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This study was carried out to clarify the nutritional control of insulin
metabolism in growing sheep fed a control or an experimental diet low in crude protein
and high in propionic acid used as a feed additive. Daily variations in blood insulin and the
disappearance from the circulation of unlabelled injected insulin were investigated. These
data were used to calculate the metabolic clearance rate of insulin and insulin secretion.
At 23 kg of body weight (BW), blood insulin showed an increase in the control group
at 10 a.m. (i.e. 2 h after feeding) and a large peak in the experimental group at 3 p.m. At
33-kg BW, blood insulin in both groups showed a peak at 10 a.m. and a moderate
increase at 3 p.m. Mean plasma insulin throughout the day (except at 3 p.m.) rose with
increasing BW. It was lower in the experimental than in the control group.
Injected insulin disappeared rapidly from the circulation ; its half-life was constant
(13 min). In both groups, the insulin level along the disappearance curve was higher at
33-kg BW than at 23-kg BW, and insulin metabolic clearance rate decreased. Except at
3 p.m., the mean insulin secretion rate over the day was lower in the control group at 33kg BW than at 23-kg BW. Feeding the experimental diet increased the insulin level along
the disappearance curve. In young animals, it decreased insulin metabolic clearance rate
and diminished mean insulin secretion rate over the day, except at 3 p.m. when the insulin
secretion rate increased. In old animals, the experimental diet did not significantly change
the kinetic parameters of insulin metabolism.

Summary.

Introduction.
The progressive alteration of the ruminant forestomach that allows herbage
cellulose to be digested results in major changes in the absorbed metabolites.
Little glucose is directly derived from dietary carbohydrate since it is converted
into volatile fatty acids as a result of microbial fermentation in the rumen. The
major site of glucose supply is the liver. Much dietary protein is degraded in the
rumen. Thus, the amino acids supplied by the digestive tract are derived from
microbial protein. The processes of digestion and absorption last longer in
ruminants than in non-ruminants. These animal characteristics correlate with the
fact that the secretion and degradation of insulin are probably lower in ruminants
than in non-ruminants (Trenkle, 1971 ; Brockman and Bergman, 1975). However,

in ruminants

as

in

non-ruminants, blood insulin varies in direct relation

to

feeding. Vagal reflex, intestinal hormones and absorbed metabolites (short-chain
fatty acids, glucose, amino acids) seem to be involved in the regulation of insulin
secretion in ruminants (Bassett, 1975 ; Trenkle, 1978).
Taking these observations into account, the aim of the present work was to
clarify the nutritional control of insulin metabolism in growing sheep fed a
control or an experimental diet low in crude protein and high in free propionic
acid used as a feed additive. We investigated daily variations in blood insulin and
the disappearance of insulin from the circulation. These data were used to
calculate the distribution volume in the body, metabolic clearance rate and the
secretion rate of the hormone. Part of this work was previously reported in an
abstract (Grizard and

Szczygiel, 1980).

Material and methods.
Animal and diets. -- We used the male progeny of Romanov x Limousin
sheep born the second week of November and having an average starting weight
of 18 kg. They were housed in individual stalls under natural lighting conditions
(light from about 8 a.m. to 6 p.m.) in a room maintained at 20-22 °C and were
divided into two groups, one fed a control diet and the other fed an experimental
diet. The control diet was similar to the usual diets for growing sheep (table 1)
(Jarrige, Journet and Vérité, 1978). The experimental diet was also in the range
of normal sheep nutrition. There were two major differences between the diets.
First, because the experimental diet did not contain high-protein ingredients
(soya-bean meal and linseed oil meal), it had less crude protein than the control
diet (12.6 % vs 14.7 %). Secondly, free propionic acid, higher in the
experimental than in the control diet, was used as a feed additive in the maize.
The animals were given a complete ration at 8:30 a.m. Water was provided ad
libitum. The trend of changes in the rate of feed intake was similar in both
).
groups throughout the day (fig. 11.

