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Palo Alto, Calif.)

Until recently, hemoglobin was believed to be
the only heme protein affected by dietary iron de-
ficiency (1). Several studies, however, have
shown that myoglobin, the cytochromes, and cata-
lase may be significantly reduced in concentration
in experimental animals and in man (2-9). In
the iron-deficient rat, the susceptibility to depletion
of heme protein has been found to vary from tis-
sue to tissue. Cytochrome c (7, 9) and myoglobin
(9) can be decreased to less than half of control
concentrations in skeletal muscle, which normally
accounts for over 75% of the total body content of
these heme proteins. A similarly marked decrease
in concentration of cytochrome c has been noted
in intestinal mucosa (9). Other tissues such as
brain, heart muscle, liver, and kidney are affected
to a lesser degree or are entirely spared (7, 9).
In the present investigation, the rate of repair of
heme protein deficiency in the rat was studied in
the most severely depleted tissues during the
course of iron repletion.

Methods
Male rats of the Wistar strain were placed on a low-

iron regimen as follows: Mothers with the 10-day-old
males of their litters were provided a diet of dried whole
milk 1 supplemented with a vitamin and mineral formula
(10) that contained no added iron. Distilled water was
provided ad libitum. Control litters were provided with
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0.25 g of ferrous sulfate per L of drinking water. The
rats were weaned at 21 days of age. After 36 and 56 days
of age, groups of iron-deficient rats received ferrous
sulfate at the same concentrations as those provided to
control animals.

Animals were killed by decapitation at various in-
tervals after initiation of the dietary regimen. Tissues
were removed immediately and stored at - 200 C. Cyto-
chrome c (7) and myoglobin (11) are stable in frozen
tissues and were assayed within 2 weeks. The quadratus
lumborum muscle was used for the determination of
skeletal muscle cytochrome c. Intestinal mucosa was ob-
tained by scraping the entire small intestine with a spa-
tula after gentle removal of bowel contents. Cleaning
of the small intestine by saline washing resulted in simi-
lar concentrations of cytochrome c per gram of dry
tissue.

Dry weight was determined on samples of tissue by
bringing specimens to constant weight in a drying oven
at 1200 C. Since the water content of intestinal mu-
cosa varied from animal to animal, concentrations of cy-
tochrome c in this tissue are reported on the basis of dry
weight. The water content of skeletal muscle remains
relatively constant even with severe iron deficiency (7),
and concentrations of heme protein in this tissue have
been reported in terms of wet weight.

Venous hemoglobin was quantitated as cyanmethemo-
globin (12). Myoglobin was determined in the muscles
of the lower extremities by the method of Akeson, Ehren-
stein, Hevesy, and Theorell (13). In this method, myo-
globin is measured spectrophotometrically after separa-
tion from other heme proteins by precipitation with am-
monium sulfate and chromatography on carboxymethyl-
cellulose. Cytochrome c was determined by the method
of Rosenthal and Drabkin (14) with minor modifications
(9). Cytochrome c is measured spectrophotometrically
after isolation from other heme proteins by ammonium
sulfate and trichloroacetic acid precipitation. Cyto-
chrome oxidase was histochemically localized in sec-
tions of the upper jejunum by the method of Burstone
(15). Frozen sections 12 1A thick were incubated for 30
minutes with p-aminodiphenylamine as substrate and
8-amino-1,2,3,4-tetrahydroquinoline as the coupler. Hy-
drolyzable iron in liver was determined colorimetrically
with orthophenanthroline by the method of Kaldor (16).

The mean concentrations of hemoglobin, myoglobin,
cytochrome c, and liver iron were calculated in each age
group from individual determinations in five to seven ani-
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FIG. 1. GROWTHOF RATS DURING THE DEVELOPMENTAND TREATMENTOF

[RON DEFICIENCY. Arrows at 36 and 56 days indicate initiation of ferrous sul-
fate in each of two groups. Standard errors of the means are shown.

mals per group with these exceptions: In the case of
10- and 21-day-old animals samples of skeletal muscle
and intestinal mucosa were obtained from pools of three
to six rats each. In the 156-day-old group there were
four control animals.

