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Insulin binding to skeletal muscle membranes
in growing ruminating sheep fed different diets

J. GRIZARD

Marie-Louise HOULIER, Claire SORNET A. SELLE M. SALLAS

Laboratoire d’Etude du Métabolisme azoté, I.N.R.A.,
Theix, Saint- Genès- Champanelle, 63110 Beaumont France.

Summary. The purpose of this work was to investigate insulin receptors in skeletal muscle
of growing (30-36 kg) ruminating sheep given a control diet or undergoing nitrogen
restriction. The membranes were purified according to Kidwai from sternocephalicus
muscle which has a low glycolytic and a moderate oxidative capacity. This preparation
concentrated 5’-nucleotidase activity, indicating that it contained plasma membrane and
transverse tubules. The high levels of cytochrome-c oxidase activity suggested mito-
chondrial contamination. Such a preparation is also known to contain sarcoplasmic
reticulum.
1251 -insulin binding to purified membranes was studied at 4 and 30 °C at various times,

insulin concentrations and membrane levels. Total 125 1-insulin binding increased with time,
reaching a maximal value within 16-24 h at 4 °C or within 1-2 h at 30 °C. When measured
at steady state at 30 °C, specific 125 1-insulin binding was found to be a linear function of
membrane concentration. At low insulin levels, specific 1251 -insulin binding was not signifi-
cantly different at 4 and 30 °C. Increasing the unlabelled insulin level inhibited 1251 -insulin
binding. At steady state, specific ’z51-insulin binding accounted for about 40 % of the total
binding.

The protein yield in the membrane preparation was similar in both groups. 5’-Nucleo-
tidase, a plasmolemma-bound enzyme, was lower in experimental group membranes than
in control group ones. In contrast, cytochrome-c oxidase increased. These findings were in
keeping with a decrease in membrane purity in the experimental group. We therefore
expressed insulin binding in terms of 5’-nucleotidase activity. At both temperatures and
over a wide range of insulin concentrations, including saturating concentrations, specific
125 1-insulin binding at steady state was 2 to 5-fold higher in the experimental than in the
control group. Insulin breakdown in the incubation tube was negligeable in both groups.

Introduction.

Muscle is no doubt the major target tissue of insulin, a hormone that

stimulates glucose and amino acid transport. Insulin promotes protein synthesis
but impairs protein breakdown ; it also increases glycolysis and glycogen
synthesis (Turner and Muriday, 1976 . Goldberg, 1979 ; Jefferson, 1980 ; Tischler,
1981 ; Etherton, 1982). However, protein metabolism in muscles such as the



soleus, that contains predominately slow-twitch red fibers, is relatively insensitive
to the effects of diabetes and insulin (Preedy, Pain and Garlick, 1980 ; Flaim,
Copenhaver and Jefferson, 1980).

Insulin binding to cell surface receptors is known to be the initial step in

insulin action and to control it (Freychet, 1976 a ; Goldfine, 1978 ; Olefsky, 19811. ).
Unsuccessful attempts have been made to quantify insulin binding to muscle

(Newerly and Berson, 1957 ; Wohltmann and Narahara, 1966). Subsequent
studies ascertained the presence of insulin receptors in membranes of skeletal and
cardiac muscle (Forgue and Freychet, 1975 ; Olefsky, Bacon and Baur, 1976 ;
Saucier, Dube and Tremblay, 19811, isolated soleus muscle (Le Marchand-Brustel,
Jeanrenaud and Freychet, 1978 ; Hofmann and Nakano, 1981 ; Brady et al., 1981)
and isolated muscle cells (Sandra and Przybylski, 1979 ; Eckel and Reinauer,
1980).

In ruminants, little glucose is directly derived from dietary carbohydrate since
it is converted to volatile fatty acids as a result of microbial fermentation in the

rumen. The major site of glucose supply is the liver. This correlates with the fact
that glucose is not the major metabolic substrate in peripheral ruminant tissues.
Insulin regulation of metabolism has been poorly understood because the drop in
blood glucose following exogenous insulin is generally thought to be less than in
non-ruminant species ; furthermore, the fall in blood free amino acids is unclear

(Bassett, 1975 ; Trenkle, 1978). However, ruminant tissues do contain insulin

receptors (Grizard and Szczygiel, 1983 ; Vernon, Clegg and Flint, 1980 ; Gill and

Hart, 1981 ; Kappy et al., 1981 ; Sinha, Ganguli and Sperling, 1981) and are

responsive to insulin (Scharrer, Huntemann and Blatt, 1977 ; Vivekanandan and

Singh, 1978).

