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EFFECTS OF PHOSPHORUS DEFICIENCY ON THE

ULTRASTRUCTURE OF THE RAT FAST TWITCH

SKELETAL MUSCLE *

Héctor Finol, Francisco De Venanzi †, Bolívar Pereyra,
Candelaria Alfonso and Jinny Sánchez

SUMMARY

Mitochondria of muscle fibers isolated from the extensor
digitorum longus (EDL) of rats subjected to a phosphorus defi-
cient diet show diverse structural alterations, including swelling
and cristae changes. These modifications were observed in
muscle cells as well as in endothelial cells. In addition, the
number of glycogenosomes increased and that of lipid droplets
diminished. There were no changes in sarcomere organization

Introduction

Phosphorus is an essential
element for cellular metabo-

lism, bone mineralization and
many other functions. Hypo-
phosphatemia is a frequent
biological finding which re-
sults either from an intracellu-
lar shift of phosphate, a defect
in the intestinal absorption or
a renal leak. A chronic phos-
phorus deficiency, even a dis-
crete one, can modify the cel-

lular functions by mechanisms
not precisely known. A severe
decrease in phosphate leads to
a depletion of cellular ATP,
which accounts for neurologi-
cal and muscular symptoms,
bone demineralization and re-
nal lithiasis when a renal
phosphorus leak exists (Essig
and Friedlander, 1998).

Thus, diets with severe de-
ficiency in phosphorus have
many deleterious effects in
different systems of the or-
ganism (Fuller et al., 1976;
Knochel, 1977; Essig and
Friedlander, 1998). A de-
crease in the trans-membrane
electric potential of the skel-
etal muscle suggests that the
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or in intermyofibrillar spaces. The animal and muscle weight,
and fiber diameter, decreased; these observations seem to be
more associated with a general malnutrition induced by the di-
minished nutrient consumption than with phosphorus deficiency.
The results show that phosphorus deficiency could produce ul-
trastructural changes related to the energy generating processes.
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RESUMO

As mitocondrias de fibras do músculo extensor digitorum
longus (EDL) de ratos submetidas a dieta deficiente em fósforo
mostram diversas alterações estruturais específicas, incluindo
inchação e mudanças nas crestas. Estas mudanças foram evi-
dentes tanto em células musculares como em células endoteliais.
Adicionalmente se observou que o número de glicogenossomas
aumenta e o de gotas lipídicas diminui, sem alterações aparen-
tes na organização das sarcómeras ou nos espaços intermiofibri-

RESUMEN

Las mitocondrias de fibras del músculo extensor digitorum
longus (EDL) de ratas sometidas a dieta deficiente en fósforo
muestran diversas alteraciones estructurales específicas, incluyen-
do hinchazón y cambios en las crestas.  Estos cambios fueron
evidentes tanto en células musculares como en células
endoteliales.  Adicionalmente se observó que el número de
glicogenosomas aumenta y el de gotas lipídicas disminuye, sin
alteraciones aparentes en la organización de las sarcómeras o en

los espacios intermiofibrilares.  El peso de los animales y del
músculo, así como el diámetro de las fibras musculares, presenta-
ron una disminución más relacionada a un estado de
malnutrición general por menor consumo de nutrientes que a una
deficiencia de fósforo.  Los resultados obtenidos muestran que la
deficiencia de fósforo podría producir cambios ultraestructurales
asociados a procesos generadores de energía.

phosphorus depletion could
cause muscular dysfunction
(Fuller et al., 1976). A sub-
clinic myopathy can generate
rhabdomyolysis if a severe
and acute hypophosphatemic
condition is superimposed
(Knochel, 1977).

There is evidence that acute
hypophosphatemia does not
have an effect on glucose up-
take by the skeletal muscle,
although it diminishes linearly
in chronic hypophosphatemia
(Davis et al., 1979). Changes
in the turnover of cellular in-
organic phosphorus may in-
duce myopathy associated to
a decrease in skeletal muscle
phosphate levels (Brautbar
and Massry, 1984). Krets et
al. (1980) proposed that the
sarcoplasmic reticulum is not
affected in the myopathy as-
sociated to acute phosphorus
deficiency, based upon the
lack of significant changes in
Ca++ uptake or its intracellu-
lar concentration in this con-
dition.

