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Abstract

This study evauated effects of different durations of exercise on transferrin receptor (TfR) expression on the membrane of rat
erythroblasts. Female rats were assigned to six groups: 3, 6 and 12 months of strenuous exercise (swimming 2 h/day, 5 days/wk) groups
and their corresponding controls. At the end of experiments, the erythroblasts were isolated for Tf binding assay and transferrin-bound iron
(Tf-Fe) uptake. Tissue non-hemeiron and hematological iron indices were also measured. The TfR number on the cellswas about 603,189 +
107,562, 890,150 + 164,849 and 384,695 + 46,295 molecules/cell in three control groups (3, 6, 12 months) respectively. Exercise groups
had significantly higher levels of TfR than those of the control groups, being 1,374,137 + 243,677, 2,175,360 *+ 462,737 and 1,012,759 *+
249,423 molecules/cell in 3, 6 and 12 months of exercise groups respectively (p < 0.05). After 30 min of incubation, cellular Tf approached
to levels of 8.28 + 1.94, 10.73 + 3.30 and 6.60 + 0.93 fmole/10° cellsin 3, 6 and 12 months of exercise groups, while the corresponding
control values were 3.09 + 0.36, 5.03 = 1.01 and 2.51 + 0.88 fmole/10° cells respectively (all P < 0.05). The rates of cellular iron
accumulation were 7.07 (3), 8.79 (6) and 5.96 (12 month) fmole/10° cells/min in the exercised rats and 2.91, 3.85, and 2.03 fmole/10°
cells/min in their corresponding controls (all p < 0.05). However, no significant difference was observed in the ratios (Exercise/
Corresponding control) of the increased TfR expression, Tf-Fe uptake and Tf endocytosis as well as of the decreased plasmairon and tissue
non-heme iron levels induced by different periods of exercise. Furthermore, the increase in the length of exercise (6 or 12 month) did not
induce a remarkable decrease in plasma hemoglobin and hematocrit. These results indicate that a true iron deficiency or ‘ sport anemia can
not develop even if under longer periods (6 or 12 month) of strenuous exercise. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Normal iron status in the athletes is especially important
because of the central role of this mineral in oxygen trans-
port and the synthesis of hemoglobin, myoglobin, and some
essential enzymes fundamental to energy production. On
the other hand, exercise can affect iron status of athletes. At
the end of last century, it was reported that strenuous phys-
ical exercise could increase red cell destruction. In 1960s,
the possibility that this increased red cell destruction might
produce ‘sport anemia’ was suggested [1]. Since then, con-
siderable research effort has been devoted to investigating
the effects of exercise on body iron status. However, in spite
of numerous investigations, there is still no general agree-
ment as to whether exercise can induce a true iron defi-
ciency or ‘sport anemia [2—8].
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Most studies in the past have addressed this issue by
measuring plasma indices of iron status and tissue iron
levels. AlImost no study has been conducted to approach the
issue from a cellular viewpoint. Little is known about the
effect of strenuous exercise on cellular iron accumulation. It
is generally believed that transferrin (Tf) and transferrin
receptor (TfR) mediated iron uptake is the major route for
cellular iron accumulation. The number of TfR on the cel-
lular membrane is an important factor in determining the
amount of iron acquired by a cell in vivo [9-11]. In a
previous study, therefore, we first investigated the effect of
strenuous exercise (3 month of swimming) on TfR expres-
sion and transferrin-bound iron (Tf-Fe) uptake in bone mar-
row erythroblasts in rats [12] to address further the issue of
exercise and iron status at cellular level. It was found that
the TfR number on the cell surface was significantly in-
creased in the strenuously exercised rats. The rate of Tf
internalization in erythroblast of the exercised rat increased
proportionally to the increase of cellular surface TfR. The
parallel and significant increased rate of Tf-Fe uptake by
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erythroblast of the exercised rats was also observed. This
increased TfR expression, induced by strenuous exercise,
implied that exercise could lead to a decreased intracellular
iron level that, in turn, led an increase in cellular TfR
number. This result, plus the low plasmairon concentration
and transferrin saturation, and the marked decreased non-
heme iron concentrations in the liver and spleen, probably
represented the early signs of iron deficiency. However, our
findings did not favor the viewpoint that strenuous exercise
could produce “sport anemia’ because no significant differ-
ence was found in hemoglobin concentrations between the
strenuously exercised and the control rats.

