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Background: Insulin resistance during late gestation might act as 1 etiologic factor causing pregnancy toxemia in ewes.

Objective: Evaluation of pancreatic insulin secretion and peripheral insulin sensitivity in ewes with differing susceptibil-

ity to pregnancy toxemia and in ketotic ewes.

Animals: Pregnant ewes suffering from (PT, n = 5) and ewes with high (HR, n = 7) and low risk (LR, n = 5) of being

affected by pregnancy toxemia.

Methods: In a case-control study, the pancreatic insulin release and the peripheral insulin sensitivity were assessed by

means of the intravenous glucose tolerance test with subsequent measurement of the plasma concentrations of glucose,

insulin, nonesterified fatty acids (NEFA), and b-hydroxybutyrate (b-HB). The ewes were tested during late pregnancy

within 5 and 15 days antepartum.

Results: The insulin secretion after glucose administration was significantly lower in the HR and PT than in the LR

ewes. The baseline rate of lipolysis was significantly increased in the HR ewes, but the NEFA clearance was similar in both

risk groups, albeit delayed in the PT ewes. The baseline b-HB concentration was significantly higher in the PT than in the

HR and LR ewes. In the HR and in the PT ewes, the plasma b-HB concentrations did not decrease after glucose adminis-

tration.

Conclusion and Clinical Importance: There is reduced pancreatic first-phase insulin response and impaired insulin-

dependent inhibition of the ketone body formation during late pregnancy in the HR and PT ewes. This insulin resistance

might represent 1 causative factor in the pathogenesis of ovine pregnancy toxemia.
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Pregnancy toxemia (PT) in sheep is a disorder of
the maternal energy metabolism during late

pregnancy, characterized by plasma b-hydroxybutyrate
(b-HB) concentrations usually higher than 3.0 mmol/
L1,2 and ketonuria. The disease predominantly affects
older ewes carrying 2 or more fetuses during the last
weeks of pregnancy.3 Besides age and multiple preg-
nancy, an individual or breed-dependent susceptibility
appears to be involved in the pathogenesis of PT.4 The
most common clinical signs are weakness, depression,
mental dullness, disorientation, anorexia, blindness,
and finally recumbency and death after 3–10 days.5

Even if treated intensively, 40% of the affected ewes

die. In 20% of cases, the offspring die before or imme-
diately after parturition.6

The etiopathology of PT is still poorly understood.
Several observations4,5 indicate that insufficient energy
utilization rather than deficient energy supply is most
probably the primary cause of PT. One important reg-
ulator of nutrient partitioning is insulin. Insulin acti-
vates glucose uptake in maternal skeletal muscle and
adipose tissue,7 and glucose phosphorylation in skele-
tal myocytes.8,9 Besides its effect on glucose homeosta-
sis, insulin decreases the breakdown of triacylglycerols
in adipocytes,10 and depresses hepatic ketone body for-
mation.11 Thus, insulin resistance promotes impaired
glucose supply to the maternal skeletal muscle and adi-
pose tissue, increases lipolysis, and enhances ketone
body synthesis. Because hypo- and hyperglycemia,
lipemia, and hyperketonemia are common findings in
PT, individual or breed-dependent insulin resistance
might be 1 major predisposing factor of this disease.4
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Abbreviations:

AUC area under the curve

AUP area under the peak

b-HB b-hydroxybutyrate

HSL hormone-sensitive lipase

IGR insulin glucose ratio

IVGTT intravenous glucose tolerance test

k-value glucose elimination rate

LPL lipoprotein lipase

mHS mitochondrial 3-hydroxy-3-methylglutary CoA synthetase

NEFA nonesterified fatty acids

SCOT succinyl CoA: 3-ketoacetic CoA transferase
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The aim of this trial was to evaluate the pancreatic
insulin response and the peripheral insulin sensitivity
during late pregnancy in ewes with probably different
risks attributable to breed, age, and nutritional state of
being affected by PT, and in ewes with this metabolic
disorder.

Materials and Methods

In accordance with the German Animal Welfare Legislation,

the animal tests included in this study were reported to the dis-

trict government of Hannover, Lower Saxony, Germany (refer-

ence number: 33-42502–05/928).