Due to small decreases in the voluntary intake of such ingredients as
maize (supplemented with propionic acid), the true
nutritional status of the animals was slightly different than the expected
nutritional status. For example, in the control group, nitrogen intake was slightly
lower than the estimated nitrogen requirements for 23-kg BW, whereas it was
adequate at 33-kg BW (table 2) (Jarrige, Journet and V6rit6, 1978). However, at
any BW of the control animals, gain and feed efficiency were acceptable. Daily
protein intake was significantly lower in the experimental than in the control
group ( - 35 % and - 23 % at 23 and 33 kg of liveweight, respectively). In
addition, daily intake of dry matter was reduced (- 21 %) in the experimental
group at 23-kg BW.

dehydrated alfalfa and

Daily variations in plasma insulin and disappearance of injected insulin from
the circulation. &horbar; The sheep were measured twice i.e. at 23 and 33-kg BW,
respectively. A polyethylene catheter (length : 120 mm, i.d. : 1.1 mm, o.d. : 1.6
mm ; intranule, Vygon, France) was inserted into the jugular vein and sutured to
the skin. It remained in situ for 4 days. The day after catheter insertion, nine
blood samples were taken over a 24-hour period to measure daily variations in
plasma insulin and blood metabolites. From 10 a.m. to 4 p.m. on the second or
third day after catheter insertion, unlabelled porcine monocomponent insulin
(MC S837261, 26.8 IU/mg) was dissolved in saline (0.9 % NaCl, W/V) and then
rapidly injected intravenously via the catheter in amounts varying from 12 to

17/tg/kg of BW. The catheter was rinsed several times with saline. To measure
the disappearance of injected insulin from the circulation, one blood sample was
taken before injection and 6 blood samples were collected over the 2-hour period
following injection. All blood samples were heparinized and put into an ice-bath
until the plasma could be separated by centrifugation. The plasma was stored at
15 °C.
This technique allowed us to assess the in vivo responsiveness of sheep
tissue to ovine insulin. Indeed, the biological activity of porcine and ovine insulin
-

identical (Horino et al., 1968) and, the injected hormone was identical to the
native hormone in other respects since the former was unlabelled. The injection
of strong doses of insulin has the disadvantage of causing peripheral blood
insulin to rise well above physiological levels. These high levels of insulin had
three effects. First, they reduced endogenous insulin secretion (Dunbar et a/.,
1976 ; Schatz and Pfeiffer, 1977) and therefore the rate of the disappearance of
insulin from the circulation was overestimated. Secondly, the high levels reduced
hepatic insulin extraction (Tranberg and Dencker, 1978 ; Harding, Bloom and
Field, 1975 ; Mondon et al., 1975 ; Sonksen et al., 1973 ; Tiran, Avruch and
Albisser, 1979 ; Honey and Price, 1979 ; Misbin, Mérimée and Lowenstein, 1976)
and thirdly, they resulted in a decrease in blood glucose that is known to
increase the metabolic clearance rate of insulin and the secretion of
hyperglycaemic hormones (Brockman and Bergman, 1975). However, the insulin
injections had no apparent effects on animal behaviour.
are

Chemical analysis. &horbar; Using a commercial kit available from CEA-IRESORIN, France, immunoreactive plasma insulin was measured by radioimmunoassay based on the double-antibody method (Yalow and Berson, 1960 ;
Morgan and Lazarow, 1963). Human insulin was used as a standard. Because
porcine and human insulin are immunologically similar (Hales and Randle, 1963),
human insulin was a valid standard for radioimmunoassay of the injected porcine
hormone. In contrast, human insulin differs from ovine insulin (Trenkle, 1972).
Therefore, ovine immunoreactive insulin in plasma might have been slightly
underestimated since insulin antibodies could have a lower affinity for ovine than
for human insulin. Whole-blood glucose was determined by an automatic
procedure using glucose-oxidase. Free amino acids were extracted from whole
blood with cold ethanol at 82 % and estimated by ion-exchange column
chromatography on an automatic apparatus (Moore, Spackman and Stein,

19581.