It has been well documented that exercise increases
erythropoiesis, erythrocyte and hence iron turnover [13,14].
The magnitude of the increase in iron turnover is deter-
mined by many factors of which the length and the intensity
of exercise are two important ones [15]. Our previous study
[12] demonstrated that 3-month of strenuous exercise could
not lead to a true iron deficiency or “sport anemia’. How-
ever, it does not mean that it could not be developed after a
longer period (i.e. 6 month or more) and/or a greater inten-
sity of strenuous exercise. If iron turnover increased above
the availableiron provided from the limited body iron stores
and/or the normal dietary intake, by alonger period and/or
greater intensity of exercise, probably atrue iron deficiency
or ‘sport anemia might occur in strenuously exercised rats.
In order to test this possibility, we investigated the changes
in TfR expression and Tf-Fe uptake as well as hematolog-
ica indices of iron status and tissue non-heme iron concen-
trations after different periods (3, 6, and 12 months) of
strenuous exercise in the present study.

2. Materials and methods
2.1. Animals and exercise protocol

The use of animals for this study was approved by the
Department of Health of Hong Kong Government and the
Animal Ethics Committee of the Hong Kong Polytechnic
University. Female SD (Sprague-Dawley) rats, aged 2
month, supplied by the Animal House of The Hong Kong
Polytechnic University, were housed in pairs in stainless
steel rust-free cages at 21° = 2°C, relative humidity of 60
—65% with alternating 12-hr periods of light and dark. After
being kept under the standard laboratory conditions for one
week, the animals were randomly assigned to one of the
following six groups: 3 (n = 10), 6 (h = 11) and 12 month
(n = 8) of strenuous exercise groups and their correspond-
ing control groups (n = 9, 8 and 6 respectively). Laboratory
rodent diet for rats (PMI Nutrition International, the Rich-
mond Standard) and distilled water were provided ad libi-
tum throughout the experimental period. Swimming was
performed by a modification of the method of Ruckman and
Sherman [16] and Prasad and Pratt [17]. The rats in exer-
cised groups swam in groups of three in a glass swimming

basin (45 cm width X 80 cm length X 80 height) filled with
tap water to a depth of 50 cm so that the rats could not rest
by supporting their body with tails. The water temperature
was maintained at 35 = 1°C. The rats swam 5 days per
week. The daily training lasted for 30-min in the first week
and 60-min in the second week. The 2-week swimming
period was considered to be atraining period [16] so that the
increased exercise could be tolerated later. After thetraining
period, 120-min of exercise per day (9:00-11:00 AM) were
given, lasting for different periods (3, 6 or 12 month). After
swimming, rats were placed in a dry tank and warmed with
overhead lamps. The rats in the corresponding control
groups remained sedentary in their cages and received ap-
proximately the same amount of handling as the exercised
animals (except swimming) throughout the entire experi-
ment.

2.2. Bone marrow mononuclear cells

A method described previously [12] was used for cell
preparation. Briefly, animals were fasted for twenty-four
hours following the last exercise regimen at the end of the
3, 6, or 12 months of experiment. After blood sample was
collected, the bone marrow cells were isolated and sus-
pended in ice-cold saline buffered with 20 mM Hepes (pH
7.4) a 4°C. The crude cell suspension was passed through
two layers of nylon mesh [18]. The mononuclear cells were
obtained by Histopague (Sigma Chemical Co., USA) den-
sity gradient sedimentation. The cells were then washed
three times with ice-cold Hanks Balanced Salt Solution
(HBSS) buffered with 20 mM Hepes, pH 7.4, containing 2%
bovine serum abumin. Subsequently the cells were sus-
pended in the same buffer to a final concentration of 1 X
10® cellsml. The cell suspension was kept at 4°C for no
longer than 3 h before use. To determine the percentage of
erythroblast in cell suspensions, cell counts were carried out
on dried cell smears stained with May-Grunwald-Giemsa
stains

2.3. Hematological indices of iron status and tissue non-
heme iron measurement

At the end of different experimental periods, fasting
blood samples were collected for the measurement of he-
matological iron indices. The liver, spleen, heart, kidney
and brain were removed, weighted and stored in a freezing
chamber below —70°C for subsequent determination of tis-
sue non-heme iron concentrations. Hemoglobin (Hb) con-
centration was determined by cyanmethemoglobin method
[19]. Hematocrit (Hct) was measured by the microcapillary
hematocrit assessment. Plasma iron (Pl) and total iron-
binding capacity (TI1BC) were determined using commercial
kits (Sigma Co. St Louis, MO, U.S.A.). Transferrin satura-
tion (TS = PI/TIBC %) was calculated. Tissue non-heme
iron concentrations were measured according to the method
described by Kaldor [20].
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Table 1
Hematological indices of iron status in the stremuously exercised and the control rats at the end of the different experimental periods