Experimental Animals

The study was carried out on 5 ewes of different breeds suffer-

ing from PT, on 7 German Blackheaded Mutton (GBM) ewes,

and on 5 Finnish Landrace (FL) ewes during late pregnancy

(Table 1). GBM ewes are recognized as being highly susceptible

to PT.12 In the years 2007–2011, 47.1% of the ewes with PT

admitted to the Clinic for Small Ruminants were GBM pure- or

cross-bred ewes, while 31% of all sheep treated in the clinic dur-

ing this period belonged to this breed. In contrast to the GBM

breed, no cases of PT have been documented in pure-bred ewes

of the highly reproductive13 FL breed. All GBM and FL ewes

were in good physical condition and healthy at the beginning of

the investigation according to clinical examination and labora-

tory diagnostics (hematology, clinical chemistry). The diagnosis

of “PT” depended on the clinical signs, weakness, depression,

and anorexia during late pregnancy in combination with severe

hyperketonemia. In this trial, the initial plasma b-HB concentra-

tion was on average 5.8 � 1.0 mmol/L in the ketotic ewes. Only

ewes suffering from primary PT, according to clinical and labora-

tory examination, were subjected to the study. All ketotic ewes

survived until parturition, but 4 of the ewes died within

1–21 days after lambing. Concomitant laboratory findings in the

ketotic ewes were increased activities of the creatine kinase in

serum of 4 ewes and slight hypocalcaemia in 3 ewes. The activity

of the liver enzyme glutamate dehydrogenase (GLDH) was

enhanced slightly (21 IU/L) in one and severely (143 IU/L) in a

second case compared with the reference value of 2–12 IU/L.14

The latter ewe died 1 day postpartum because of liver rupture as

a consequence of severe liver lipidosis. Necropsy of the other per-

ished ewes revealed acute septicemia accompanied by slight lipi-

dosis and slight leukocyte infiltration of the liver in 1 case. The

cause of death in the remaining 2 ewes could not be identified

and—because of histopathology—the livers of these ewes as well

as the kidneys of all perished ketotic ewes were inconspicuous.

Irrespective of breed and body weight (BW), the GBM and

FL ewes received a diet consisting of 500 g hay, 3 kg grass silage,

and 300 g of mineralized concentrate daily. The resulting daily

energy intake per sheep was approximately 21.1 MJ of metaboliz-

able energy (ME). Because of this feeding regime, the FL ewes

were moderately overnourished, whereas the GBM ewes were

slightly underfed (Table 1). The ketotic ewes were fed on hay or

grass silage, concentrate, and mineral premixes of different manu-

facturers at their origin farms. According to the owners‘ informa-

tion, none of these ewes received an individual diet. Water was

available ad libitum for all animals.

The GBM and FL ewes were kept in groups of four in a barn

fitted with slatted flooring at the Friedrich-Loeffler-Institute,

Neustadt, Germany. The ketotic ewes were housed on straw in

single boxes at the Clinic for Small Ruminants, University of

Veterinary Science, Hannover, Germany.

The experimental animals were divided into 3 groups; PT (=
pregnancy toxemia), HR (= high risk), and LR (= low risk) ewes.

According to the known predisposing factors responsible for

susceptibility to PT (breed, age, dietary inadequacies), the HR

group consisted of the older, slightly underfed GBM ewes. The

young, moderately overnourished FL ewes represented the LR

group.

Experimental Procedure

Intravenous Glucose Tolerance Tests (IVGTTs). The pancre-

atic insulin release and the peripheral insulin sensitivity were

determined by the IVGTT. Retrospectively, the IVGTTs took

place 4.6 � 1.5 days antepartum (a.p.) in the PT ewes,

10.6 � 2.3 days a.p. in the HR ewes, and 15.3 � 4.5 days a.p. in

the LR ewes. Because of this experimental design, it was con-

cluded that the hormones of gestation and parturition which con-

tribute to insulin resistance (ie, progesterone, cortisol, estrogens,

prolactin15) were on a similar level in all 3 groups.16 After an

overnight fast, an indwelling cannula (Vygon€ule T G 16a) was

inserted into the jugular vein at 08:30 h. After a 30-min rest,

1 mmol glucose/kg BW was administered to the ewes as a sterile

40% solutionb within 1 min. The glucose dosage of 1 mmol/kg

BW was used because the assumed maximum plasma glucose

concentrations during the IVGTT should not exceed the renal

glucose threshold of 10 mmol/L.17 Blood samples were collected

10 and 1 min before the glucose injection with heparinized tubes

(Li-Heparin Monovette Sarstedtc). These samples were pooled

Table 1. Characteristics and reproductive performance of the experimental ewes.