Results

Growth. The experimental diet was well toler-
ated. The rate of weight gain by animals receiv-
ing ferrous sulfate supplementation approximated
that of rats on a normal diet of Purina laboratory
chow. Animals on the low-iron regimen main-
tained their weight equal to that of the control ani-
mals until shortly after weaning at 21 days of age.
Subsequently, the deficient group gained weight
at a slower rate as illustrated in Figure 1. After

TABLE I

Response of hemoglobin and liver iron
to iron repletion

Days
after

initia- Total hydrolyzable
tion of Hemoglobin liver iron

Group ferrous
(age) sulfate Deficient Control Deficient Control

g/100 ml pg
36 days 0 3.40.3* 12.0410.8 401: 3 4601:60

8 12.8140.3 12.5410.2 500S4 80 640d30
20 13.5 4:0.4 14.21-0.4 800d:110 7601:70

56 days 0 3.210.3 15.1d0.5
1 4.2 4-0.4
2 5.0 40.5
4 11.1-41.0
8 15.0140.3 15.7-40.3

* Mean ± standard error of the mean.

iron had been returned to the diet, a prompt in-
crease in the rate of weight gain was observed.
After initiation of oral ferrous sulfate, rats that had
been deprived of iron for a 15-day postweaning pe-

riod approached the weight of the control group in
a shorter period of time than did animals that had
been maintained on the deficient diet for 35 days.
In the latter group of animals, after initiation of
iron, an accelerated rate of weight increase was

observed for about 20 days. Thereafter, however,
their rate of weight gain decreased, and after 100
days of iron repletion, the originally deficient
group still weighed less than the control animals;
the p value obtained with the t test for a weight
difference between the two groups was < 0.1.

Hemoglobin and liver iron. Animals exposed to
the low-iron diet were anemic by 21 days of age.

At this time the mean concentration of hemoglobin
of the low-iron group was 5.2 0.30 g (standard
error of mean) per 100 ml compared to 9.8 +

0.30 in the control group. After weaning, this
anemia became progressively more severe. At 36
days the mean concentration of hemoglobin had
decreased to 3.4 0.3 g per 100 ml and at 56 days
of age to 3.2 0.3. Corresponding control values
were 12.0 0.8 and 15.1 - 0.5 g per 100 ml re-

spectively. After initiation of oral ferrous sulfate
at the same maintenance concentration as that pro-
vided the control group, concentrations of hemo-
globin returned to control values within 8 days as

shown in Table I.
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Iron stores in the liver provided an additional
parameter of iron deficiency. Hydrolyzable liver
iron values per total liver are indicated in Table I.
At 36 days of age the total hydrolyzable liver iron
was markedly reduced in the deficient group. In
response to oral iron supplementation, iron stores
in liver were rapidly restored. Within 8 days con-
trol values were approached, and after 20 days no
significant difference between the two groups was
observed.

Myoglobin. Skeletal muscle concentrations of
myoglobin during the progression of iron de-
ficiency anemia and its subsequent treatment are
indicated on Figure 2. In the control animals,
concentrations of myoglobin were in *the same
range as in animals of the same age on a diet of
Purina laboratory chow, but these concentrations
varied markedly with age. There was a rapid rise
after 21 days with a peak at 76 days of age and a
subsequent gradual decline. In rats on the low
iron regimen, the mean concentration of myoglobin
rose only slightly with age. At 36 days of age
the mean concentration of skeletal muscle myo-
globin in the low-iron group was .19 +.03 mg per
g compared to the control value of 0.30 + 0.3.
After the iron-deficient animals had been placed
on the iron supplemented regimen, an increase in
myoglobin was observed, but control values were
not approached until 20 days after initiation of
therapy.