Bearing this in mind, we decided to investigate the insulin receptors in

skeletal muscle membranes of growing ruminant sheep fed a control diet or an
experimental diet low in crude protein and high in propionic acid used as a feed
additive. Nitrogen restriction is indeed important in animal production.

Material and methods.

Animals and experimental procedure. &horbar; We used the male progeny of
Romanov x Limousin sheep born the second week of November and weighing
an average of 18 kg. They were housed in individual stalls under natural lighting
conditions in a room maintained at 20-22 °C. The animals were divided into two

groups, one given a control diet and the other an experimental diet. The control
diet was similar to the usual diets for growing sheep (table 11. The experimental
diet was also within the range or normal sheep nutrition. The diets had two

major differences. First, the experimental diet did not contain high-protein
ingredients, such as soya-bean meal and linseed oil meal, and therefore included
less crude protein (N x 6.25) than the control diet (12.6 vs 14,7 %). Second,
there was more propionic acid in the experimental than in the control diet and it
was used as a feed additive in maize. The animals were given a complete ration
at 08.30. Water was provided ad libitum.



a In the control diet, urea, soy-bean meal, linseed oil meal and molasses were supplied by a
standard concentrate. This also included maize, which was not supplemented with propionic acid,
and 40 % of vitamin-minerals.

Due to a small decrease in the voluntary intake of ingredients such as

dehydrated alfalfa and maize (supplemented with propionic acid), the true

nutritional status of the animals was slightly different from the expected status.
For example, nitrogen intake in the control group was slightly lower than the
estimated nitrogen requirements for 20-27 kg body weight (BW) (table 2),
whereas it was adequate for 27-34 kg BW. However, at any BW, gain and feed
efficiency were acceptable in the control animals. Daily protein intake was signifi-
cantly lower in the experimental than in the control group ( - 35 % and - 23 %
at 23 and 33 kg of live weight, respectively). In addition, at 20-27 kg of live

weight, daily intake of dry matter was reduced (&horbar; 21 %) in the experimental
group. At 20-27 kg of live weight, that group grew significantly slower (&horbar; 24 %)
but at 27-34 kg of live weight, growth was similar in both groups. When the
animals had a mean BW of 34 kg (i.e. at 15.5 weeks of age in the control group
and 18.0 weeks in the experimental), they were slaughtered without anesthesia
between p.m. 03.00 and p.m. 04.00. To study skeletal muscle receptors, the two
sternocephalicus muscles were quickly removed and freeze-dried in liquid nitro-

gen at - 80 °C until use. On the basis of its enzymatic activity, the



sternocephalicus muscle exhibited a low glycolytic and a moderate oxidative

capacity. Therefore, it was considered to be a slow-twitch muscle containing
mixed red and white fibers (*).

Chemicals. &horbar; Purified monocomponent porcine insulin (MC S 83 01 765,
26.0 IU/mg) was obtained from the Novo Research Institute, Bagsvaerd,
Denmark. !251-Na (IMS. 30) was purchased from the Radiochemical Center,
Amersham, England. 5’-AMP was purchased from Merck, and bovine serum
albumin (fraction V), thymidine 5’-monophospho-P-nitrophenyl ester, p-nitro-
phenol and cytochrome-c from Sigma Chemical Co.
i251-monoiodoinsulin was prepared according to the method of Freychet

(1974) and purified by chromatography on a DEAE cellulose column. This

preparation contained about 55 % !z51-monoiodoinsulin and 45 % unlabelled
insulin since average specific activity, measured by the trichloracetic acid

method, was nearly 200 IlCi/1l9. Monoiodoinsulin had been shown previously to
be biologically active and its interaction with the receptor could not be

distinguished from that of native insulin (Freychet, Roth and Neville, 19711. ).

Muscle membranes. &horbar; Purified membranes were prepared as described by
Kidwai et a/. (1971) and Forgue and Freychet (1975) with the following
modifications. The random samples (3.5-5.0 g) of frozen muscle taken from one
animal were minced with scissors and thawed within 2-5 min in 8 % (W/W)
sucrose at 4 °C. They were homogenized in the same medium with a polytron
PT 20 set at half-maximum speed for 25 sec. The homogenate was filtered

through six different mesh sizes (16, 20, 30, 40, 60, 80) of nytrel cloth

(Desjobert, Paris, France) using a filtration device. The filtrate was centrifuged at
75 000 x g max for 75 min. The resulting pellet was resuspended in a small

