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xercise Decreases Cytosolic Aconitase Activity
n the Liver, Spleen, and Bone Marrow in Rats

wok Ping Ho, De Sheng Xiao, Ya Ke, and Zhong Ming Qian1

epartment of Applied Biology and Chemical Technology, Hong Kong Polytechnic University, Kowloon, Hong Kong

eceived February 9, 2001
In a previous study (1), we found that strenuous
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Effects of strenuous exercise on cytosolic aconi-
ase activity (CAA) were investigated in this study.
emale Sprague-Dawley rats were randomly as-
igned to four groups: S1 (Sedentary), S2 (Seden-
ary 1 L-NAME [N-nitro-L-arginine methyl ester]),
1 (Exercise), and E2 (Exercise 1 L-NAME). Rats in

he E1 and E2 groups swam for 2 h/day for 3 months.
-NAME (an inhibitor of NOS) in drinking water (1
g/ml) was administered to rats in the S2 and E2

roups for the same period. At the end of the third
onth, the CAA in the liver, spleen, and bone mar-

ow cells was measured. In the exercise group (E1),
AA in the liver, spleen, and bone marrow cells was
9.99 6 1.49, 1.61 6 0.13, and 0.59 6 0.09 mU/mg pro-
ein, respectively. These values were significantly
ower than the corresponding sedentary values in
he S1 group (33.96 6 1.38, 3.96 6 0.19, and 3.20 6 0.18
U/mg protein) (P < 0.01, 0.001, and 0.001, respec-

ively). The treatment of L-NAME led to a significant
ncrease in tissue CAA in the sedentary rats (S2).
lso, the significantly higher CAA in the liver,
pleen, and bone marrow cells was found in the ex-
rcised rats treated with L-NAME (E2) (29.50 6 1.27,
.89 6 0.25, and 1.34 6 0.20 mU/mg) than without
-NAME (E1) (P < 0.01, 0.01, 0.05, respectively). How-
ver, the values in the E2 group were still signifi-
antly lower than those in the S1 group (P < 0.05,
.01, and 0.001, respectively). This indicates that
-NAME treatment can partly recover the decreased
A in tissues in the exercised rats. These results
rovide evidence for the existence of the increased
ctivity of IRP1 (iron regulatory protein 1) that is
robably induced by the increased nitric oxide pro-
uction in the strenuously exercised rats. © 2001

cademic Press

Key Words: strenuous exercise; cytosolic aconitase
ctivity (CAA); iron-regulatory protein 1; iron metab-
lism; nitric oxide (NO); L-NAME (N-nitro-L-arginine
ethylester).
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xercise could lead to a significant increase in trans-
errin receptor (TfR) expression and transferrin-bound
ron (Tf-Fe) accumulation in bone marrow erythro-
lasts in rats. In addition, plasma iron concentration
nd non-heme iron contents in the liver, spleen and
ome other tissues were lower in the exercised rats
han in the sedentary animals. Further study (2)
howed that the exercised rats had a significantly in-
reased plasma nitric oxide (NO) which was negatively
orrelative with the decreased plasma iron level.
hereafter, we investigated the effects of strenuous
xercise and L-NAME (N-nitro-L-arginine methyl-
ster), an inhibitor of NOS (nitric oxide synthase), on
issue NO concentrations as well as non-heme iron
ontents (3). The results indicate that exercise may
ead to a significant increase in NO level as well as a
ecrease in iron contents in the liver, spleen, and bone
arrow cells. The effects of exercise on NO level and

ron content in these tissues could be inhibited com-
letely (NO) and partly (iron) by L-NAME treatment
espectively. These data and the recent findings on
nteraction of NO with iron metabolism (4–7) suggest
hat the increased NO might be one of the causes
eading to the changes of iron metabolism we found in
he exercised rats (3).