Animals that remained on the low-iron regi-
men until 56 days of age had a skeletal muscle con-
centration of myoglobin of .28 ±+.03 mg per g
compared to the control value of .56 +.02. When
iron was returned to the diet, these more severely
and chronically iron-deficient rats did not ap-
proach control concentrations as rapidly as the
36-day-old animals. The control concentration
of myoglobin was not reached until after 40 days
of oral iron.

Cytochrome c. Concentrations of cytochrome
c in skeletal muscle and intestinal mucosa during
iron depletion and repletion are shown in Figure
3. Although these tissues had a similar suscepti-
bility to depletion of cytochrome c, they differed
markedly in their response to treatment with iron.
Muscle concentrations of cytochrome c in the con-
trol animals rose rapidly between 10 and 21 days
of age, then remained relatively constant until 76
days, and subsequently declined slightly. As in
the case of myoglobin, concentrations of cyto-
chrome c in the control group of animals did not
differ significantly from those observed in rats on
a Purina laboratory chow diet.

In the iron-deficient rats, a rapid decrease in
cytochrome c was observed before 36 days of age,
but little change in concentration occurred there-
after. At 36 days of age the mean concentration
of muscle cytochrome c in the group receiving low
iron was 20 + 3.0 jug per g compared to the con-
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FIG. 2. MYOGLOBIN CONCENTRATIONSIN THE RAT DURING DEVELOPMENT

AND TREATMENTOF IRON DEFICIENCY. Arrows at 36 and 56 days indicate
initiation of ferrous sulfate in each of two groups. Standard errors of the
means are shown.
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FIG. 3. CYTOCHROMEC CONCENTRATIONSIN THE RAT DURING THE DE-

VELOPMENTANDTREATMENTOF IRON DEFICIENCY. Arrows at 56 days indicate
initiation of ferrous sulfate. Standard errors of the means are shown.

trol value of 51 3.0. When iron was returned
to the diet at this time, the mean concentration of
cytochrome c in the quadratus lumborum muscle

reached control concentrations after 20 days.
In the rats maintained on the low-iron diet

until 56 days of age, the mean concentration of
cytochrome c was 17 4 jug per g compared
to the control of 54 + 3.0. After initiation of
oral iron, the figure for the repleted animals
rose to 29 2 wLg per g after 8 days and 39 + 2
after 20 days while the control concentrations re-

mained relatively constant. Only after 40 days of
iron repletion were control values attained. As
in the case of skeletal muscle myoglobin, a longer
period was required for attainment of control con-

centrations after the more prolonged period of de-
ficiency. The peak concentration of myoglobin
observed in the control animals during develop-
ment was delayed and less prominent in this more

chronically deficient group.

Cytochrome c in intestinal mucosa decreased

rapidly in response to dietary iron deprivation.
By 21 days of age severe deficiency had already
been attained with 135 15 ug cytochrome c per

g dry weight in the deficient group compared to
270 + 39 in the control animals. At 56 days of age

the mean concentration of cytochrome c was

171 15 tug per g dry weight in the deficient and
362 18 in the control rats. Upon initiation of
dietary iron at 56 days of age, intestinal concen-

trations of -cytochrome c increased rapidly. After
24 hours of oral ferrous sulfate, cytochrome c in
intestinal mucosa had increased to 276 20 ,ug per

g. After 48 hours, the concentrations had risen
to the control range, where they remained at 4 and
8 days after initiation of iron repletion. Intramus-
cular administration of iron to the deficient rats
resulted in a similar rapid restitution of intestinal
mucosa cytochrome c.

