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Plasma concentrations of key metabolites and insulin
in late-pregnant ewes carrying 1 to 5 fetuses
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ABSTRACT: Ewes bearing more than 1 fetus are
more susceptible to pregnancy toxemia than those
with a single fetus. Crossbreeding programs in Israel
increased the occurrences of ewes bearing more than
2 fetuses; therefore, the aim was to assess the exacer-
bation in the metabolic status of ewes pregnant with
several fetuses. Fifty ewes, genetically developed to
achieve multiple-fetus pregnancies, were monitored,
on average, from d 115 of pregnancy until lambing
for plasma concentrations of several key metabolites
and insulin. The numbers of fetuses were examined by
ultrasonography at 35 d of pregnancy. Blood samples
were collected weekly, and concentrations of glucose,
B-hydroxybutyrate (BHBA), NEFA, triglycerides, cho-
lesterol, total calcium, and insulin were determined.
The average litter size was 2.75 (£1.1), and 1 (1F), 2
(2F), 3 (3F), and 4 or more (4F) fetuses were conceived,
respectively, by 6 (12%), 17 (34%), 14 (28%), and 13
(26%) ewes. Total birth weights of lambs were 6.1, 9.5,
12.7, and 15.0 kg for 1F, 2F, 3F, and 4F, respectively
(P < 0.001). Plasma glucose concentrations in 1F were
greater than those in 3F and 4F (P < 0.05) and were
similar among 2F, 3F, and 4F. Trends toward increas-
ing plasma concentrations of BHBA and NEFA were
observed as the number of fetuses increased and also as
lambing approached. Plasma concentrations of BHBA

and NEFA were, respectively, 3.7 (P < 0.002) and 2.1
(P < 0.001) times as great in 4F ewes as in 1F ewes.
Trends toward decreased concentrations of triglycerides
and cholesterol were observed as litter size increased.
Insulin concentrations in blood decreased considerably
as the numbers of fetuses increased and, on average,
they were less by a factor of 5 in the 4F ewes than in
the 1F ewes (P < 0.001). Moreover, insulin concentra-
tions during the week before lambing were extremely
low (e.g., 0.54 pIU/mL in the 4F ewes). Insulin con-
centrations were reduced in ewes bearing >3 fetuses,
even 5 wk before lambing; this decline apparently be-
gan earlier than the last month of gestation. Therefore,
it seems that insulin has a pivotal role in the etiology of
pregnancy ketonemia in ewes carrying multiple fetuses.
The present findings may suggest that the decline in
insulin concentrations that apparently occurs in the
earlier stages of pregnancy represents a homeorhetic
control to spare glucose for the brains and fetoplacen-
tal units of the dams. The results clearly demonstrate
the increased susceptibility to pregnancy toxemia of
ewes carrying multiple fetuses. Appropriate nutritional
strategies should be developed for ewes that conceive
>3 fetuses, to meet the increased nutritional require-
ments of the fetoplacental unit.
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INTRODUCTION

Pregnancy toxemia is the most frequent metabolic
disorder of late-pregnancy ewes carrying more than 1
fetus (Henze et al., 1998; Sargison, 2007) and is a major
cause of economic loss to the sheep industry (Scott et
al., 1995). The frequency of pregnancy toxemia in ewes
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with a litter size of <2 is 0.005, whereas that in ewes
with >3 fetuses is 0.19 (Zamir et al., 2009). About 60%
of fetal growth takes place in the last part of gestation
(Twardock et al., 1973), when approximately 33 to 36%
of the circulating glucose of the ewe is directed into the
fetoplacental unit (Hay et al., 1983).

The etiology of pregnancy toxemia in ewes is not
completely clear. As lambing approaches, there is a
decline in plasma glucose concentration, but the de-
crease is relatively modest compared with the increases
in concentrations of ketone bodies (Henze et al., 1998).
Schlumbohm and Harmeyer (2004) found that induced
hyperketonemia suppressed endogenous glucose pro-
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duction; therefore, the authors recognized hyperketo-
nemia as a causative factor in the development of preg-
nancy toxemia.

As the number of fetuses increases, the metabolic
demands of the gravid uterus increase and thereby af-
fect the profile of maternal plasma metabolites. Only
very limited information is available on the through-
pregnancy metabolic profiles of ewes carrying 3, 4, or
5 fetuses. Generally, the symptoms of pregnancy tox-
emia and other metabolic failure occur during the last
weeks of pregnancy in ewes carrying >3 fetuses; there-
fore, we hypothesize that during this period (the last 4
to 5 wk of gestation), there are gradual but dramatic
changes in several key metabolites. To better define
the metabolic needs of multiple-fetus ewes during late
pregnancy, the objectives of the present study were
to examine the association between carrying various
numbers of fetuses, and plasma concentrations of glu-
cose, 3-hydroxybutyrate (BHBA), NEFA, triglycerides
(TG), cholesterol, total calcium, and insulin hormone.