volume of 8 % (W/W) sucrose and loaded on the top of a sucrose gradient (28-
56 %, W/W) that was centrifuged at 90 000 x g max for 120 min. The two top
bands in the gradient were collected, diluted with water to reduce the

concentration of sucrose to 8 % (W/W) and then centrifuged at 90 000 x g
max for 60 min. This final pellet was washed in 1 mM NaHC03, centrifuged at
25 000 x g max for 15 min, and stored at - 80 °C until used. Protein

concentrations were determined (Lowry et al., 1951) using bovine albumin as a
standard. 5’ Nucleotidase activity, a standard marker for plasma membrane,
was determined by measuring the rate of inorganic phosphate release from 5’-
AMP (Aronson and Touster, 1974). Both soluble phosphodiesterase activity and
the activity of that in membrane particles were determined by measuring the
release rate of p-nitrophenol from thymidine 5’-monophospho-p-nitrophenyl ester
(Aronson and Touster, 1974). Cytochrome oxidase, a standard mitochondrial
inner membrane marker, was evaluated by measuring the rate of enzymatic
oxidation of reduced cytochrome c (Cooperstein and Lazarow, 1951). Quick

freezing and quick thawing induced some variations in the muscle fractions.

(*) We wish to thank A. Talmant and G. Monin for determining the fiber type of the sterno-
cephalicus muscle.



Indeed, in growing rats we found that 5’-nucleotidase, phosphodiesterase and
cytochrome oxidase activities per mg of membrane protein were significantly
higher (p < 0.05) in membranes from freeze-thawed skeletal muscle samples
than in membranes of corresponding fresh muscle samples. However, specific
insulin binding was not significantly reduced, whether expressed in terms of

membrane protein or 5’-nucleotidase activity (Grizard, unpublished results).

Binding studies. &horbar; !251-insulin binding was studied according to the

procedure of Freychet (1976 b) with some minor modifications. Incubation was

performed at 2-4 °C and 30 °C in Krebs Ringer phosphate buffer (40 mM NaCl,
1.7 mM KCI, 0.4 mM Mg S04, 0.4 mM KH2pO4, pH 7.5) with membrane protein
at 0.05-0.24 mg/ml and bovine serum albumin at 10 mg/ml in a final volume of
0.25 mi per incubation tube. The incubation mixture also contained 1251-insulin at
0.02 nM or 0.1 nM and unlabelled insulin at various concentrations from 0 to
350 nM. Incubation was terminated at the times shown in the figure legends by
cooling the incubation tubes in an ice bath. To study the time-course of binding
at 30 °C, the total membrane-bound radioactivity in each incubation tube was
isolated by filtration on cellulose acetate membrane filters (0.45 ym, Nuflow,
Oxoid). In all the other studies, a 150-gl aliquot from each incubation tube was
transferred into the top of a microfuge tube filled with 200 yl of chilled buffer.
The microfuge tube was then centrifuged for 10 min at 25 000 x g at 4 °C. The
supernatant was sucked out and the tip of the tube was cut above the
membrane pellet. Radioactivity in the tube tip and the filters was counted. Total
binding referred to membrane-bound radioactivity, whereas non-specific binding
represented membrane-bound radioactivity in the presence of a large excess
(11 gM) of unlabelled insulin. Specific binding was the difference between total
and non-specific binding.

lntact insulin in the incubation medium. &horbar; In the studies of insulin binding
at steady state, 1251-labelled insulin, intact in the supernatants from the
incubation mixtures (insulin at 0.02, 0.2 and 0.9 nM and membrane 5’-
nucleotidase at 0.3 pmoles of inorganic phosphate/h/ml, i.e. membrane protein
at 0.15 mg/ml), was evaluated by measuring the ability of insulin to rebind to liver
membranes of growing rats (membrane protein : 0.17-0.25 mg/ml) (Freychet et
a/., 1972). These membranes were prepared according to the procedure of

Neville (19681. The percentage of intact insulin (mean of 3 insulin concentrations)
was similar in both groups (93 ± 10 and 141 ± 26 at 4 and 30 °C, respectively ;
± SE ; 6 animals in each group, 3 assays per animal).

Statistical analysis. &horbar; The groups were compared by variance analysis.
Linear unweighted regressions were used (Snedecor and Cochran, 19711. ).