Several experimental re-
sults support a relationship
between phosphorus defi-
ciency and mitochondria al-
terations. Prolonged hypo-
phosphatemia causes a de-
crease of the muscular trans-
port mechanism associated to
energy generation (Bessman
and Geiger, 1981) as well as
in the activities of creatine

phosphokinase isoenzymes,
enzymes that play a major
regulatory role on mitochon-
drial respiration (Seraydarian
and Artaza, 1976; Saks et al.,
1980). The diminished creat-
ine phosphokinase activity
also impairs phospholipid
synthesis and cellular mem-
brane functional integrity
(Brautbar and Massry, 1984).

Previous studies (De
Venanzi et al. 1980; 1988)
showed that only a prolonged
deficiency of phosphorus af-
fects the release of lactate and
pyruvate in perfused muscle.
In order to study the possible
ultrastructural changes related
to this effect, this work aimed
to investigate the rat skeletal
muscle in phosphorus defi-
ciency induced by dietary re-
striction.

Materials and Methods

Animals and diets

Seventy-five male Sprague-
Dawley rats, weighing 96 to
100g, were randomly divided
into three groups of twenty-
five animals each: a control
group, fed ad libitum with a
standard diet (PROTINAL,
Valencia, Venezuela); a sec-
ond group received a phos-
phorus deficient diet (ICN
Biochemicals, #44128, Cleve-
land, Oh) ad libitum; and a

lares. O peso dos animais e do músculo, assim como o diâmetro
das fibras musculares, apresentaram uma diminuição mais relaci-
onada a um estado de mal nutrição geral por menor consumo de
nutrientes que a uma deficiência de fósforo. Os resultados obti-
dos mostram que a deficiência de fósforo poderia produzir mu-
danças ultra-estruturais associadas a processos geradores de
energia.

third group (paired in weight),
was restrictively fed with
standard diet to match the
growth rate of the phosphorus
deficient group. The rats were
kept in separate cages under a
12 hour light-dark cycle, at
21 to 25 °C. The animals
were weighed daily and sacri-
ficed in groups of five.

Muscle weight and fiber di-
ameter estimation

At different periods within
60 days, rats were subjected
to 12 hours of starvation and
then anaesthetized with so-
dium phenobarbital (Nemb-
utal, Abbot Laboratories, Ltd.)
i.p., 5 mg/100g of body
weight. The animals were
weighed, the right leg exten-
sor digitorum longus (EDL)
muscles dissected and, at the
60th day of experimentation,
fiber diameter was deter-
mined.

Ultrastructural studies

For electron microscopy,
thin slivers from the right
EDL muscles were dissected
in 3-4 blocks about 1mm
long, fixed with 3% glutaral-
dehyde in 300 mOsM phos-
phate buffer for 30 min at pH
7.4, and post-fixed in 1%
OsO4 for 1 hour. All speci-
mens were dehydrated in a

series of increasing ethanol
concentrations, infiltrated with
propylene oxide, and embed-
ded in Epon. Sections were
stained with uranyl acetate
and lead citrate and observed
in a Hitachi H-500 electron
microscope.

Statistical analysis

Mean values and standard
error were determined and
parametric data compared by
Student’s t-test.

Results

Corporal and muscle weight,
and fiber diameter

After 60 days, the corporal
weight of the rats fed with
the phosphorus deficient diet
or with the normal diet in a
restricted way so as to match
(paired-weight group) in
weight the previous group,
turned out to be significantly
lower (69%) than that of con-
trol animals fed ad libitum
with standard diet (Table I).

The growth of the muscle,
measured as weight increase,
resulted similar among the
phosphorus deficient rats and
those paired in weight, but
for both groups the mean
muscle weight gain was sig-
nificantly lower with respect
to control (54 and 41% of the
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control value at day 15 and
60, respectively).

