medium
was found to be increased in hepatocytes isolated from old
ovariectomized rats when compared with young animals,
and estrogen administration was able to prevent this effect.
NO is one mediator involved in the inflammatory responses
(53) and it can also act as a free radical, either directly or
through the peroxynitrites generated by its interaction with
superoxide anion (O,") (54,55). With aging, an increase in
proinflammatory enzymes and molecules, such as NO, iNOS,
and cytokines, has been reported (8), which is in accor-
dance with the results obtained in the present study. Estro-
gens have been shown to exert anti-inflammatory actions
in several experimental models (32). This effect could ex-
plain our finding of a decrease in NO release to the medium
when old ovariectomized rats were treated with estradiol.
GH and IGF-1 could also play a role in the regulation of the
inflammatory response, because its administration was able
to modulate hepatic acute phase response and cytokine pro-
duction in experimental animals (22) and in humans (56).
In our study, a tendency toward a reduction in NO release
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was found in old ovariectomized GH-treated rats as com-
pared to untreated animals, although these differences were
not significant.

The decrease in oxidative damage and in inflammatory
mediator production induced by estrogens could also be
the explanation for the reduction in CO release found in old
ovariectomized rats treated with estrogens. GH administra-
tion was also able to significantly reduce CO release. CO
is an endogenously synthesized molecule that shares some
of the physiological actions of NO. CO also acts through
the activation of guanylate cyclase, like NO, with the sub-
sequent intracellular increase of cGMP (57). The two main
endogenous sources of CO are lipid peroxidation and heme
metabolism by heme oxygenase (HO) (57,58), and the induc-
tion of both pathways has been observed in the presence of
oxidative and inflammatory damage (58,59). In fact, the
HO-1-CO pathway has been proposed to act as a defense
system against oxidative and inflammatory stress, and CO
levels are considered an accurate marker of cellular dam-
age (58,59). In our study we have found that CO production
is significantly increased in old ovariectomized female rats,
similarly to what has been previously described in males
(24), and this finding could mean that this pathway was stim-
ulated by the increase in ROS and proinflammatory mole-
cules that occurs with age. Thus, the reduction in COrelease
found in rats treated with estradiol or GH could indicate
that the inflammatory and oxidative stress of the cells have
been reduced by these treatments.

The role of NO and CO as signal transduction molecules,
regulating sGC activity, is well established (57,58). Both
molecules induce the activation of the enzyme, thus in-
creasing cGMP production. Our study showed that cGMP
content of hepatic cells isolated from old ovariectomized
female rats was significantly higher than that of young ones,
in accordance with the increased levels of NO and CO re-
lease that were found in the culture medium. Both treatments
with estradiol or GH were able to reduce this parameter, as
could be expected by the observed decrease in NO and CO
release induced by its administration.

The reduction in oxidative damage and NO production
could also account for the improvement in PC de novo syn-
thesis induced by estradiol administration in old ovariecto-
mized female rats. Phospholipids, and particularly PC, are
components of cell membranes that play an essential role
in the maintenance of membrane structure and fluidity (60).
In our study, a significant decrease in PC synthesis was found
in old ovariectomized rats. This could be due to the increase
in oxidative stress and proinflammatory molecules associ-
ated with aging. This fact has been previously reported in
other experimental models, such as type II pneumocytes in
culture, which showed a decrease in PC synthesis mediated
by NO (61). The decrease in NO release induced by estra-
diol administration could explain the improvement in PC
de novo synthesis found in estradiol-treated animals.

We can conclude that hepatocytes isolated from old ovar-
iectomized female rats, used as a model of menopause, ex-
hibited changes in several parameters related to oxidative
and inflammatory damage when compared to intact young
females. All these alterations showed a significant improve-
ment by estrogen administration. GH treatment was also
able to significantly reduce CO release and cGMP content
of cells, increasing its ATP levels. Although the rest of the
evaluated parameters tended to improve with GH treatment,
differences as compared to old ovariectomized untreated
animals were not found to be significant. Co-administration
of GH and estrogens did not seem to exert any effect signif-
icantly different from that of estradiol alone, except in the
case of cGMP content.