3 month 6 month 12 month

Exercise Sedentary Exercise Sedentary Exercise Sedentary

(n=10) n=9 (n=11 (n=29) (n=28) (n=16)
Pl (g/dl) 136.7%* = 14.0 2131+ 186 111.6*** = 10.5 184.0 = 27.1 112.4* = 11.2 193.8 = 255
Hb (ng/dl) 148 = 0.7 159+ 12 141+ 0.7 152+ 0.8 139+ 21 145+ 11
Hct (%) 39.6 x 05 40.7 = 0.9 39.7 £ 09 404+ 11 39.7 £ 09 421+ 07
TIBC (ug/dl) 4345 + 27.1 4234 + 150 4195 + 155 4185 + 36.0 3942+ 251 398.3 = 19.6
TS (%) 31.3*** + 224 49.7 £ 54 26.3** + 1.9 438+ 49 28.4*** + 1.6 477+ 4.4

The rats in the strenuous exercise groups swam in a group of three in glass swimming basin filled with tap water (35 = 1°C) of 50 cm depth, 2 h/d and
5 d/week for 3, 6, or 12 months. The animals in the control groups received approximately the same amount of handling as the strenuously exercised rats.
At the end of the different experimental periods, the blood was collected from rats in the strenuous exercise and the control groups for the measurement of
hematological indices of iron status. The results were Mean = SE. Hb: Hemoglobin; Hct: Hematocrit; PI: Plasmairon; TIBC: Tota Iron-Binding Capacity;

and TS: Transferrin Saturation (%). * P < 0.05, ** P < 0.01, *** P < 0.001 vs. control.

2.4. Transferrin binding assay and transferrin receptor-
mediated iron uptake

Rat apotransferrin was obtained from Sigma Chemical
Co., St Louis, USA. Iron* (FeCl,, 5 uCi/ug) and *2°| (Nal,
carrier free) were purchased from Radiochemical Center,
Amersham, England. Transferrin was labeled with 2|
and/or *°Fe as previously described [21]. Binding assay was
performed as described by Muta et al. [22] In brief, 2 X 10°
mononuclear cells were incubated with various amounts of
labeled Tf ranged from 0.12 to 70 nM in atotal incubation
volume of 0.1ml HBSS buffered with Hepes (pH 7.4) con-
taining 2 mg/ml of bovine serum albumin (BSA) at 4°C for
60 min. For nonspecific binding, 7 uM of unlabeled ferric
Tf was added. All assays were donein triplicate. At the end
of the incubation period, the cell sampleswere placed on top
of 120 ul dibutylphthaate : toluene (4.5 : 1) in a 400 pl
Eppendorf centrifuge tube and then centrifuged at 5,000 g
for 1 min at 4°C. The bottom of the tube containing the cell
pellet was cut off and radioactivity was counted by a
y-counter. The transferrin binding data were transformed to
Scatchard plot. The number of transferrin receptor per cell
and the apparent dissociation constants were calculated
from Scatchard plot anaysis.

Tf and Tf-Fe uptake was determined according to the
method described previously [21,23]. Briefly, the cell sus-
pension was pre-warmed in a shaking water bath for 10 min
at 37°C. [**°1][*°F¢] transferrin was then added at a final
concentration of 0.5 uM in a tota volume of 3.2 ml of
HBSS, containing BSA 2 mg/ml. After the desired incuba-
tion periods, 100 ul incubation suspension containing 2 X
10° mononuclear cells was removed. After washing with 2
ml of cold PBS three times, the cells were incubated with
200 wl of Pronase (1 mg/ml) in ice cold phosphate buffered
saline for 30 min at 4°C. This treatment leads to the sepa-
ration of membrane bound and intracellular Tf and iron. For
the measurement of transferrin and iron in the cytosolic and
stromal fractions, the method described previously was used
[21,23].

2.5. Analytical methods

Cdll counts were made using an hemocytometer. Radio-
activity was measured in a three-channel y-counter (Pack-
ard 5003 COBRA Q). Fractal analysis was applied to de-
scribe the time course of Tf internalization according to the
method described previously [24]. The data were expressed
as means * standard error (S.E.). The statistical calculation
was performed using the student’s t-test.