After 60 days of treatment
(Table II) muscle fiber diameter
was significantly lower in the
animals fed with the phospho-
rus deficient diet that in the
paired-weight controls. Also,
the fiber diameter in both defi-
cient groups was notably
smaller than in the controls fed
ad libitum (74 and 78%).

Morphological changes

In the muscle samples ob-
tained from control animals

(Figures 1a, b), the mitochon-
dria showed an evenly dense
typical matrix and simple
transverse cristae, glycogen
particles and lipid droplets. A
similar mitochondrial structure
was observed in sections of
muscle fibers in the food-re-
stricted, paired-weight, ani-
mals Figure 1c); however, in
this group a widened inter-
myofibrilar space was ob-
served, occupied by fewer
mitochondria and other struc-
tures (Figure 1c).

In contrast, in muscle fi-
bers of rats fed with the diet

TABLE I
EFFECT OF PHOSPHORUS-DEFICIENT RESTRICTIVE

AND CONTROL DIETS, ON THE CORPORAL AND EX-
TENSOR DIGITORUM LONGUS (EDL) MUSCLE WEIGHT

IN SPRAGUE DAWLEY RATS.

 

  Control   Phosphorus-deficient  Paired-weight 

Body weight (g)*
 
0 days 96.4± 1.4 96.8±1.5 95.8±1.8
15 194.2± 8.6 97.6±2.1 93.6±1.2
30 278.4± 9.8 103.0±3.1 99.2±2.6
45 381.2±19.9 117.0±5.1 166.4±4.7
60 399.2±10.5 124.6±2.8 123.0±2.6
 

EDL weight (mg)*
 
0 days 57.5±4.5 55.1±5.1 52.0±1.3
15 98.6±3.7 55.9±3.7 50.3±1.9
30 130.9±4.2 63.7±4.3 59.9±2.8
45 165.1±8.1 72.1±5.6 66.0±5.3
60 185.5±5.3 75.3±3.3 75.6±4.4
 

*Mean± SE; n=5 for each group from 0 to 60 days.
Phosphorus-deficient and pair-weight vs. control (except 0 day): p<0.0005.

TABLE II
EFFECT OF 60 DAYS ADMINISTRATION OF

PHOSPHORUS-DEFICIENT, RESTRICTED AND CONTROL
DIETS ON FIBER DIAMETER OF THE

EXTENSOR DIGITORUM LONGUS.
 

Group N Fiber Diameter* % respect
to control

 
Control 82 50.5 ± 1.0 100

 
Phosphorus Deficient 133 37.4 ± 0.6 74
 

Paired-Weight 602 39.5 ± 0.4 78
 
* Mean (µm) ± ES
Phosphorus deficient and paired-weight vs. control: p<0.0001
Phosphorus deficient vs. paired-weight: p<0.01

Figure 1. Ultrastructure of EDL muscle fibers in control and diet
restricted rats. (a) Control: abundant electron dense mitochondria are
present in the intermyofibrillar space (x 21000). (b) Control: mito-
chondrion (M) located next to a lipid droplet (L), and triads (arrow-
heads) are at the A-I Band level (x 36000). (c) Pair-weighted rat
(see text): a mitochondrial structure similar to control but with
fewer mitochondria in a widened intermyofibrillar space (arrow) (x
21000).
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Figure 2. Mitochondrial alterations in EDL muscle fibers from rats
fed a phosphorus deficient diet: (a) Mitochondrion with an electron
transparent matrix (x 27000); (b) Mitochondrial cristae engaged in
the formation of myelin-like structure (x 45000); (c) In an endothe-
lial cell of intramuscular capillary, arrowhead shows a swollen mi-
tochondrion (x 18000).

faulty in phosphorus (Figure
2), the electron density in
mitochondria varied largely,
with a tendency to be nota-
bly lower that in the controls
and in the paired-weight rats.
The cristae presented trans-
verse and simple forms of
zig-zag and myelin-like for-
mation (Figures 2a, b). Swol-
len mitochondria were also
observed inside the endothe-
lial cells lining the capillaries
near the muscle cells (Figure
2c). An increased number of
glycogenosomes were located
in subsarcolemmal and inter-
myofibrillar spaces (Figures
3a, b) and a decrease in the
lipid droplets was observed.
In addition, typical myofibril
architecture and intermyo-
fibrillar narrow spaces (Fig-
ures 2a, 3a), and in many
cases prominent triads, were
present in the fibers from
rats fed with the phosphorus
deficient diet.