Materials and Methods
Animals

Twenty-four female Wistar rats 22 mo of age were used
in the present study. They had been ovariectomized at 12
mo of age, according to the following procedure: rats were
anaesthetized with Equithesin (0.3 mL/100 g weight, ip)
and two small incisions (8§ mm) were made through the skin
and the muscle back walls in parallel with the animal body
line. The ovaries were then located and a silk thread was
tightly tied around the oviduct, including the ovarian blood
vessels, the oviduct was sectioned and the ovary was re-
moved. Muscle wall was then sutured with a synthetic abso-
rbable thread and the skin with metallic clips. The animals
were given a standard laboratory rat diet (A.04; Panlab,
Barcelona, Spain) and water ad libitum, in a light- and tem-
perature-controlled room. Animals were divided into four
experimental groups (n = 6 each group): vehicle-treated
animals, rats treated with recombinant human growth hor-
mone (thGH, Serono, Spain; 2 mg/kg/d diluted in sterile
saline solution, sc, in two daily injections at 10:00 h and
17:00 h), rats treated with estrogens (estradiol valerianate,
Sigma, St. Louis, MO, USA; 125 pg/week, sc, diluted in
sunflower oil), and rats treated with thGH and estrogens
at the same dosages. All treatments were performed for 10
wk. Six other intact female rats 2 mo of age were used as
a reference group. All the animals received humane care
according to the Guidelines for Ethical Care of Experimen-
tal Animals of the European Union, and the experimental
procedures had been approved by the Animal Care Commit-
tee of the School of Medicine of the Complutense Uniersity.

After 10 wk of treatment, rats were sacrificed by decap-
itation. Young rats were sacrificed in estrous or diestrous-
1. Blood and liver were collected and processed as described
later. Uterus was also removed and weighed, as an index of
estrogen exposure.

Hormone Levels

Trunk blood was collected and centrifuged to obtain
plasma, and a piece of liver was homogenized. Liver and
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plasma IGF-1 levels were measured as previously described
(62) by a specific radioimmunoassay (RIA), using reagents
kindly provided by the National Institute of Diabetes and
Digestive and Kidney Diseases (NIDDKD) and a second
antibody obtained in our laboratory. Plasma estradiol levels
were measured by a RIA kit commercially available (COAT-
A-COUNT, DPC, Los Angeles, CA).

Hepatocyte Isolation and Culture

Isolated hepatocytes were prepared as previously described
(63). After isolation, hepatocytes were cultured by inocu-
lating 5 x 10° cells in Falcon dishes each containing 5 mL
of RPMI 1640 medium (10% fetal calf serum, 100 IU/mL
penicillin G, 50 pg gentamicin). The viability of cells was
93 + 2% (trypan blue exclusion test); 18 to 20 h after inocu-
lation, the cells were attached to the bottom with a plating
efficiency of 70% to 80%. The unattached and nonviable
cells were removed, media were changed, and cells were
cultured for 24 h more. At the end of the culture period,
media and cells were separately collected to perform dif-
ferent measurements.

In a parallel experiment, cells were incubated in the pres-
ence of 10 mM p-[U-'4C]glucose (12.5 Ci/mol; Radio-
chemical Centre, Amersham, Buckinghamshire, UK), for
120 min, and the incorporation of b-[U-!#C]glucose into de
novo synthesized phosphatidylcholine (PC) was measured
as previously described (64).

Biochemichal Determinations

Cellular content of adenosyl triphosphate (ATP), lipid per-
oxides (LPO), and cyclic-guanosyl monophosphate (cGMP)
were measured by commercially available kits (Sigma; Ca-
mille Biochemical Company, Thousand Oaks, CA; and '%°1-
RIA Kit, Radiochemical Centre, Amersham, Bucks, England,
respectively).