Experimental Group

PT “Pregnancy Toxemia” HR “High Risk” LR “Low Risk”

Breed German Blackheaded Mutton (n = 3)

Merino Landrace (n=1)
Hornless Heath Sheep (n = 1)

German Blackheaded Mutton (n = 7) Finnish Landrace (n = 5)

Age 3–7 yearsab 4.5–6.5 yearsa 2.5 yearsb

Body weight 74.5 (45–102.5) kgab 100.3 � 4.3 kga 65.6 � 2.4 kgb

Nutritional status [14]** unknown undernourished by 4% overnourished by 13%

Lambs born to each ewe* 2.2 � 0.2a 2.0 � 0.3a 2.6 � 0.6a

Absolute offspring weight 9.9 � 0.7 kga 10.0 � 0.8 kga 7.1 � 1.3 kga

Relative offspring weight 10.9 � 0.7%a 11.8 � 1.0%a 12.7 � 2.5%a

**The energy supply to the HR and LR ewes was calculated according to Kamphues et al.47

*In the HR and LR ewes, all lambs were born alive. This was only the case in 2 of the PT ewes.

Values without common superscript letters are significantly different (P < .05).
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for determining the baseline value. Further blood samples were

taken 5, 10, 15, 20, 30, 40, 50, 60, 80, 100, 120, 150, 180, 210,

and 240 min after glucose administration. Samples were immedi-

ately chilled on ice and centrifuged for 10 min at 2000 9 g and

4°C within 1 hour. Plasma was separated and stored at �20°C
until further analyses.

Biochemical Analyses

Plasma concentrations of glucose were assayed by means of

the hexokinase method by the commercially available

Gluco-quant Glucose/HK test kit.d The intra-assay coefficient of

variance (CV) of the test was 4.5% while the interassay CV was

6.0%.

Plasma insulin concentrations were determined by the Coat-A-

Count Insulin RIA kit with human insulin as standard and anti-

body-coated tubes.e The intra-assay CV of the insulin RIA was

1.4%, and the interassay CV 5.1%.

Concentrations of nonesterified fatty acids (NEFA) in the

ewes plasma were analyzed by the enzymatic color test kit NEFA

C ACS-ACOD,f which has recently been demonstrated to repre-

sent an appropriate method for determining NEFA levels in

ovine plasma.18 The intra-assay CV and the interassay CV were

1.8% and 6.8%, respectively. The recovery in diluted pool

plasma ranged between 90.9 � 0.4% (1 : 8 dilution) and

98.1 � 2.1% (1 : 2 dilution).

Plasma concentrations of D-b-HB were measured by the D-b-
HB-dehydrogenase method described by Williamson and Mel-

lanby.19 The intra-assay CV and the interassay CV of this proce-

dure were 12.6 and 15.6%, respectively.

In preliminary assays in the HR and LR ewes, the plasma

NEFA and b-HB started to decrease 30 minutes after glucose

administration. Therefore, in the LR and HR ewes, both parame-

ters were measured only before and 5, 10, 30, 50, 60, 80, and

240 minutes after the glucose challenge.

Calculations

To compare the glucose tolerance among the PT, HR, and LR

ewes, the areas under the glucose curves (AUCglucose) were calcu-

lated as described previously.20 Furthermore, the maximum per-

centage increase in the plasma glucose concentration attributable

to glucose administration and the glucose elimination rates

(k-value) was evaluated as previously described.21

To determine the insulin secretion during the IVGTT, the

maximum plasma insulin values were normalized for baseline lev-

els and the areas under the curves (AUCinsulin) and peaks

(AUPinsulin) were calculated. The AUP was defined as the differ-

ence between the AUC and the area under the baseline (baseline

insulin concentration*240 min).