3. Reaults

3.1. Effect of length of exercise on hematological iron
indices and tissue non-heme iron concentrations

The results of hematological indices of iron status were
illustrated in Table 1. Blood Hb concentration and Hct in
three strenuous exercise groups had no significant changes
as compared to their corresponding control groups. All
values of Hb and Hct measured at the end of different
periods of exercise were within normal range. In addition,
no significant difference was found in total iron-binding
capacity between all exercise and their corresponding con-
trol groups as well as among the three exercised groups,
indicating a lack of significant effect of strenuous exercise
and its length on the concentration of plasma Tf. However
it was found that Pl and TS were significantly lower in the
three exercised groups than those in the corresponding con-
trol groups. The data on tissue mean non-heme iron con-
centrations (Table 2) showed that liver, spleen, kidney and
heart had significant lower iron stores in the exercise rats
than the control animals. The decreased PI, TS and tissue
iron levels indicated that strenuous exercise might lead to a
low iron status. However, the results also demonstrated that
the strenuous exercise-induced lower iron status did not
change progressively with prolonged periods of exercise as
no differencein changes of Pl, TS and tissueiron levelswas
found among the three exercise groups.
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Table 2
The measurements of tissue non-heme iron in the strenuously exercised and the control rats at the end of the different experimental periods
Tissue 3 month 6 month 12 month
Exercise Sedentary Exercise Sedentary Exercise Sedentary
(n=10) n=9 (n=11) (n=28) (n=28) (n=16)
Liver 0.166* = 0.007 0.215 + 0.016 0.174** + 0.015 0.234 + 0.017 0.174* + 0.016 0.235 + 0.16
Spleen 1.193* *+ 0.080 1.728 = 0.209 1.265** = 0.177 1.875+ 0.111 1.379*** + 0.083 1.937 + 0.071
Kidney 0.055* + 0.003 0.072 = 0.005 0.074* + 0.007 0.090 + 0.007 0.064* + 0.006 0.084 + 0.005
Heart 0.019* = 0.001 0.022 + 0.001 0.021** + 0.002 0.027 + 0.002 0.020* = 0.001 0.027 + 0.003

At the end of the different experimental periods, the liver, spleen and kidney were removed and stored in freezing chamber below —70°C. Subsequently,
tissue non-heme iron concentrations (wg/mg protein) were determined according to Kaldor. The results were Mean = SE (mg/g). * P < 0.05; ** P < 0.01;

*** P < 0,001 vs. the sedentary group.

3.2. Binding of [**°1] transferrin to erythroblast

The bone marrow mononuclear cells were incubated
with radioactive iodinated Tf at 4°C, atemperature at which
only receptor binding takes place on the cell surface [25,26].
Scatchard analysis of the Tf binding data was performed to
determine the number of TfR per cell and the apparent
dissociation constant. The average number of Tf binding
sites was 603,189 *= 107,562, 890,150 + 164,849 and
384,695 + 46,275 molecules/erythroblast in the three con-
trol groups respectively (Figure 1). The exercised rat eryth-
roblasts had significantly higher levels of specific surface Tf
binding sites as compared with the corresponding controls.
The average number of Tf binding sites was 1,374,137 =+
243,676, 2,175,360 = 462,737 and 1,012,759 = 249,423
molecules/erythroblast in 3, 6, and 12 months of exercise
groups respectively (Figure 1), being about 2.28, 2.44 and
2.63 folds higher than those of the corresponding controls.
The collected data demonstrated that strenuous exercise
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Fig. 1. Effects of the different periods of strenuous exercise on the trans-
ferrin receptor expression in rat bone marrow erythroblasts. Binding assay
was performed as described in the text. Specific transferrin binding sites
were determined from Scatchard analysis of binding curves (Open bars-the
sedentary rats, Black bars-the exercised animals). The results were Mean =
SE. * p < 0.05; **p < 0.01 vs. control, # p < 0.05 vs. 3 month sedentary
group and + p < 0.05 vs. corresponding 6 month groups.

could significantly increase TfR expression on the surface
of bone marrow erythroblast, however, the expression did
not increase progressively with the increase in the duration
of strenuous exercise after 3 month of exercise. No signif-
icant difference was found in the ratios of the increased TfR
expression induced by different periods (3, 6 and 12
months) of strenuous exercise. The apparent dissociation
constants were 12.2 = 1.7,9.3 = 1.9and 89 £ 2.0 nM in
the 3, 6 and 12 months of exercised rats and 12.5 = 0.9,
12.7 = 2.2and 9.4 = 2.6 nM in the corresponding sedentary
animals respectively, no significant differences being found
between all exercise and their corresponding control groups
(P> 0.05). Theresultsindicated that exercise and its length
had no effect on the binding affinity of TfR with Tf. Figure
2 showed specific [1*2°] Tf binding to the surface of eryth-
roblasts of 3, 6 and 12 months of the strenuously exercised
and the sedentary animals (Figure 2. A) and Scatchard plot
analysis (Figure 2. B).