Nitric oxide (NO) release to the medium was measured
by the Griess reaction as NO, concentration after NO; re-
duction to NO,. Briefly, samples were deproteinized by the
addition of sulfosalicylic acid. They were then incubated
for 30 min at 4°C, and subsequently centrifuged for 20 min-
utes at 12,000g. After incubation of the supernatants with
Escherichia coli NO;5 reductase (37°C, 30 min), 1 mL of
Griess reagent (0.1% naphthylenediamine dihydrochlor-
ide, 1% sulfanilamide, 2.5% H5;PO,) was added. The reac-
tion was performed at 22°C for 20 min, and the absorbance
at 546 nm was measured, using NaNO, solution as standard.
The measured signal is linear from 1 to 150 uM (r = 0.994,
p <0.001, n=15), and the detection threshold is approx 2 uM.

To quantify the amount of carbon monoxide (CO) released,
the ratio of carboxihemoglobin after hemoglobin addition
was measured. Hemoglobin (4 uM) was added to samples
and the mixture was allowed to react for 1 min, to ensure
maximum binding of CO to hemoglobin. Then, samples were
diluted with a solution containing phosphate buffer (0.01

mol/L monobasic potassium phosphate/dibasic potassium
phosphate, pH 6.85) containing sodium dithionite, and after
10 min at room temperature, absorbance was measured at 420
and 432 nm against a matched curve containing only buffer.

Protein determination was performed by the Bradford
method. The basis of this method is the addition of Coo-
massie brilliant blue dye to proteins. This union induces a
shift in maximum dye absorbance from 465 to 595 nm.
Absorbance is measured at 595 nm, comparing to a known
standard curve.

Reproducibility within the assay was evaluated in three
independent experiments. Each assay was carried out with
three replicates. The overall intraassay coefficient of varia-
tion has been calculated to be <5%. Assay to assay repro-
ducibility was evaluated in three independent experiments.
The overall interassay coefficient of variation has been cal-
culated to be <6%.

Statistical Analysis

Results are expressed as the mean = SEM, from n = 6.
The results are presented as the mean + SEM. Mean com-
parison was done by the Kuskal-Wallis test followed by a
Mann—Whitney test; a confidence level of 95% (p < 0.05)
was considered significant.

Acknowledgments

The skilful technical assistance of A. Carmona, A. Holguin
and M.A. Ramirez is gratefully acknowledged.

This work was supported by grants from C.A.M. (8.5/
0062/2001) and E66 GHESME 2 (GHESEVEC) 2003 project
from L.M.S.E.R.S.O. (Ministerio de Trabajo y Asuntos Soci-
ales). Ms. Castillo and Ms. Salazar were supported by grants
from the Ministerio de Educacion, Cultura y Deportes of
Spain.

References

1. Schmucker, D. L. (1990). Exp. Gerontol. 25, 403-412.

2. Anantharaju, A., Feller, A., and Chedid A. (2002). Gerontology
48, 343-353.

3. Gasbarrini, A., Simoncini, M., Di Campli, C., et al. (1998).
Scand. J. Gastroenterol. 33, 1107-1112.

4. Palomero, J., Galan, A. 1., Munoz, M. E., Tunon, M. J.,
Gonzalez-Gallego, J., and Jimenez, R. (2001). Free Rad. Biol.
Med. 30, 836-845.

5. Harman, D. (1992). Mutat. Res. 275, 257-266.

6. Sohal, R. S., Mockett, R. J., and Orr, W. C. (2002). Free Rad.
Biol. Med. 33, 575-586.

7. Troen, B. R. (2003). The Mount Sinai J. Med. 70, 3-22.

8. Chung, H. Y., Kim, H.J., Kim, K. W., Choi, J. S., and Yu, B. P.
(2002). Microsc. Res. Tech. 59, 264-272.

9. Breese, C.R., Ingram,R. L., and Sonntag, W. E. (1991). J. Ger-
ontol. 46, B180-B187.

10. Toogood, A. A. and Shalet, S. M. (1998). Baillieres Clin. Endo-
crinol. Metab. 12, 281-296.

11. Toogood, A. A., O’Neill, P. A., and Shalet, S. M. (1996).
J. Clin. Endocrinol. Metab. 81, 460-465.

12. Evans, L. M., Davies, J. S., Goodfellow, J., Rees, J. A. E., and
Scanlon, M. F. (1999). Clin. Endocrinol. 50, 457-464.