Analysis of data. -- In all calculations of the disappearance of injected
insulin, the insulin level before insulin injection was subtracted from the total
insulin level (endogenous insulin release was assumed to remain constant).
Individual disappearance curves were divided into two parts ; the first part
included up to 7 min after injection and the second part from 15 to 60 min after
injection. The kinetic parameters of insulin metabolism were computed according
to Trenkle (1971) and Pilo, Navalesi and Ferrannini (1976) on the second part of
the disappearance curve. The first part of the curve was not considered in the
calculations since its significance in insulin metabolism was not clear. The
fractional turnover rate (K) was the slope of the linear regression of the plasma
insulin level logarithm vs time after insulin injection. The regression line was
extrapolated to zero time to obtain the theoretical level of plasma insulin at time
zero (C) after the exogenous insulin was completely distributed in the insulin
pool, but before any had been lost. Half-life (T
) was obtained from the
1/2
formula : T
I2 0.693/K. Initial distribution volume IIDV) was obtained from the
1
formula : IDV
(exogenous insulin injected)/C. Metabolic clearance rate (MCR)
K x IDV. Insulin secretion rate (S) was
was estimated as follows : MCR
assumed to equal insulin disappearance rate. The latter was computed from the
=

=

=

equation : S

MCR

(basal plasma insulin level). MCR

was assumed to be
modified
after
day
feeding (Trenkle, 1971).
Basal plasma insulin level was obtained throughout the day. Linear unweighted
regressions were used. The groups were compared by variance analysis and
covariance analysis (Snedecor and Cochran, 1971).
).
=

constant over the

x

since it

was not

Results.
lmmunoreactive plasma insulin throughout the day. &horbar; Throughout the day
(except at 3 p.m.), the mean plasma insulin level increased significantly (P <
0.050) with BW logarithm in a similar manner in both groups. The equation of
the regression line (not shown) and the correlation coefficient, where y and
x were the ordinate and the abscissa, respectively, were y = 1.34 x - 9.392 ;
r
1.38 x - 2.041 ; r
0.63 for the
0.57 for the control group and y
experimental group. In the control group, daily gain was similar at both
BW’s ; in the experimental group, it was higher at 33-kg BW than at 23-kg BW
=

=

=

(table 3).
At
10 a.m.

23-kg BW in the control group, plasma insulin showed an increase at
(fig. la), then remained constant for the rest of the day. In the
experimental group, plasma insulin exhibited an important peak at 3 p.m. and a
small increase over the dark period. At 23-kg BW in both groups, variations in

plasma insulin between 8 a.m. and 10 a.m. were positively related (0.02 < P <
to the rate of dry matter intake. At 33-kg BW (fig. 1b), the trend of
changes in plasma insulin with time were not different between the control and
the experimental sheep. Plasma insulin showed a peak at 10 a.m. that was not
significantly related to the rate of dry matter intake. In addition, it showed an
0.05)

increase at 3 p.m. At 23-kg BW in both groups, dark period insulin values were
higher than prefeeding values (fig. la) ; at 33-kg BW, they were constant and
similar to prefeeding values (fig. lb). Blood glucose and blood free amino acids
did not change with the time of day in either group (not shown).
During each sampling day (except at 3 p.m.), the mean immunoreactive
plasma insulin level was significantly lower (0.005 < P < 0.010) in the
experimental than in thj control group (fig. 1a and b). Surprisingly, the plasma
insulin level just before insulin injection was the same in both groups (table 4).
This discrepancy was due to variations in the time of injection and to daily
variations in plasma insulin. At 23-kg BW, daily gain, blood glucose and essential
blood free amino acids were lower in experimental animals than in controls. In
contrast at 33-kg BW, they were similar in both groups (table 3).

Disappearance of injected insulin from the circulation. -- In the 1-hour
period after injection, the insulin level decreased from approximately 60 times its
basal level to about 8 times its basal level (fig. 2). The disappearance rate was
about two times faster for the first part of the disappearance curve (up to 7 min
after injection) than for the second part of the curve (15-60 min after injection).
Two hours after injection, insulin concentration neared basal level (5.3 ±

0.7 ng/ml ;
both

± SE).

groups, plasma insulin along the disappearance curve was
significantly higher at 33-kg BW than at 23-kg BW (fig. 2). This correlated with
significant increases in the amount of injected insulin (table 4). In addition,
calculation showed that the metabolic clearance rate of insulin was significantly
reduced. The initial distribution volume per kg of liveweight decreased with
increasing BW ; this correlation was significant in experimental animals but not
In

in controls (regressions not shown). The turnover rate of the insulin pool and
insulin half-life were unchanged.
Plasma insulin concentration was slightly higher in the experimental than in
the control sheep for the second part of the disappearance curve (significant at
15 and 30 min after injection at 33-kg BW) (fig. 2). Calculation showed that
when the experimental diet was given, there was a small increase in the
theoretical plasma insulin level at time zero, due to a decrease in the volume of
initial insulin distribution (table 4). The turnover rate of the insulin pool and
insulin half-life were not significantly modified. At 23-kg BW, the metabolic
clearance rate of insulin was significantly lower in the experimental than in the
control group ; at 33-kg BW, it was similar in both groups.