3.3. Transferrin internalization and receptor-mediated
iron uptake

The bone marrow erythroblasts were incubated with 0.5
uM of [*°Fe|[**1] transferrin for the various periods at
37°C. The approaches employed by Karin and Mintz [25]
were used to release cell surface bound ligand with Pronase
digestion and to determine the Tf internalization. Tf inter-
nalization increased with the increase in the incubation time
in alinear manner during initial incubation period, and then
reached a steady state (Figure 3). After 30 min of incuba-
tion, the intracellular Tf approached to levels of 8.28 =
1.94, 10.73 = 3.30 and 6.60 = 0.93 fmole/10° cells in the
erythroblasts of the 3 (Figure 3. A), 6 (Figure 3. B), and 12
months (Figure 3. C) of the exercised rat. These values
were about 2.68, 2.13 and 2.63 folds more of their cor-
responding control values (3.09 * 0.36, 5.03 = 1.26, and
2.51 + 0.88 fmole/10° cells) respectively. There were
significant differences between all three exercised and
the corresponding control groups (P < 0.05). At most of
the other time points observed (i.e. 5, 10, 20 min), it was
observed that the rate of Tf endocytosis in the exercised
rat erythroblasts were significantly higher than those in
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Fig. 2. A: Specific [**°I] transferrin binding to bone marrow erythroblasts
of the 3 (@), 6 (m), and 12 (¥) months of the strenuously exercised rats and
their corresponding controls (O, OJ, v). The saturation concentration of the
binding is about 35 uM of transferrin, For assay condition, see Materials
and Methods. B: Scatchard plots of the saturation results showed in A.

the corresponding controls as well (Figure 3). This im-
plied that the rate of Tf internalization in the exercised
rats increased proportionally to the increase in TfR num-
ber on the membrane of the cells. The mean cycle time of
Tf, calculated according to our previous description [12]
was about 2-3 min (Table 3). No significant differences
in al groups were found.

The intracellular radioactive iron accumulation in-
creased in a linear fashion with the increase in the incu-
bation time. Figure 4 showed the profiles of intracellular
iron accumulation in different periods of exercised and
their corresponding control rats. After 30 min of incuba-
tion, the total radioactive iron accumulation in erythro-
blasts was about 2.43, 2.28, and 2.94 folds higher in the
3, 6, 12 months of exercised rat than in their correspond-
ing control rats. Comparison of the slope of regression
lines indicated that the rates of iron accumulation in the
exercise and the control groups were significantly differ-
ent (P < 0.05). In the exercised rat erythroblasts, the
rates of intracellular iron accumulation were 7.07 (3
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Fig. 3. Time course of transferrin internalization in erythroblasts of 3 (A),
6 (B), and 12 (C) months of the strenuously exercised (®) and their
corresponding control (O) rats. The cells were incubated with 0.5 uM of
[*°F€][*#°1] transferrin in Hank’s balanced salt solution at 37°C. At the
indicated time points, the cells were washed and treated as described in the
text. Data were expressed as Mean = SE. ** P < 0.01; * P < 0.05 vs.
control.

month), 8.79 (6 month) and 5.96 (12 month) fmole/10°
cells/min. While in the control rat, corresponding rates
were 2.91, 3.85, and 2.03 fmole/10° cells/min respec-
tively.

Table 3
The mean cycle time of transferrin in the exercised and the control rats
Month Exercise (min) Sedentary (min) P value
3 291 £ 058 (n = 10) 260+ 071(n=9) NS
6 290 + 036 (n=11) 297+ 011(n=8) NS
12 287 +048(n=29) 271+ 058(n=6) NS

The mean cycle time of transferrin was calculated from the following
relationship: Mean cycle time = Transferrin uptake (fmol/10° cells) / Rate
of transferrin-bound iron uptake (fmol/10° cells/min). The results were
Mean = SE. * P > 0.05.
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Fig. 4. Transferrin-bound iron uptake by erythroblasts of 3 (A), 6 (B) and
12 (C) month of the strenuously exercised and the corresponding control
rats. The results were Mean *= SE. The equations of regression lines: A,
y = 6.57x + 12.19, R? = 0.971 (UL: upper line, exercise); y = 3.45x +
15.61, R? = 0.963 (LL: lower line, control); B; y = 9.47x + 43.07, R? =
0.955 (UL); y = 4.47x + 29.90, R? = 0.941 (LL); and C, y = 5.16x +
24.18,R? = 0.998 (UL); y = 2.28x + 24.18, R? = 0.948 (LL). * p < 0.05,
** p < 0.01 vs. corresponding control.