The exercised rats treated with L-NAME have a
ignificantly lower level of NO as well as a higher iron
ontent in the tissues and plasma than those of the
xercised rats treated without L-NAME (3). It implies
hat strenuous exercise might stimulate the activity of
OS and hence increase NO synthesis, while
-NAME, probably via inhibition of NOS activity,
ould reduce the effect of exercise on NO and hence
artly recover the decreased plasma and tissue iron
evels in the exercised rats. NO regulates iron metab-
lism by interaction with iron-regulatory protein 1
IRP1) (4, 5). IRP1 is a [Fe-S] protein. IRP1 binding to
RE (iron responsive element) of both mRNAs of TfR
nd ferritin is regulated in response to the status of the
ron sulfur cluster located near the center of IRP1 (5, 8,
). In iron-abundant cells, IRP1 contains a cubane
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conitase activity. In iron-poor cells, such a Fe-S clus-
er does not exist and IRP1 functions as an IRE-
inding protein (5). In other words, IPR1 can function
s a cytoplasmic aconitase as well as IRE-binding pro-
ein or cytosolic aconitase is a two-faced protein: en-
yme and IRP1 (10–12). In addition to the effect of
ellular iron, NO may target iron atoms in [Fe-S] clus-
er in the IRP1 molecules and result in an increased
RP1 binding activity. Therefore it is highly likely that
he increased NO-induced by exercise may lead to an
ncreased binding of IRP1 to IRE of both mRNAs of TfR
nd ferritin (or the decreased activity of cytosolic ac-
nitase) and then the changes of iron metabolism in
he exercised rats. Because the changes in cytosolic
conitase activity may reflect the IRP1 binding activ-
ty, therefore, we investigated the effect of exercise and
-NAME on cytosolic aconitase activity in the present
tudy. The aims were to find the evidence for the exis-
ence of an increased IRP1 activity and to address the
ossible roles of the increased NO in the changes of
ytosolic aconitase activity and iron metabolism in the
xercised rats.

ATERIALS AND METHODS

Animals and exercise protocol. The Department of Health of
ong Kong Government and the Animal Ethics Committee of the
ong Kong Polytechnic University approved the use of animals for

his study. Female Sprague-Dawley (SD) rats (aged 2 months), sup-
lied by the Animal House of the Hong Kong Polytechnic University,
ere housed in pairs in stainless steel rust-free cages at 21 6 2°C,

elative humidity of 60–65% with alternating 12-h periods of light
nd dark. After being kept under the standard laboratory conditions
or one week, the animals were randomly assigned to the following
our groups: S1 (n 5 5), Sedentary; S2 (n 5 5), Sedentary 1
-NAME (N-nitro-L-arginine methyl ester); E1 (n 5 4), Exercise; E2

n 5 6), Exercise 1 L-NAME. Laboratory rodent diets for rats (PMI
utrition International, the Richmond Standard) and distilled water
ere given free access to throughout the experimental period.
Swimming exercise was performed according to the procedure

escribed previously (1). In brief, rats in the exercise groups (E1 and
2) swam in groups of two or three in glass swimming basin (45 cm
idth 3 80 cm length 3 80 cm height) filled with tap water to a depth

f 50 cm. The water temperature was maintained at 35 6 1°C. The
ats swam 5 days per week. The daily training lasted for 30 min in
he first week and 1 h in the second week. The two-weeks’ swimming
eriod was considered as a training period so that increased exercise
ould be tolerated later. After the training period, 2 h exercise per
ay (9.00–11.00 am) was given, lasting for 3 months. L-NAME
Calbiochem Co., USA) in the drinking water (1 mg/ml) was freshly
repared and orally administered to rats in the S2 and E2 groups for
months. The rats of the control groups (S1 and S2) remained

edentary in their cages and received approximately the same
mount of handling as the exercised animals throughout the entire
xperiment.