To evaluate the potency of glucose as insulin secretagogue, the

insulin-glucose ratio (IGR) was calculated. The IGR reveals the

amount of insulin secreted by the stimulus of 1 mmol plasma

glucose. The total IGR was defined as the area under the IGR

curve (AUCIGR).

To estimate the effect of insulin on NEFA and

b-HB metabolism, the percentage decreases of both parameters

after the glucose challenge were estimated in relation to the base-

line (ie, the plasma NEFA and b-HB levels before glucose admin-

istration) values.

Statistics

Results are expressed as means and standard errors (SEM).

Statistical analyses were carried out by SigmaStat 3.0.g Data were

checked for normal distribution by means of the Kolmogoroff-

Smirnoff test. Insulin and b-HB data had to be log-transformed

to achieve normal distribution. Baseline concentrations were

compared with postglucose application levels by one-way analysis

of variance with repeated measures (ANOVA) in each experimen-

tal group to evaluate changes of the plasma metabolite and insu-

lin values caused by the glucose challenge. To compare the PT,

HR, and LR ewes, the calculated describing parameters (mini-

mum, maximum, final concentrations, AUC, AUP, k-value, per-

centage increase and decrease) were compared by means of the

one-way ANOVA and—if the ANOVA yielded a significant dif-

ference among the 3 groups—a subsequent Tukey test. The sig-

nificance level was set at P < .05 in all statistical tests.

Results

Reproductive Performance

Ewes in both risk groups exhibited a similar repro-
ductive performance with regard to the average num-
ber of lambs born alive, and the absolute and relative
offspring weight. In the PT group, only the lambs of 2
ewes were born alive. Nevertheless, the number of
lambs born to each PT ewe as well as the correspond-
ing absolute and relative offspring weights did not dif-
fer significantly from those in the HR and LR groups
(Table 1).

Plasma Glucose Concentrations

The baseline plasma glucose concentrations of
3.3 � 0.8 mmol/L (PT ewes), 2.0 � 0.2 mmol/L (HR
ewes), and 2.5 � 0.2 mmol/L (LR ewes) did not differ
significantly among the 3 groups. The intravenous glu-
cose administration increased the plasma glucose
concentrations 3 to 3.5 fold in both risk groups and in
the PT ewes in a similar manner (Fig 1). The glucose
utilization—according to comparable AUCsglucose and
similar glucose elimination rates (PT ewes: 10.7 � 1.1,
HR ewes: 13.2 � 1.6, LR ewes: 15.3 � 3.7)—also did
not differ among the 3 groups (Fig 1).

Plasma Insulin Concentrations

For the ewes in all groups, the insulin secretion pro-
files were characterized by large interindividual varia-
tion. Thus, the baseline plasma insulin concentrations
did not differ significantly between the experimental
groups. After glucose administration, the maximum
log-transformed plasma insulin concentration was sig-
nificantly higher in the LR compared with the HR
ewes (Fig 2A). When the plasma insulin concentrations
were normalized to baseline values, the maximum log-
transformed plasma insulin concentration was signifi-
cantly higher as well as the AUPinsulin being larger
(P < .05) in the LR than in the PT and HR ewes
(Fig 2B).

Insulin-Glucose Ratio (IGR)

The IGR data (Fig 3) paralleled the plasma insulin
concentrations. During the IVGTT, the log-trans-
formed maximum IGR was significantly higher in the
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LR than in the HR ewes. Comparing the LR and PT
ewes, the maximum IGR was not higher in the LR
than in the PT ewes (P = .089) (Fig 3).

Plasma NEFA Concentrations

In the ewes of all groups, plasma NEFA values
decreased significantly after glucose administration.
The percentage decrease in the plasma NEFA concen-
trations after the glucose challenge was comparable
between the HR and LR ewes, although the HR ewes
exhibited significantly higher baseline NEFA values
than the LR ewes (Fig 4A). In the PT ewes, the per-
centage plasma NEFA values 30 minutes after the
glucose application were significantly higher compared
with the HR and LR ewes, indicating a delayed NEFA
clearance (Fig 4B).