18

Ovariectomy, GH, and Estrogens in Hepatocytes / Castillo et al.

Endocrine

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Isaksson, O. G., Ohlsson, C., Bengtsson, B. A., and Johannsson,
G. (2000). Endocr. J. (Suppl.) 47, S9-S16.

Andrawis, N., Jones, D. S., and Abernethy, D. R. (2000). J. Am.
Geriatr. Soc. 48, 193-198.

Gustafsson, H., Tordby, A. W., Brandin, L., Hedin, L., and
Jonsdottir, I. H. (2002). Eur. J. Endocrinol. 146, 267-274.
Rudman, D., Feller, A. G., Nagraj, H. S., et al. (1990). N. Engl.
J. Med. 323, 1-6.

Holloway, L., Butterfield, G., Hintz, R. L., Gesunheit, N., and
Marcus, R. (1994). J. Clin. Endocrinol. Metab. 79, 470-479.
Sonntag, W. E., Lynch, C. D., Cooney, P. T., and Hutchins,
P. M. (1997). Endocrinology 138, 3515-3520.

Cuttica, C. M., Castoldi, L., Gorrini, G. P., et al. (1997). Aging
9, 193-197.

Castillo, C., Cruzado, M., Ariznavarreta, C., et al. (2003). Exp.
Gerontol. 38, 971-979.

Castilla-Cortazar, 1., Garcia, M., Muguerza, B., et al. (1997).
Gastroenterology 113, 1682—-1691.

Jeschke, M. G., Herndon, D. N., Wolf, S. E., et al. (1999). J.
Surg. Res. 83, 122-129.

Kajstura, J., Fiordaliso, F., Andreoli, A. M., et al. (2001). Dia-
betes 50, 1414-1424.

Castillo, C., Salazar, V., Ariznavarreta, C., et al. (2004). Endo-
crine 25(1), 33-39.

Pinzani, M., Romanelli, R. G., and Magli, S. (2001). J. Hepatol.
34, 764-767.

Compston, J. E. (2001). Physiol. Rev. 81, 419-447.

Sader, M. A. and Celermajer, D. S. (2002). Cardiovasc. Res.
53, 597-604.

Mikkola, T. S. and Clarkson, T. B. (2002). Cardiovasc. Res. 53,
605-619.

Sugioka, K., Shimosegawa, Y., and Nakano, M. (1987). FEBS
Lert. 210, 37-39.

Lacort, M., Leal, A. M., Liza, M., Martin, C., Martinez, R., and
Ruiz-Larrea, M. B. (1995). Lipids 30, 141-146.

Ruiz-Larrea, M. B., Leal, A. M., Martin, C., Martinez, R., and
Lacort, M. (1997). Rev. Esp. Fisiol. 53, 225-229.
Cuzzocrea, S., Mazzon, E., Sautebin, L., et al. (2001). Mol.
Med. 7, 478-4817.

Lu, K. H., Hopper, B. R., Vargo, T. M., and Yen, S. S. (1979).
Biol. Reprod. 21, 193-203.

Vom Saal, F. S., Finch, C. E., and Nelson, J. F. (1994). In: The
physiology of reproduction, 2nd ed. Knobil, E. and Neill, J. D.
(eds.). Raven Press: New York, pp. 1213-1314.

Ohlsson, C., Bengtsson, B. A., Isaksson, O. G., Andreassen,
T. T., and Slootweg, M. C. (1998). Endocr. Rev. 19, 55-79.
Salazar, V., Vara, E., Castillo, C., et al. (2003). J. Physiol.
548P, P194 (Abstract).

Persky, A. M., Green, P. S., Stubley, L., et al. (2000). Proc.
Soc. Exp. Biol. Med. 223, 59—-66.

Wight, E., Kung, C. F., Moreau, P., Takase, H., Bersinger, N. A.,
and Luscher, T. F. (2000). J. Soc. Gynecol. Investig. 7,106—113.
Nathan, L. and Chaudhuri, G. (1998). Semin. Reprod. Endo-
crinol. 16, 309-314.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.
53.
54.
55.
56.
57.
58.
59.