Results. 
’

Characteristics of the plasma membrane preparation. &horbar; The membrane

preparation isolated by the procedure of Kidwai contained the plasmolemma
since it concentrated 5’-nucleotidase activity (a plasma membrane enzyme



marker). It has been established that this preparation also contains sarcoplasmic
reticulum. As indicated by cytochrome-c oxidase activity (table 3), the

preparation also had some mitochondrial components. Cardiac mitochondrial
membranes specifically bind insulin, but 5 to 14 times less than plasma
membranes (Forgue and Freychet, 1975).

The protein yield of 1 g of fresh muscle was similar in both groups (table 3).
Protein recovery ranged between 1.5-1.6 %. 5’-Nucleotidase, expressed in terms
of protein, was significantly lower (0.050 < p < 0.100) in the experimental than
in the control group.

Binding time-course. - At 4 °C, total 1251-insulin binding increased slowly
during the 16-hour period after incubation began (fig. 1) ; it then increased no



more. At 16 h, it was significantly higher (0.050 < p < 0.100) in the

experimental than in the control group. Non-specific insulin binding was constant
at all the investigated times. In each group, it was similar to steady-state specific
insulin binding. In contrast, at 30 °C total insulin binding attained steady state

+



1 h after incubation began. The results showed large individual variations in the
experimental group.

lnsulin binding at steady state. - Specific !z51-insulin binding increased

linearly with increased membrane levels over a 6-fold range at 30 °C (fig. 2). The
rate of increase was significantly higher (0.050 < p < 0.100) in the experimental
than in the control group (2.8 % pmole of inorganic phosphate/h/ml vs 1.5).

At low insulin levels, specific !z5!_insulin binding was not significantly
different in either group at 4 and 30 °C (fig. 3). At both temperatures, it

decreased with increased insulin concentration. At physiological insulin levels

(0.3-0.8 nM), 1251-insulin binding was not decreased significantly. With 0.02, 3.6,
82 and 348 nM insulin at 4 °C and with 0.02, 0.9 and 82 nM insulin at 30 °C,
specific 1251-insulin binding seemed higher (0.010 < p < 0.100) in the

experimental than in the control group. At both temperatures, the non-specific
1251-insulin binding in each group was similar to maximal specific !z51-insulin

binding.



The amount of specifically bound insulin rose with increasing free insulin

(fig. 4) ; maximal binding was not attained with 350 nM insulin. At both

temperatures and over a wide range of insulin concentrations, including
saturating concentrations, the amount of specifically bound insulin was 2 to 5-
fold higher in the experimental than in the control group. This suggests that an
increase in binding sites mainly accounted for the increment in insulin binding to
membranes of the experimental group. Due to wide individual variations,
Scatchard analysis was not accurate enough to give the affinity constant and
binding capacities for each group. However, it gave a curvilinear plot (not
shown) consistent with either of two types of independent site, negative
cooperativity in binding, or both (Kahn et a/., 1974, 1978).

Discussion.

This study demonstrates that skeletal muscle from growing ruminant sheep
contains specific insulin receptors. As opposed to data on erythrocyte receptors
(Kappy et al., 1981 ; Sinha, Ganguli and Sperling, 1981), muscle insulin

receptors did not disappear in the transition from a monogastric to a ruminant
metabolic state. This correlates with the presence of insulin receptors in liver (Gill



and Hart, 1980, 1981), adipose tissue (Vernon, Clegg and Flint, 1980) and other
various tissues (Posner et a/., 1974) of adult ruminant animals. Muscle insulin

receptors of ruminant sheep are very similar to muscle insulin receptors in
rodents (Forgue and Freychet, 1975 ; Olefsky, Bacon and Baur, 1976 ; Le

Marchand-Brustel, Jeanrenaud and Freychet, 1978 ; Eckel and Reinauer, 1980 ;
Hoffmann and Nakano, 1981 ; Brady et al., 1981 These similarities include time
and membrane level dependence of binding and apparent kinetic parameters.
The presence of insulin receptors is correlated with the ability of insulin to elicit a
biological response in ruminant muscles (Scharrer, Huntemann and Blatt, 1977 ;
Vivekanandan and Singh, 1978).

Feeding the experimental diet increased specific insulin binding to muscle
membranes. This result could not be due to a decrease in insulin breakdown
which was negligeable. It might be attributed to increased insulin binding to

muscle insulin receptors ; however, this assumption requires caution since insulin
receptors were not significantly increased in the livers of the animals (Grizard and
Szczygiel, 1983). Furthermore, liver insulin receptors are unchanged in goats or
swine with a different dietary protein status (Gill and Hart, 1980 ; Steele et al.,
1981). Alternatively, increased insulin binding to muscle membranes could be
attributed to a decrease in 5’-nucleotidase activity. Indeed, our results have been
expressed in 5’-nucleotidase activity (see below). When they were expressed in

terms of protein in the membrane preparation, the increase in insulin binding in

the experimental group did not reach a statistical level of significance (not
shown).