Measurement of cytosolic aconitase activity in the liver, spleen, and
one marrow cells. At the end of the three-months experiment,
nimals were not fed for 24 h following the last exercise regimen. The
ats were anesthetized with diethyl ether and the liver and spleen
ere removed and stored in a freezing chamber below 270°C. The
lood in the liver and spleen was washed out by a perfusion of 0.9%
aline (iron free) before the samples were stored. The bone marrow
265
craped bones according to the method described previously (1). The
issue and cells were homogenized in 0.27 M sucrose buffered to pH
.4 with Hepes and then centrifuged at 10,000g at 4°C for 15 min.
he supernatant obtained was recentrifuged at 35,000g at 4°C for 30
in and used as “cytosol.” The diluted supernatant was added into

0 mM aconitate substrate solution (pH 7.4) containing 0.02% BSA.
ytosolic aconitase activity was determined by the measurement of
hanges in absorbance of 240 nm at intervals of 15 s at 25°C for a few
inutes. Bovine heart aconitase (purified) was run in parallel to

amples and applied to establish standard curve. On the basis of the
tandard curve, cytosolic aconitase activity was calculated. The re-
ults in enzymatic activity were expressed miliunits (mU) per mg of
rotein.

Analytical methods. Protein contents of tissue and cell homoge-
ates were assayed by Lowry’s method using commercially prepared
its (Sigma Co., St. Louis, MO). The statistical calculation was
erformed using the Student’s t test. The data were expressed as
eans 6 standard error (SE).

ESULTS

Effects of exercise on cytosolic aconitase activities in
he liver, spleen, and bone marrow. The results
howed that strenuous exercise led to a significant
ecrease in cytosolic aconitase activities in the liver,
pleen and bone marrow cells (Fig. 1). The cytosolic
conitase activities were 33.96 6 1.38, 3.96 6 0.19, and
.20 6 0.18 mU/mg protein in the liver, spleen, and
one marrow cells in the sedentary group (S1), respec-
ively. As compared to sedentary group, the corre-
ponding values in the exercise group (S1) were signif-
cantly lower, being 19.99 6 1.49, 1.61 6 0.13, and
.59 6 0.09 mU/mg protein in the liver, spleen, and
one marrow cells (P , 0.01, 0.001, and 0.001), re-
pectively. The strenuous exercise produced 41.1
liver), 59.3 (spleen), and 81.6% (bone marrow cells)
ecrease of cytosolic aconitoase activity respectively.

Effects of L-NAME on cytosolic aconitase activity in
he liver, spleen, and bone marrow. To determine the
ole of NO in regulation of aconitase activity during
xercise, L-NAME was administered into the exercised
E2) and the sedentary rat (S2). The sedentary rats
reated with L-NAME (S2) had significantly higher
ctivities of cytosolic aconitase in the liver (38.81 6
.12), spleen (4.56 6 0.17), and bone marrow cells
4.00 6 0.22 mU/mg protein) than those of the seden-
ary rat treated without L-NAME (S1) (all P , 0.05)
Fig. 1). The degree of increase was 14.3, 15.2, and
5.0% in the liver, spleen, and bone marrow cells, re-
pectively. Also, significantly higher values of cytosolic
conitase activities in the liver, spleen and bone mar-
ow cells were observed in the exercised rats treated
ith L-NAME (E2) than without L-NAME (E1). The

ytosolic aconitase activities were 29.50 6 1.27, 2.89 6
.25, and 1.34 6 0.20 mU/mg protein in the liver,
pleen, and bone marrow cells, respectively, in the
xercised rats treated with L-NAME (E2). These val-
es were significantly higher than their corresponding
ontrol values in the exercised rats treated without
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-NAME (E1) (P , 0.01, 0.01, 0.05, respectively).
he degree of increase was 47.6, 79.5, and 127.1% in
he liver, spleen, and bone marrow cells, respectively.
owever, these increased values in the exercised rats

reated with L-NAME (E2) were still significantly
ower than those in the sedentary rats treated without
-NAME (S1), being about 86.7, 72.9, and 41.9% of the
orresponding sedentary values. P values were smaller

FIG. 1. Effects of strenuous exercise and L-NAME on cytosolic
conitase activities in the liver (A), spleen (B), and bone marrow
ells (C) of rats. Female SD rats were assigned to the four groups:
1 (Sedentary); S2 (Sedentary 1 L-NAME); E1 (Exercise); E2

Exercise 1 L-NAME). The exercise procedure and L-NAME treat-
ent were detailed in the text. The data were means 6 SE. *P ,

.05, **P , 0.01, ***P , 0.001 vs S1 and 1P , 0.05, 11P ,

.01 vs E1.
266
arrow cells, respectively (Fig. 1).