Plasma b-HB Concentrations

Significantly higher baseline b-HB concentrations
were recorded in the PT ewes than in the ewes of the
other groups (Fig 5A). During the IVGTT, the b-HB
concentrations did not decrease significantly in the time
period 30–80 minutes after the glucose challenge in the
HR and PT ewes. As a consequence, the b-HB clearance
during this gestational stage, ie, the percentage decrease
in the b-HB concentrations 30–60 minutes after glucose
administration, was significantly lower in the HR and in
the PT ewes than in the LR sheep (Fig 5B).

Discussion

The objective of the present trial was to evaluate
pancreatic insulin release and peripheral insulin sensi-
tivity in ewes affected by PT (PT group) and in ewes
with high risk of being affected by this disease (HR
group). The main results were impaired pancreatic
first-phase insulin response and abrogated b-HB elimi-
nation after intravenous glucose administration in the
PT and HR ewes. The implication of these results on

insulin resistance and its role in the pathogenesis of
PT has to be discussed.

Insulin-Dependent Glucose Utilization

Early stages of noninsulin-dependent diabetes mell-
itus (NIDDM) and impaired glucose tolerance in
humans are characterized by reduced first-phase insulin
secretion after a glucose challenge.22 In the present
experiment, the PT and the HR ewes exhibited a lower
first-phase insulin response to glucose and—in the HR
ewes—an impaired IGR in contrast to the LR sheep.
Thus, the responsiveness of the endocrine pancreas to
glucose was impaired in the HR and in the PT ewes.
However, neither the HR nor the hyperketonemic PT
ewes exhibited impaired glucose tolerance. This finding
in the PT ewes corresponds well with findings in

Fig 1. Mean (� SEM) plasma glucose concentrations during

late pregnancy in ewes suffering from pregnancy toxemia (PT: ;

n = 5), and in ewes with high (HR: , n = 7) and low risk (LR:

, n = 5) of being affected by pregnancy toxemia after a bolus

glucose injection (1 mmol/kg BW).

Fig 2. Mean (� SEM) log-transformed total plasma insulin con-

centrations (Fig 2A) and insulin levels normalized for baseline

concentrations (Fig 2B) during late pregnancy in ewes suffering

from pregnancy toxemia (PT: ; n = 5), and in ewes with high

(HR: , n = 7) and low risk (LR: , n = 5) of being affected by

pregnancy toxemia after a bolus glucose injection (1 mmol/kg

BW). AUP: area under the peak. = significantly higher log-

transformed plasma insulin concentration in the LR than in the

HR. / = significantly higher log-transformed plasma insulin

concentration in the LR than in the HR and PT ewes.
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hyperketonemic ewes because of the infusion of a
DL-b-HB sodium salt racemate, which exhibited the
same glucose utilization as normoketonemic ewes.23 It
has been established that the growing fetal-placental
unit accounts for approximately 40% of the glucose
disposal in ewes during late pregnancy.24 The transpla-
cental glucose transport is mediated by the insulin-
independent glucose transporters (GLUT) 1 and 3,25

whereas the insulin-dependent GLUT4 is predomi-
nantly located in skeletal muscle and in adipose
tissue.7 The methodical procedure of the IVGTT is not
suitable for differentiating between the insulin-depen-
dent and the insulin-independent glucose utilization.

Thus, it appears likely that the peripheral insulin
sensitivity was impaired in the PT and HR ewes, but
this might have been masked by the increased
insulin-independent fetal glucose uptake. Taking into
account the reduced first-phase pancreatic insulin
response, we assume insulin resistance in the PT and
HR ewes, thus showing characteristics of early stages
of NIDDM.26

Insulin Sensitivity with Regard to Lipolysis and
Ketone Body Metabolism

Baseline lipolysis was significantly increased in the
HR, but not in the PT ewes, compared with the LR
group. These findings indicate higher demands for
metabolic adaptations to late pregnancy in the HR
compared with the LR ewes.

In all experimental groups, the plasma NEFA
concentrations significantly decreased after glucose
administration. Similar results were already reported in
nonpregnant27–29 and pregnant ewes28,30 after intravenous
glucose administrations and during euglycemic hyperinsu-
linemic clamp tests. Compared with the HR and LR ewes,
the decrease in the plasma NEFA values after glucose
administration was delayed in the PT ewes (Fig 4B). The
decline of the plasma NEFA concentrations during the
IVGTT probably relies on the inhibition of the hormone-
sensitive lipase (HSL) in adipocytes10,31 and the activation
of the lipoprotein lipase (LPL) in skeletal muscle and
adipose tissue,32 by insulin which is secreted because of the
glucose stimulus. Thus, the delayed NEFA clearance in
the PT ewes may have been the consequence of an
impaired responsiveness of these enzymes to insulin.