4, Discussion

The findings obtained from the present study confirmed
our earlier observation [12] that three month of strenuous
exercise could induce a significant increase in TfR expres-
sion, Tf endocytosis and consequently Tf-Fe uptake in bone
marrow erythroblasts of female rats. Also, results showed
that longer periods of strenuous exercise (6 or 12 month of
swimming) had a similar effect. However, contrary to our
expectation, longer periods (6, 12 month) of exercise did not
lead to more significant changes in TfR expression, Tf
internalization and Tf-Fe uptake in the cells as compared to
3 month of strenuous exercise. No significant difference was
observed in the ratios of increased TfR expression, Tf en-
docytosis and Tf-Fe uptake in erythroblasts induced by
different periods (3, 6 and 12 months) of strenuous exercise.
It suggested therefore that the length of exercise had no

significant effect on the magnitude of the increase in these
measurements. In addition, a notable decline of plasmairon
concentration and Tf saturation, non-hemeiron levelsin the
liver and spleen, found in 3 month of exercised rats, was
also observed in 6 and 12 months of exercised animals.
However there was no significant difference in the magni-
tudes of the reduction among these groups. Furthermore,
longer period (6 or 12 month) of strenuous exercise did not
induce a significant decline in blood hemoglobin and he-
matocrit asfound in 3 month of exercise. These results pointed
out that the increase in the length of the strenuous exercise
could not produce a true iron deficiency or ‘sport anemia
under our experimental conditions, although the findings sug-
gested the existence of the exercise-induced low iron status.

Data obtained from the three control groups showed that
age had a significant effect on TfR expression, and hence
Tf-Fe uptake and Tf internalization in bone marrow eryth-
roblasts of female SD rats. Compared to young growing rats
(5 month age, 2 month-start age plus 3 month-experimental
period), mature adult rats (8 month age, 2 month plus 6
month) had higher TfR number, Tf-Fe uptake and Tf inter-
nalization rates, being about 147.6, 132.3 and 162.8% of
young growing animals respectively. Old age rats (14
month age, 2 month plus 12 month) had the lowest TfR
number, Tf-Fe and Tf uptake rates, being about 63.8, 69.7,
and 81.2% of young animals and 43.2, 52.7 and 49.9% of
mature adult rats respectively. Although strenuous exercise
induced a significant increase in Tf expression and Tf-Fe
and Tf uptake in the cell in al three age groups, however,
the increased magnitudes of these measurementsin the three
age groups were not significantly different, al being about
2-3 folds of the controls. It indicated that under circum-
stances where dietary iron was not limiting, normal rats in
different ages had the ability to respond to strenuous exer-
cise to keep normal plasma hemoglobin level and the effec-
tive oxygen transport. Probably it was due to the increase in
TfR expression, stimulated by a relatively low cellular iron
status induced by strenuous exercise, that iron uptake and
hemoglobin synthesis were increased in the bone marrow
erythroblasts.

It was reported that exercise could lead to an expansion
of blood volume. The expansion of blood volume with
exercise implies that total RBC mass may be increased
despite the trend toward lower hemoglobin concentration
with exercise [6,27—30]. Because of the existence of an
expended blood volume induced by exercise, it was reason-
able to believe that the normal hemoglobin concentration in
the exercised rats observed in this study reflected that there
was more total blood hemoglobin in the strenuoudly exer-
cised rats than in the control animals. In other words, the
rate of hemoglobin synthesis and the amount of iron uptake
by the cells were increased in the strenuously exercised rats
and thus blood oxygen transport ability was elevated to
meet the increased metabolic demand of body tissues and
cells. Thisincreased iron acquired by bone marrow cellsand
used for the increased hemoglobin synthesis probably
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shifted from iron storage sites such as the liver and spleen,
asiron levelsin these tissues were found to decrease. Ruck-
man and Sherman [16] reported that there was an overall
trend toward iron depletion in the liver and spleen of the
exercised rats and that the trend of decreased iron levelsin
organs could be related to the increased hemoglobin.
Strause et a [31] also demonstrated that exercised rats had
less total iron in the liver and spleen than sedentary rats.
Similarly, lower iron stores in the liver and spleen of the
exercised compared with the sedentary rats were observed
by other researchers[17]. These findings supported the view
that exercise could lead to a shift of iron from storage sites
to bone marrow cells for the increased hemoglobin synthe-
sis. However, it should be pointed out that although bone
marrow cells acquired moreiron in the exercised than in the
sedentary rats, probably intracellular iron level in exercised
rats was actually less than that in the control animals. Gagne
et al [32] recently reported that stainable bone marrow iron
was lowered significantly by exercise. It was most likely
due to the increase in iron turnover as well as the speed of
hemoglobin synthesis and release from cells induced by
exercise. It was this increase in the speed of iron (or Hb)
transport across the cell membrane (uptake and efflux) that
led to the relatively low intracellular iron, the latter might in
turn stimulate the expression of TfR to result in a parallel
increase in surface and intracellular TfR [33].