Estimated insulin secretion. - Except at 3 p.m. the average insulin secretion
rate per unit of BW in the control group was significantly lower throughout the
day at 33-kg BW than at 23-kg BW (table 4) ; in the experimental group it was
similar at both BW’s.
Except at 3 p.m. on the first sampling day, the average
over each sampling day was lower in the experimental
group ; in contrast, at 3 p.m. on the first sampling
significantly higher in the experimental than in the control

insulin secretion rate
than in the control
day, that rate was
group.

Discussion.
lnsulin metabolism in sheep. -- The curve of exogenous insulin disappearfrom the circulation was similar to results on several non-ruminant species
(Tranberg and Dencker, 1978 ; Sonksen et al., 1973 ; Wirth et al., 1980 ;
Palumbo et al., 1972 ; Sherwin et al., 1974). The significance of the first part of
the curve is not clear. The initial distribution volume calculated from the second
part of the disappearance curve probably involved extracellular fluid volume and
the receptor compartment (Zeleznik and Roth, 1978). The metabolic clearance
rate of insulin (4-13 ml/min/kg of BW) was slightly lower than that observed in
non-ruminants (Tranberg and Dencker, 1978 ; Navalesi, Pilo and Ferrannini,
1976 ; Sonksen et al., 1973 ; Katz and Rubenstein, 1973). The difference was
undoubtedly greater than noted because the metabolic clearance rate of insulin
has been underestimated in most cited publications due to the fact that it was
measured using a labelled hormone (Genuth, 1972). The low metabolic clearance
rate of insulin in sheep, compared to other species, could result from lower liver
insulin clearance (Brockman and Bergman, 1975).
Plasma insulin level showed a peak 2 h after feeding and an increase 7 h
after feeding. A similar trend of changes in plasma insulin with time after feeding
has been noted in ruminants (Trenkle, 1978 ; Chase, Wangness and Martin,
1977). If we assume that the metabolic clearance rate was unchanged (Trenkle,
19711, insulin secretion increased after feeding. This could not be attributed to
increases in 0 cell stimuli by glucose and amino acids. Indeed, the blood levels of
these metabolites did not change with the time of day since the processes of
digestion and absorption in ruminants are prolonged. Alternatively, unmeasured
(3 cell stimuli such as volatile fatty acids, intestinal hormones and neurological
stimulation could be involved in the postprandial regulation of insulin secretion
ance

(Bassett, 1975).
Effect of age or liveweight. &horbar; The increase in immunoreactive plasma insulin with BW is similar to the increased blood insulin level observed in cattle
during the finishing period (lrvin and Trenkle, 1971 ; Trenkle and Topel, 1978)
and in growing sheep (John and Bergen, 1976). This result could not be
explained by an increase in insulin secretion since the insulin secretion rate per
unit of BW was decreased (control group) or unchanged (experimental group). It
could be explained by the decrease in the metabolic clearance rate of insulin.
This decrease could result from a drop in extracellular fluid volume or it might be
due to a reduction in cellular insulin losses since insulin receptor binding and the

potency of insulin degradation in the cells decrease with increasing BW in
growing rats (Freeman, Karoly and Adelman, 1973 ; Kelly et al., 1974 ; Olefsky
and Reaven, 1975 ; Runyan et al., 1979). In the present study, blood insulin had
not returned to prefeeding levels after 24 h in either group at 23-kg BW. in the
young animals, this could be due to handling stress associated with sampling.