Fig 3. Mean (� SEM) log-transformed insulin-glucose ratios

during late pregnancy in ewes suffering from pregnancy toxemia

(PT: ; n = 5), and in ewes with high (HR: , n = 7) and low

risk (LR: , n = 5) of being affected by pregnancy toxemia after

a bolus glucose injection (1 mmol/kg BW). = significantly

higher IGR in the LR than in the HR ewes.

Fig 4. Baseline plasma concentrations (median, minimum, maxi-

mum, and lower and upper quantile) of nonesterified fatty acids

(NEFA; Fig 4A) and percentage decrements (mean � SEM) of

the plasma NEFA levels (Fig 4B) during late pregnancy in ewes

suffering from pregnancy toxemia (PT: ; n = 5), and in ewes

with high (HR: , n = 7) and low risk (LR: , n = 5) of being

affected by pregnancy toxemia after a bolus glucose injection

(1 mmol/kg BW). = significantly higher baseline plasma NEFA

concentration in the HR than in the LR ewes. / = significantly

higher percentage plasma NEFA concentration in the PT than in

the LR and HR ewes.

Fig 5. Baseline plasma concentrations (median, minimum, maxi-

mum, and lower and upper quantile) of b-hydroxybutyrate
(b-HB; Fig 5B) and percentage decrements (mean � SEM) of the

plasma b-HB levels (Fig 5B) during late pregnancy in ewes suf-

fering from pregnancy toxemia (PT: ; n = 5), and in ewes with

high (HR: , n = 7) and low risk (LR: , n = 5) of being

affected by pregnancy toxemia after a bolus glucose injection

(1 mmol/kg BW). / = significantly higher baseline plasma b-
HB concentration in the PT than in the HR and LR ewes. /

= significantly higher percentage b-HB concentrations in the

HR and PT than in the LR ewes. = significantly higher per-

centage b-HB concentrations in the PT than in the LR ewes.
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In contrast to the LR ewes, the plasma b-HB levels
did not decrease at all after glucose administration in
the HR and in the PT ewes (Fig 5B). This may be
attributed to increased ketone body formation or to
impaired ketone body utilization. The rate of ketogen-
esis depends on the activities of 3 key enzymes33: the
adipocyte HSL; the hepatocyte acetyl CoA carboxyl-
ase; and the hepatic mitochondrial 3-hydroxy-3-meth-
ylglutaryl CoA synthase (mHS). Insulin inhibits the
HSL and the mHS and stimulates the acetyl CoA car-
boxylase, thereby decreasing the rate of ketogenesis
(for review see11). The HSL and the acetoacyl CoA
carboxylase are dephosphorylated, while the mHS is
inhibited by down regulation of the enzyme expression
as a consequence of the insulin action.34 These con-
trasting ways of enzyme regulation may recruit differ-
ent postinsulin receptor signal cascades. It appears
possible that the signal pathway contributing to the
mHS inhibition, but not to the HSL and acetoacyl
CoA carboxylase regulation, was disturbed in the HR
and PT ewes. This resulted in an intact, albeit some-
what delayed in PT ewes, antilipolytic, but abrogated
antiketogenic insulin effect. Nevertheless, only in the
PT ewes did the baseline plasma b-HB values during
late pregnancy exceed the reference value of 1.6 mmol/
L35 and the baseline concentrations in the LR and HR
ewes. It has been demonstrated that the activity of the
succinyl CoA: 3-ketoacetic CoA transferase (SCOT)—
representing one of the key enzymes of ketolysis—is
reduced when plasma b-HB levels exceed 5 mmol/L,36