In conclusion, our findings indicated that strenuous ex-
ercise was able to bring about a remarkable decline in
plasma iron and Tf saturation, non-heme iron concentra-
tionsin theliver and spleen and asignificant increasein TfR
expression, Tf endocytosis and TfR-mediated iron uptake in
bone marrow erythroblasts of rats. It suggested the existence
of low or sub-optimal iron status in exercised animals.
However, these changes were not progressively increased or
decreased with the increase in the duration of strenuous
exercise. In addition, plasma hemoglobin and hematocrit
levels, same as those found in 3 month of swimming, were
not significantly changed after 6 and 12 months of strenuous
exercise. It was hence concluded that longer period of stren-
uous exercise could not produce true iron deficiency or
‘sport anemia in normal SD female rats fed on adequate
diets under our experimental conditions. Further investiga-
tion will be required to elucidate the effect of the intensity
of strenuous exercise on cell iron metabolism as well as
hematological indices of iron status and tissue non-heme
iron concentrations in SD female rats.

Acknowledgments

The studies in this laboratory were supported by Com-
petitive Earmarked Grants of The Hong Kong Research
Grants Council (A/C: 357/026-B-Q151 and 354/117-B-
Q164) and The Hong Kong Polytechnic University Grants
(A/C: 0350/539-V 274, 353/105-P136, 350/314-V101, 350/
814-V541, 350/664-V417, GV739 and G-S966).

References

[1] L.M. Weight, ‘Sport anaemia Does it exist? Sports Med. 16 (1)
(1993) 1-4.

[2] E.R. Eichner, The anemia of athletes, Physician Sports Med. 14
(1986) 122-130.

[3] 1.J. Newhouse, D.B. Clement, Iron statusin athletes: an update, Sport
Med. 5 (1988) 337-352.

[4] C.M. Weaver, S. Rgjaram, Exercise and iron status, J. Nutr. 122
(1992) 782—787.

[5] E.M. Haymes, Trace minerals and exercise, in: |. Wolinsky, J.F.
Hickson (Ed.), Nutrition in exercise and sport, (2" ed.), CRC Press
Inc., Boca Raton, Ann Arbur, 1994, pp. 223-243.

[6] P.M. Clarkson, E. M. Haymes, Exercise and minera status of ath-
letes: calcium, magnesium, phosphorus, and iron, Med. Sci. Sports
Exerc. 27 (1995) 831-843.

[7] S. Rgaram, C.M. Weaver, R.M. Lyle, D.A. Sedlock, B. Martin, T.J.
Templin, JL. Beard, S.S. Percival, Effects of long-term moderate
exercise on iron status in young women, Med. Sci. Sports Exerc. 27
(1995) 1105-1110.

[8] S.P. Baurque, R.R. Pate, J.D. Branch, Twelve weeks of endurance
exercise training does not affect iron status measures in women,
J. Am. Diet. Assoc. 97 (10) (1997) 1116-1121.

[9] J. Harford, T.A. Rouault, R.D. Klausner, The control of cellular iron
homeostasis, in: JH. Brock, JW. Halliday, M.J. Pippard, L.W. Pow-
el (Ed.), Iron metabolism in heath and disease, W.B. Saunders
Company Ltd, London, 1994, pp. 123-150.

[10] z.M. Qian, P.L. Tang, Mechanism of iron uptake by mammalian
cells, Biochim. Biophys. Acta. 1269 (1995) 205-214.

[11] zM. Qian, P.L. Tang, Q. Wang, Iron crosses the endosoma membrane by
a carier-mediated process. Prog. Biophys. Maole. Biol. 67 (1) (1997) 1-15.

[12] z.M. Qian, D.S. Xiao, P.L. Tang, F.Y.D. Yao, Q.K. Liao, Increased
expression of transferrin receptor on the membrane of erythroblast in
strenuous exercised rats, J. Appl. Physiol. 87 (1999) 523-529.

[13] W. Schobersherger, M. Tschann, W. Hasibeder, M. Steidl, W. Nachbeuer,
A. Koller, Consaquences of 6 weeks of strenuoustraining on red cdll oxygen
trangport and iron status, Eur. J. Appl. Physiol. 60 (1990) 163-168.