5’-Nucleotidase activity was significantly lower in the experimental group.
This decrease could be explained by a decline in 5’-nucleotidase activity after
feeding the experimental diet, but this seems unlikely since 5’-nucleotidase is not
significantly modified in purified liver plasma membranes of experimental animals
(Grizard and Szczygiel, 1983). Furthermore, phosphodiesterase, another enzyme
partly occurring in plasma membrane, also decreased significantly
(0.050 < p < 0.100). In fact, 5’-nucleotidase in individual membrane prep-
arations was positively related (p = 0.050) to phosphodiesterase. The regression
line equation was y = 3.01 X + 0.15, where the enzymatic activity per mg of
membrane protein for 5’-nucleotidase and phosphodiesterase was represented
by y and X, respectively. Two other events might explain the 5’-nucleotidase
decrease observed in the membrane preparation of the experimental group. First,
plasma membrane proteins increased as a result of feeding the experimental diet.
Such an increase is observed in liver membranes of fasted rats (Almira and

Reddy, 1979). Second, plasma membrane protein recovery decreased, whereas
that in sarcoplasmic reticulum and mitochondrial components increased.

Membrane recovery is unknown since 5’-nucleotidase activity cannot be

accurately determined in muscle homogenates (Barrett, Ryan and Headon,
1980). However, the increased (0.050 < p < 0.100) yield of cytochrome-c
oxidase, a standard mitochondrial marker, suggests a drop in membrane purity.

8e Reunion du groupe D6veloppement /. N. R. A.,
Tours, 12-13 mai 1982.



Résumé. Les récepteurs de l’insuline dans les membranes des muscles squelettiques
d’agneaux ruminants en croissance soumis à différents régimes.

Le but du présent travail est l’étude des récepteurs de l’insuline dans le muscle sque-
lettique chez l’agneau ruminant en croissance (30-36 kg) recevant un régime témoin (lot
témoin) ou soumis à une restriction azotée (lot expérimental). Les membranes des muscles
sternocephalicus (muscle lent, contenant aussi bien des fibres rouges que des fibres blan-
ches) sont purifiées selon le procédé de Kidwai. Ces membranes, riches en activité enzy-
matique 5’-nucléotidase, sont composées de la membrane plasmique et des tubes trans-
versaux. L’activité enzymatique cytochrome-c oxydase relativement élevée, traduit leur
contamination par des composants mitochondriaux. Il est bien établi que de telles mem-
branes contiennent aussi du réticulum sarcoplasmique.

La fixation de 1&dquo;251 insuline aux membranes purifiées est mesurée à 4 et 30 °C, à diffé-
rents temps et différentes concentrations en insuline et en membranes. La fixation spécifi-
que de 1&dquo;251 insuline augmente avec la durée d’incubation et atteint un maximum au bout
de 16-24 heures (à 4 °C) ou 1-2 heures (à 30 °C). A 30 °C, elle est proportionnelle à la
concentration en membranes. A faible teneur en insuline, la fixation spécifique maximum
de 1,1251 insuline est sensiblement identique aux deux températures. L’élévation de la con-
centration en insuline provoque une inhibition de la fixation spécifique de 1&dquo;251 insuline. La
fixation spécifique maximum de l’’z51_isuline représente environ 40 % de la fixation totale
de 1,1251_ insuline.

La quantité de protéines membranaires récoltée par g de muscle est la même dans les
deux lots. L’activité spécifique des enzymes associées au plasmolemme (5’-nucléotidase,
phosphodiestérase) est plus fabible dans le lot expérimental que dans le lot témoin ; en
revanche, l’activité spécifique de la cytochrome-c oxydase est plus élevée. Tout se passe
comme si le degré de pureté des membranes est plus faible dans le lot expérimental que
dans le lot témoin. C’est pourquoi les résultats sont exprimés par rapport à l’activité enzy-
matique 5’-nucléotidase. Aux deux températures et pour une gamme très large de con-
centrations en insuline, y compris celles correspondant à la saturation des récepteurs, la
fixation spécifique de 1,1251 insuline est deux à cinq fois plus élevée dans le lot expérimental
que dans le lot témoin. La dégradation de 1’1251 insuline au cours des incubations est négli-
geable dans les deux lots.
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