The possibility that tissue heme protein deple-
tion in the iron-deficient group might be related to
inanition or low caloric intake was investigated.
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A group of eight rats was sufficiently restricted inn
its caloric intake to approximate the growth curve
of the iron-deficient animals. Skeletal muscle and
intestinal mucosa cytochrome c in these rats at
52 days of age were 50 ± 4 uag per g wet weight
and 327 ± 18 jug per g dry weight, respectively. 4I
These concentrations did not differ significantly i
from values obtained in the rats fed the control
diet.

Cytochrome oxidase. Specimens of upper je-
junum were obtained from rats between 42 and 52
days -of age. The histochemical localization of cy-
tochrome oxidase in this tissue was similar to that
described by Burstone (15). In four control ani-
mals the mucosal cells of the villi were the most
intensely stained as shown in Figure 4. In four -.

deficient rats a paler staining of the mucosal cells
was observed as illustrated in Figure 5. Twelve
iron-deficient rats were given intramuscular injec-
tions of 5 mgr of iron as Imferon and killed 8 to
48 hours later. After 12 hours an increase in cy-
tochrome oxidase staining first appeared in the

FIG. 5. DISTRIBUTION OF CYTOCHROMEOXIDASE ACTIV-

ITY IN THE JEJUNUM OF A RAT ON THE IRON-DEFICIENT

r AfrLanDIET(X 100). The mucosal cells are stained less intensely
than in the control animals.

mucosal cells at the bases of the villi. Between 18
and 24 hours the mucosal lining of the lower half
of the villi resembled that of the control animals,
and the tips of the villi retained the appearance of
the deficient specimens as shown in Figure 6.
Forty-eight hours after the injection of iron the
staining pattern of the villi could not be distin-
guished from that of the control animals. The ad-
ministration of 5 mg ferrous sulfate by gastric tube
resulted in a similar appearance of cytochrome oxi-
dase activity at the bases of the villi after 18
hours as was observed in the animals injected
intramuscularly.

Discussion
* ~~In the present study, the rapidity of repair of

deficiency in cytochrome c and myoglobin, in re-

sponse to treatment of iron deficiency in the rat,
FIG.4.ISTIBUTONF CTOCROMEOXIASEAc-varied according to tissue. Cytochrome c in in-FIG. 4. DISTRIBUTION OF CYTOCHROMEOXIDASE AC-teinlmcshartuedocnrlcnenTIVITY IN THE JEJUNUMOF A RAT ON THE CONTROLDIET testinal mucosa had returned to control concen-

(X 100). The greatest activity is found in the mucosal trations after only 2 days, although the animals
cells of the villi. remained severely anemic. In contrast, the time
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FIG. 6. DISTRIBUTION OF CYTOCHROMEOXIDASE ACTIV-

ITY IN THE JEJUNUM OF A RAT ON THE IRON-DEFICIENT

DIET 18 HOURSAFTER INTRAMUSCULARIRON ADMINISTRA-

TION (X 100). Note the fairly abrupt decrease in en-

zyme activity about halfway up the villi.

required for the repletion of cytochrome c and
myoglobin in skeletal muscle was five times longer
than for the repair of the anemia. These divergent
rates of heme protein repair appear to parallel
variations in cell turnover in the normal rat (17,
18).

Messier and Leblond (18) used tritiated thymi-
dine in their studies of cellular proliferation in the
adult rat. They classified tissues into three types.
Cells, such as neurons, that acquired no nuclear
label were referred to as "static" cell populations.
Tissues that had a low but persisting number of
labeled nuclei were classified as "expanding" cell
populations, and cells that had a high but rapidly
declining number of labeled nuclei constituted
"renewing" cell populations. Skeletal muscle is a

slowly expanding tissue with little or no cell death
and a low rate of new cell production. The mu-

cosa of the small intestine, in contrast, is a renewal
tissue that in the rat completely replaces itself in
about 2 days. The replication of the mucosal cell