[14] L.M. Weight, M.J. Byrne, P. Jacobs, Haemolytic effects of exercise.
Clin. Sci. 81 (1991) 147-152.

[15] P.C. Mills, N.C. Smith, |. Casas, H. Patricia, R.C. Harris, D.J. Marlin,
Effects of exercise intensity and environmental stress on indices of
oxidative stress and iron homeostasis during exercise in the horse,
Eur. J. Appl. Physiol. 74 (1996) 60—66.

[16] K.S. Ruckman, A.R. Sherman, Effects of exercise on iron and copper
metabolism in rats, J. Nutr. 111 (1981) 1593-1601.

[17] M.K. Prasad, C.A. Pratt, The effects of exercise and two levels of
dietary iron on iron status, Nutr. Res. 10 (1990) 1273-1283.

[18] S.G. Kailis, E.H. Morgan, Transferrin and iron uptake by rabbit bone
marrow cells in vitro, Br. J. Haematol. 28 (1974) 37-52.

[19] I. Chanarin, D.A.W. Wates. Erythrocytes Section 1. in: |. Chanarin
(Ed.), Laboratory Haematology. Edinburgn, Churchill Livingstone,
London, Melbourne and New Y ork, 1989, pp. 3-32.

[20] I. Kaldor, Studies on intermediary iron metabolism. XII. The mea
surement of the iron derived from water soluble and water insoluble
non-heme compounds (ferritin and haemosiderin iron) in liver and
spleen, Aust. J. Exp. Biol. 36 (1958) 173-182.

[21] z.M. Qian, E.H. Morgan, Changes in the uptake of transferrin-free
and transferrin-bound iron during reticul ocyte maturation in vivo and
in vitro, Biochim. Biophys. Acta 1135 (1992) 35-43.

[22] K. Muta, J. Nishimur, H. Ideguchi, J. Umemura, H. Ibayashi, Eryth-
roblast transferrin receptor and transferrin kinetics in iron deficiency
and various anemiaes, Am. J. Hematol. 25 (1987) 155-163.

[23] Z.M. Qian, E.H. Morgan, Effect of metabolic inhibitors on uptake of
non-transferrin-bound iron by reticulocytes, Biochim. Biophys. Acta.
1073 (1991) 456—-462.



54

[24]

[29]

[26]

[27]

Z.M. Qian et al. / Journal of Nutritional Biochemistry 13 (2002) 47-54

Z.M. Qian, D.S. Xiao, Q. Wang, P.L. Tang, Y.M. Pu, Inhibitory
mechanism of lead on transferrin-bound iron uptake by rabbit
reticulocytes: a fractal analysis, Mol. Cell. Biochem. 173 (1997)
89-94.

M. Karin, B. Mintz, Receptor—mediated endocytosis of transferrin in
developmentally totipotent mouse teratocarcinoma stem cells. J. Biol.
Chem. 256 (1981) 3245-3252.

R.D. Klausner, JV. Renswoude, G. Ashwell, C. Kempf, A.N.
Schechter, A. Dean, K.R. Bridges, Receptor-mediated endocytosis
of transferrin on K562 cells, J. Biol. Chem. 258 (1983) 4715—
4724,

V.A. Convertino, P.J. Brock, L.C. Keil, E.M. Bernauer, J.E. Green-
leaf, Exercise training-induced hypervolemia: role of plasma al-
bumin, renin and vasopressin, J. Appl. Physiol. 48 (1980) 445—
669.

(28]

[29]
(30]
(31

(32

(33]

A. Magazanik, Y. Weinstein, R.A. Dlin, M. Derin, S. Schwartzman,
D. Allalouf, Iron deficiency caused by 7 weeks of intensive physical
exercise, Eur. J. Appl. Physiol. 57 (1988) 198—20227.

V.A. Convertino, Blood volume: its adaptation to endurance training,
Med. Sci. Sports Exerc. 23 (1991) 1338—1348.

R.A. Raunikar, H. Sabio, Anemia in adolescent athlete. Am. J. Dis.
Child. 146 (1992) 1201-1205.

L. Strause, J. Hegenaner, P. Saltman, Effects of exercise on iron
metabolism in rats, Nutr. Res. 3 (1983) 79-809.

C.M. Gagne, J.L. Walberg-Rankin, S.J. Ritchey, Effects of exer-
cise on iron status in mature female rats, Nutr. Res. 14 (1994)
211-219.

K.R. Bridges, A. Cudkowicz, Effect of iron chelators on the trans-

ferrin receptor in K562 cells, J. Biol. Chem. 259 (1984) 12970—
12977.