as recorded in the PT ewes in the present trial. More-
over, impaired ketone body disposal in ewes during
different gestational stages with plasma b-HB concen-
trations of 5–7 mmol/L because of the infusion of
DL-b-HB has been reported.37 Thus, the increased
baseline plasma b-HB values in the PT ewes may be
the consequence of an impaired insulin-dependent
control of the ketogenesis on one hand, and a reduced
ketolysis on the other hand; whereas in the HR ewes,
only the control of the ketone body formation was
disturbed. A 2nd explanation for the dramatically
increased baseline b-HB concentrations in the PT may
be higher activities of the insulin-counteracting hor-
mones.11 For example, in ewes suffering from PT,
higher cortisol insulin ratios have been reported than
in healthy pregnant ewes.38 Finally, liver failure may
have contributed to the enhanced ketogenesis in the
PT ewes. As postulated previously,23 initial hypoglyce-
mia may have stimulated a vicious circle, including
increased gluconeogenesis, impaired NEFA oxidation,
enhanced lipolysis, and ketogenesis. Nevertheless, only
one of the PT ewes showed severely increased GLDH
activity and severe liver lipidosis. Thus, the role of
liver failure in the pathogenesis of PT could not be
evaluated in this trial.

Possible Reasons for the Different Insulin
Sensitivities between the Experimental Groups

The ewes in the 3 groups differed to a greater or lesser
extent with regard to breed, age, and energy intake

(Table 1). All 3 differences might have contributed to
the different insulin sensitivities. The LR ewes were
moderately overnourished during the last 4 weeks of
pregnancy, which may have resulted in moderate obes-
ity. Higher pancreatic insulin secretion and impaired
glucose tolerance have been reported in distinctly39 and
moderately40 obese sheep after overfeeding for
1–2 years. In humans, prolonged obesity and peripheral
insulin resistance are accompanied by increased NEFA
concentrations.41 In the present experiment, the LR
ewes showed neither impaired glucose tolerance nor ele-
vated lipolysis and ketogenesis. Thus, it appears likely
that the period of overnourishment in the LR ewes dur-
ing the present trial was too short to influence the insu-
lin action. On the other hand, the HR ewes were
slightly underfed during late pregnancy. Pregnant and
nonpregnant ewes, fed 50% of their energy require-
ments, exhibited elevated plasma NEFA concentra-
tions30 and decreased plasma glucose levels, while the
insulin values were unaffected.42 In a 2nd study,
decreased plasma insulin values were recorded in ewes,
which were fed 90% of their energy requirements during
late pregnancy, compared with ewes that received an
overnourishment of 10%.43 Finally, in nonpregnant
sheep, an energy supply of 18% lower than the require-
ments resulted in decreased plasma insulin levels, but in
enhanced insulin sensitivity.44 Taking these findings into
account, it appears possible that the increased baseline
plasma NEFA values, but not the insulin resistance
regarding the ketone body disposal in the HR ewes,
were caused by mild malnutrition. The energy supply to
the PT ewes could not be evaluated. Thus, a possible
influence of under- or overnutrition in the development
of PT in this experimental group could not be assessed.

A 2nd important difference was the age of the ewes in
the experimental groups. Fuel utilization and baseline
and total energy expenditure were reported to decrease
in older humans,45 as well as the total energy expendi-
ture in older sheep.46 In this study, the HR ewes were
significantly older than the LR ewes. Thus, the insulin
resistance of the HR ewes may have been caused by the
age difference between the HR and LR ewes.

Finally, the recorded insulin resistance in the HR
and PT ewes may have been caused by the breeds. The
high susceptibility of GBM to PT was documented
earlier.12 In the PT group too, the GBM ewes were the
predominant breed. In summary, it appears likely that
the impaired insulin sensitivity observed in the HR
and PT ewes throughout the present experiment was
breed-dependent and may explain the high risk of this
breed being affected by PT.

Conclusion

The results of this study indicate a NIDDM-like
impaired insulin-dependent inhibition of the ketone
body formation in the HR and PT ewes, which might
be a predisposing factor for PT. Further scientific
work is needed to elucidate (1) whether this insulin
resistance was breed-dependent or because of differ-
ences in age and energy supply and (2) the final inci-
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dence, responsible for the clinical manifestation of PT
in ewes susceptible to this metabolic disorder.

Footnotes

a Vygon Co., Aachen, Germany
b B. Braun Inc., Melsungen, Germany
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d Roche Diagnostics Co., Mannheim, Germany
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f Wako Chemicals Co., Neuss, Germany
g SPSS Inc., Chicago, IL
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