Effect of the

experimental diet.
At 23-kg BW. Feeding the experimental diet resulted in a decrease in plasma
insulin level at all times of the day, except at 3 p.m. Calculation showed that
insulin secretion was strongly reduced at 23-kg BW. This decrease was probably
caused by a drop in blood glucose and blood essential free amino acids (see
table 3) since glucose and some essential amino acids are known to be potent
stimuli of (3 cells in ruminants (Bassett, 1975 ; Trenkle, 1978 ; Davis, 1972 ;
Oldham, Hart and Bines, 1978). Alternatively, insulin response to 0 cell stimuli
could have been decreased (Atinmo et al., 1978 ; Turner and Bryant, 1976). This
decrease, correlated with the reduction in blood insulin level found with reduced
intake of dietary crude protein in ruminants (Martin et al., 1979 ; Borger et al.,
1973 ; Jphn and Bergen, 1976) and non-ruminants (Edozien et al., 1978 ; Kabadi,
Eisenstein and Strack, 1976), could also be caused by the energy restriction
accompanying nitrogen restriction because the former is known to lower plasma
insulin level (Grizard et al., 1979). In contrast, feeding the experimental diet at 3
p.m. resulted in an increase in plasma insulin. This is probably due to an increase
in insulin secretion under the effect of propionic acid used as a feed additive. An
increase in blood insulin level has been observed previously in sheep following
propionic acid injection into the rumen in equivalent quantities (Weekes, 1975).
Feeding the experimental diet resulted in a strong decrease in the metabolic
-

clearance rate of insulin. This result contrasts with the constant metabolic
clearance rate of insulin found in fasted sheep (Trenkle, 1971) or in foodrestricted rats (Wirth et al., 1980). It also contrasts with the constant rate of
hepatic removal of insulin by the liver in fasted rats (Misbin, Mérimée and
Lowenstein, 1976) or in rats fed low-protein diets (Sacks et al., 1977).
At 33-kg BVV. Feeding the experimental diet decreased blood insulin in a
similar manner at 33-kg BW and at 23-kg BW. However, compared to 23-kg
BW, blood insulin did not increase at 3 p.m. at 33-kg BW. Furthermore, insulin
secretion and the metabolic clearance rate of insulin showed no significant
decrease. These results correlate with less severe nitrogen restriction and
constant blood levels of (3 cell stimuli (i.e. glucose and essential free amino
acids) (see table 3). The level of propionic acid in the diet might have also
decreased with feed storage. These results cannot be attributed to an increment
in age from controls to experimental animals (18 vs 15.5 weeks). Indeed, increasing BW (or age) in the controls resulted in a decrease in insulin secretion and in
the insulin metabolic clearance rate (see above).
-

-
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Résumé. Métabolisme de l’insuline chez
et du régime.

l’agneau

ruminant

en

croissance. lnfluence de

l’âge

Le

présent travail

pour but d’étudier le métabolisme de l’insuline chez l’agneau rumiun régime témoin soit un régime expérimental (pauvre en
matières azotées aussi bien que riche en acide propionique). Les variations nycthémérales
de l’insulinémie sont mesurées. La teneur plasmatique en insuline est également déterminée à différents temps après l’injection intraveineuse d’une forte dose d’insuline non
radioactive, dans le but de calculer les taux de clairance métabolique et de sécrétion de
l’hormone.
Au poids moyen de 23 kg, l’insulinémie atteint une valeur maximale à 10 h le matin
dans le lot témoin et à 3 h l’après-midi dans le lot expérimental. Dans les deux lots, au
poids moyen de 33 kg, elle présente un pic à 10 h le matin ainsi qu’une augmentation
modérée à 3 h l’après-midi. Si le temps 3 h l’après-midi n’est pas pris en compte, l’insulinémie moyenne au cours du nycthémère augmente avec le poids corporel. Elle est significativement plus faible dans le lot expérimental que dans le lot témoin.
La période de demi-vie de l’insuline injectée est constante chez tous les animaux
(13 min). Dans les deux lots, l’insulinémie constatée à différents temps après l’injection est
plus forte au poids moyen de 33 kg qu’à celui de 23 kg. Le taux de clairance métabolique
de l’insuline est diminué. De plus, dans le lot témoin, la sécrétion d’insuline moyenne au
cours du nycthémère (moins la valeur à 3 h l’après-midi) est abaissée. L’insulinémie constatée à différents temps après l’injection est plus forte dans le lot expérimental que dans le
lot témoin. Au poids moyen de 23 kg, le taux de clairance métabolique de l’hormone est
diminué ; la sécrétion d’insuline est accrue à 3 h l’après-midi alors qu’elle est diminuée aux
autres temps. Au poids moyen de 33 kg, les paramètres calculés du métabolisme de l’insuline ne sont pas significativement modifiés.
a

nant en croissance recevant soit
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