ISCUSSION

Cytosolic RNA-binding proteins known as iron-
egulatory proteins (IRP1 and IRP2) control regulation
f cellular iron homeostasis. Although IRP1 and IRP2
re similar proteins, they are regulated by different
echanisms. IRP2 does not contain a 4Fe-4S cluster

imilar to the cluster in IRP1 (13). As mentioned in
ntroduction, IRP1 and cytosolic aconitase are two
orms of one protein. The determination of cytosolic
conitase activity has quantitatively been applied to
bserve cytosolic IRP1 activity and the molecular reg-
latory mechanism of iron metabolism in vivo and vitro
14–16). In this study, we demonstrated that strenu-
us exercise could lead to a significant decrease in
ctivity of cytosolic aconitase in the liver, spleen and
one marrow cells. It provided evidence for the exis-
ence of the increased IRP1 activity and hence IRE-
inding by IRP1 in these tissues and cells in the exer-
ised rats. This result is in good agreement with our
revious findings; namely, a significantly increase in
fR expression and Tf-Fe uptake in bone marrow cells

n the strenuously exercised rats (1). The increased NO
roduction might play a critical role in the exercise
nduced-decrease in cytosolic aconitase activity or in-
rease in IRP1 binding activity with IRE. It is sup-
orted by the findings obtained in this study as well as
ur previous investigation. In the present study, re-
ults showed that L-NAME (NOS inhibitor) treatment
ed to a significant increase in cytosolic aconitase ac-
ivity in the exercised rats when compared with the
xercised rats treated without L-NAME. Our previous
tudy (3) found that the exercised rats treated with
-NAME had a significantly lower NO level as well as
higher iron content in the liver, spleen, and bone
arrow cells than the exercised rats treated without
-NAME. These data showed that the higher cytosolic
conitase activity, found in the exercised rats treated
ith L-NAME, might be due to the inhibition of
-NAME on NOS activity. Therefore NO level in the
issues decreases and accordingly cytosolic aconitase
ctivity increases. The increased cytosolic aconitase or
he decreased IRP1 activity in the exercised rats
reated with L-NAME would lead to the lower TfR
xpression and Tf-Fe uptake as well as the higher
erritin expression. The decreased NO in the exercised
ats induced by L-NAME treatment could also reduce
he amount of iron removal from ferritin (17). It was
robably one of causes for the increased iron contents
ound in the exercised rats treated with L-NAME.

However, L-NAME treatment did not lead to the
ompleted recoveral of cytosolic aconitase activities
nd iron contents in these tissues or cells to the sed-
ntary level. The cytosolic aconitase activities and iron
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lthough higher than those in the exercise control rats,
ere still significantly lower than those found in the

edentary rats (3). Obviously, it was not due to the
osage of L-NAME used because tissue NO level did
ully return to sedentary level by treatment of
-NAME, no difference being found in NO levels be-
ween the exercised rats treated with L-NAME and the
edentary rats. Therefore the difference in the effects
f L-NAME on aconitase activities, iron contents and
O levels might imply that NO was not the only factor

n the determination of cytosolic aconitase activities in
he exercised rats. Other factors, including oxidative
tress (18), phosphorylation (19), and hypoxia (20),
ight be also involved in the control of the cytosolic

conitase (or IRP1) activities and iron contents in these
issues and cells. Further investigation is needed.

In summary, the results obtained in this study indi-
ated that strenuous exercise could lead to the de-
reased cytosolic aconitase activities in the liver,
pleen, and bone marrow cells. The data on L-NAME
reatment showed that the decreased cytosolic aconi-
ase activities (or the increased IRP binding activities)
ight result from the increased NO production-

nduced by exercise. The results of this and our previ-
us studies demonstrated that there was difference in
he effects of L-NAME on cytosolic aconitase, iron con-
ents and NO levels in these tissues. The difference
uggests that the increased NO was important but not
he only cause led to the decreased cytosolic aconitase
ctivities and iron contents in the tissues and cells
xamined in the exercised rats.
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