takes place in the crypts. Subsequently the cells
migrate towards the tips of the villi to be dis-
charged into the intestinal lumen (18). In the
present study, the repair of cytochrome oxidase
deficiency appeared to proceed from the crypts,
suggesting that the restitution of this enzyme ac-
tivity is related to the production of new mucosal
cells. A parallel relationship between the rate of
cell renewal and the rate of heme protein repair has
been suggested by previous studies. The rate of
hemoglobin production with repair of nutritional
anemias is dependent upon the production of new
red cells. Ozsoylu and Diamond (8) found that
red cell catalase and hemoglobin both return to
normal at the same rate in patients treated with
iron. Jacobs (6) has presented data suggesting
that the activity of cytochrome oxidase in buccal
mucosa, which has a rapid rate of cell renewal,
may increase after only a day of iron therapy.
Previous studies of Marsh and Drabkin (19)
also suggest that cytochrome c turnover parallels
the rate of cellular renewal in rat liver. These
data suggest that tissue deficiencies in heme protein
established during early growth in static or ex-
panding cell populations may be only incompletely
reversible by later repletion.

Widdowson and McCance (20) have empha-
sized the extent to which the duration of exposure
to a deficient diet and the age of the animal de-
termine the degree of recovery that is subsequently
possible.- After periods of caloric undernutrition,
the repair of growth retardation was least com-
plete in the youngest animals and in those on the
limited diet for the longest duration. In the pres-
ent study, rats maintained on the low-iron regimen
for a brief period responded to iron repletion more
promptly than did the chronically deficient group.
Animals given iron after 36 days of age had ap-
proached the weight and muscle myoglobin and
cytochrome c concentrations of the control group
within 20 days. In contrast, rats whose iron was
started at 56 days of age remained significantly
deficient, according to these parameters, after 20
days.

Symptomatic improvement in response to iron
treatment before there has been a significant rise
in concentration of hemoglobin (21-23) suggests
the possibility of an early repair of tissue heme
protein deficiency (21). At present, however, no
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relationship between cellular heme protein content
and any of these symptoms and signs of iron de-
ficiency has been established. Beutler, Larsh, and
Tanzi found no differences in consumption of oxy-
gen with a constant exercise load in iron-deficient
patients before and after therapy (24) and con-
cluded that the symptoms of iron deficiency prob-
ably do not arise from a generalized defect in oxy-
gen transport. Certain observations, however,
suggest that depression of tissue heme protein is of
physiological significance. In vitro studies utiliz-
ing mitochondrial suspensions have shown that
even moderate losses of cytochrome c reduce the
rate of oxidative phosphorylation (25). A de-
crease in rate of respiration in homogenates of
both muscle and liver from iron-deficient rats with
succinate as substrate has also been observed (9,
26). The significance of these changes to the
respiratory capacity of the intact animal remains
to be determined.

Summary
The treatment of dietary iron deficiency in the

rat resulted in rates of tissue cytochrome c and
myoglobin repair that differed markedly from the
rate of increase in concentration of hemoglobin.
After initiation of oral supplementation, cyto-
chrome c in intestinal mucosa returned to control
concentrations within 2 days compared to the 8
days required for the correction of anemia. Cyto-
chrome c and myoglobin deficiencies in skeletal
muscle persisted even after hemoglobin concentra-
tions had returned to normal. Normal concentra-
tions were not observed until 40 days after initia-
tion of oral ferrous sulfate. These divergent rates
of repair of heme protein parallel known rates of
cell renewal within these tissues in the normal rat.

The repair of cytochrome oxidase deficiency in
the intestinal mucosa appeared to proceed from the
crypts and extended about halfway toward the tips
of the villi within 24 hours of either oral or intra-
muscular iron administration. These findings sug-
gest that the restitution of cytochrome oxidase ac-
tivity is limited by the production of new mucosal
cells.

Iron repletion after a 15-day period of iron
deprivation resulted in a more rapid correction of
skeletal muscle myoglobin and cytochrome c de-
ficiencies than was observed after a 35-day period
of this diet.
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