Discussion

The main finding of this
report were the atypical mito-
chondria with swelling and
myelin-like structures, and an
increased number of glyco-
genosomes in muscle fibers
from rats fed a phosphorus-
deficient diet during 60 days.
These changes seem to be
specific, as they were absent
in the paired-weight rats and
only have a limited similarity
with the swelling of mito-
chondria presented in other
deficiencies, such as the lack
of magnesium (Robeson et
al., 1980) and potassium (Kao
and Gordon, 1977), where
only the later present myelin-
like structures; however, simi-
lar changes have been de-
scribed for other conditions
including under-nutrition and
hypoxia (Ramírez de Martens
et al., 1998).

As in our observations, rats
fed with diets faulty in mag-
nesium or potassium do not
present paracrystalline inclu-
sions in the mitochondria
(Robeson et al., 1980; Kao
and Gordon, 1977), which
have been reported in the
phosphoryl-creatine depletion
(Gori et al., 1988). Moreover,

in the myopathy related to the
deficiency of phosphoryl-cre-
atine there are no changes in
muscle weight (Gori et al.,
1988), while in our case, the
weight of the muscle shows a
significant decrement. Also,
swollen mitochondria in capil-
lary endothelial cells are not
present in rats with magne-
sium deficiency (Robeson et
al., 1980).

A smaller fiber diameter
and evident restraint in
muscle weight gain occur in
phosphorus deficient rats
without alteration of the sar-
comere architecture or myo-
fibrillar disorganization, as
has been reported for potas-
sium depletion (Kao and Gor-
don, 1977). In addition, fea-
tures currently interpreted as
signs of atrophy, as an in-
crease of intermyofibrillar
spaces without loss of myo-
filaments, were not present.
On the contrary, the paired-
weight rats presented widened
intermyofibril spaces (Figure
1c) as in food-restricted mal-
nutrition. These facts support
the specificity of the sarcom-
ere structural preservation in
phosphorus deficiency.

The increase in the num-
ber of glycogenosomes faces
the controversy about the
occurrence of these mem-
brane-delimited structures
containing glycogen (Phillips
et al., 1967). Some authors
considered it a pathological
condition (Ghadially, 1975;
De Girolami and Smith,
1982; Iwamasa et al., 1983),
while for others it is a nor-
mal finding in certain tissues
of newborn animals (Phillips
et al., 1967; Schiaffino and
Hansliková, 1972) and in the
muscle fibers of adult mam-
mals (Garant, 1968; Finol and
Colina, 1979; Márquez and
Finol, 1984). In the present
case, the increased number of
glycogenosomes found in the
muscle fibers from rats fed
with phosphorus deficient diet
suggests a pathological condi-
tion when it is compared with
the controls and the paired-
weight rats.

The results suggest that in
phosphorus depletion there
are alterations in the mito-
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Fig. 3. Sub-sarcolemal glycogenosomes (arrows) in the phophorus
deficient rats: (a) one limited by two single membranes (x 36000);
(b) another with partially digested content (x 27000).

chondria that are related with
the rupture of the processes
involved with energy produc-
tion, in agreement with previ-
ous reports that only the per-
sistent deficiency of phospho-
rus (two months) modifies the
liberation of lactate and pyru-
vate by the muscle fiber (De
Venanzi et al. 1980; 1988).
The similarity among the al-
terations of the motichondria
presented here and those in-
duced by aggressions of other
origins, agrees with the decla-
ration of Hudgson and Hall
(1982) that “tissues which are
highly specialized from the
functional standpoint are lim-

ited in the ways in which
they can react to stresses of
various kinds”.
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