60.

61.

62.

63.

64.

65.

Liu, Y., Shimizu, I., Omoya, T., Ito, S., Gu, X. S., and Zuo, J.
(2002). World J. Gastroenterol. 8, 363-366.

Leal, A. M, Ruiz-Larrea, M. B., Martinez, R., and Lacort, M.
(1998). Biochem. Pharmacol. 56, 1463—-1469.

Xu, J. W., Gong, J., Chang, X. M., et al. (2002). World J.
Gastroenterol. 8, 883—887.

Bejma, J., Ramires, P., and Ji, L. L. (2000). Acta Physiol. Scand.
169, 343-351.

Van Remmen, H. and Richardson, A. (2001). Exp. Gerontol.
36, 957-968.

Youn, Y. K., Suh, G.J., Jung, S. E., Oh, S. K., and Demling, R.
(1998). J. Burn Care Rehabil. 19, 542-548.

Shimizu, H., Uetsuka, K., Nakayama, H., and Doi, K. (2001).
Exp. Toxicol. Pathol. 53, 11-17.

Tani, Y., Kamai, Y., Yamate, K., et al. (2001). J. Toxicol. Sci.
26, 25-37.

Evans, L. M., Davies, J. S., Anderson, R. A., et al. (2000). Eur.
J. Endocrinol. 142, 254-262.

Borras, C., Sastre, J., Garcia-Sala, D., Lloret, A., Pallardo, F. V.,
and Vina, J. (2003). Free Radic. Biol. Med. 34, 546-552.
Arivazhagan, P., Ramanathan, K., and Panneerselvam, C.
(2001). Chem. Biol. Interact. 138, 189-198.

Tollet-Egnell, P., Flores-Morales, A., Stahlberg, N., Malek,
R. L., Lee, N., and Norstedt, G. (2001). Mol. Endocrinol. 15,
308-318.

Sastre, J., Pallardo, F. V., and Viiia, J. (2000). I[UBMB Life 45,
427-435.

Alderton, W. K., Cooper, C. E., and Knowles, R.G. (2001).
Biochem. J. 357, 593-615.

Reiter, R. J. (1998). Prog. Neurobiol. 56, 359-384.

Szabo, C. (2003). Toxicol. Lett. 140-141, 105-112.

Jeschke, M. G., Barrow, R. E., Suzuki, F., Rai, J., Benjamin, D.,
and Herndon, D. N. (2002). Mol. Med. 8, 238-246.
Baranano, D. E. and Snyder, S. H. (2001). PNAS 98, 10996—
11002.

Ryter, S. W., Otterbein, L. E., Morse, D., and Choi, A. M.
(2002). Mol. Cell Biochem. 234-235, 249-263.

Guo, X., Shin, V. Y., and Cho, C. H. (2001). Life Sci. 69,3113—
31109.

Varela, 1., Pajares, M., Mérida, 1., et al. (1986). In: First con-
ference on biochemical, pharmacological and clinical aspects
of transmethylation. Mato, J. M. (ed.). Jarpyo Editores: Madrid,
pp. 25-33.

Vara, E., Arias-Diaz, J., Garcia, C., Hernandez, J., and Balibrea,
J. L. (1996). Am. J. Physiol. 271, 1.359-1.365.

Rol de Lama, M. A., Pérez Romero, A., Tresguerres, J. A. F.,
Hermanussen, M., and Ariznavarreta, C. (2000). Eur. J. Endo-
crinol. 142, 517-523.

Arias-Diaz, J., Vara, E., Gomez, M., Moreno, A., Torres-Melero,
J., and Balibrea, J. L. (1993). Eur. J. Surg. 159, 535-539.
Vara, E., Arias-Diaz,J., Torres-Melero, J., Garcia, C., Rodriguez,
J. M., and Balibrea, J. L. (1994). Hepatology 20, 924-931.
Castillo, C., Cruzado, M., Ariznavarreta, C., et al. (2005).
Biogerontology, in press.