MATERIALS AND METHODS

The Volcani Center Animal Care Committee ap-
proved all the procedures involving animals in the pres-
ent study.

Animals

The data in this study were derived from 50 mul-
tiparous Afec-Assaf ewes bred in the experimental flock
at the Volcani Center, Bet Dagan, Israel. The prolific
Afec-Assaf strain was developed by introgression of the
B allele of the FecB (Booroola) locus to the Assaf breed
(Gootwine et al., 2008). Ewes in the present study were
bred in a few clusters from mid-November through mid-
December and lambed from early the following April
through mid-May (i.e., the spring season in Israel).

The flock was kept in open sheds under nondairy
management, and pregnancy and litter size were deter-
mined on d 35 of gestation by transabdominal ultraso-
nography (Pie Medical, Maastricht, the Netherlands).
All ewes were kept in 1 pen and group-fed the same
diet. During the first 120 d of pregnancy, ewes were fed
daily with an average of 0.44 kg of grain mix (contain-
ing 14% protein, and ME at 1.6 Mcal/kg of DM), 0.52
kg of corn silage, and 1.34 kg of good-quality oat hay
(DM basis). During the last month of gestation, the
ewes were fed daily with an average of 0.66 kg of grain
mix, 0.35 kg of corn silage, and 1.34 kg of good-quality
oat hay (DM basis). Diets were formulated for ewes
weighing 70 kg and carrying 3 fetuses, according to
NRC recommendations (NRC, 1985).

At lambing, the number of lambs born and the num-
ber of those born alive were recorded. Birth weights of
lambs were recorded within a few hours after lambing.
Gestation length for each ewe was deduced from mating
and lambing records.

Blood Sampling

Each week, from d 115 of pregnancy on average and
until lambing, at 0700 h (i.e., before feeding), blood
samples (10 mL) were taken from a jugular vein into
vacuum tubes (Becton Dickinson Systems, Cowley,
UK). Additional blood samples (6 mL) were collected
into tubes containing lithium chloride and L-iodoace-
tate (BD Vacutainer, Belliver Industrial Estate, Plym-
outh, UK) for glucose analysis. Blood samples were
centrifuged immediately after the last sample collection
(about 1 h from the first blood collection) at 3,000 x ¢
for 20 min at room temperature, and plasma was stored
at —18°C pending analysis.

Chemical Analysis

Plasma NEFA concentrations were determined with
a NEFA C Test Kit (Wako Chemicals GmbH, Neuss,
Germany). The intra- and interassay CV for the NEFA
assay were 6.9 and 6.1%, respectively. Plasma insulin
was determined by RIA (Diagnostic Products, Los An-
geles, CA). The intra- and interassay CV for the insulin
assay were 6.9 and 4.9%, respectively.

Plasma glucose was determined with a liquid glu-
cose reagent set (Pointe Scientific Inc., Canton, MI)
that used 2 enzymatic reactions with hexokinase and
glucose-6-phosphate dehydrogenase to generate a UV
emission that was correlated with the sample glucose
concentration; the samples were examined at 340 nm
with an optical density reader (Sunrise, Tecan, Aus-
tria), and results were calibrated against known glucose
concentrations. The intra- and interassay CV for the
glucose assay were 2.6 and 2.2%, respectively.

Cholesterol concentrations were determined with a
liquid cholesterol reagent set (Pointe Scientific Inc.)
that used 3 enzymatic reactions with cholesterol es-
terase, cholesterol oxidase, and peroxidase to generate
a UV emission that was correlated with the sample
cholesterol concentration; the samples were examined
at 500 nm with an optical density reader, and results
were calibrated against known cholesterol concentra-
tions. The intra- and interassay CV for the cholesterol
assay were 0.7 and 0.8%, respectively.

Triglyceride concentrations were determined with a
liquid TG reagent set (Pointe Scientific Inc.) that used
4 enzymatic reactions with lipase, glycerol kinase, glyc-
erol phosphate oxidase, and peroxidase to generate a
UV emission that was correlated with the sample TG
concentration; the samples were examined at 500 nm
with an optical density reader, and results were cali-
brated against known TG concentrations. The intra-
and interassay CV for the TG assay were 1.8 and 1.9%,
respectively.

Plasma calcium concentrations were examined with
a Konelab analyzer (Thermo Clinical Labsystems, Van-
taa, Finland) by a method based on measuring the UV
emission of the highly colored complex formed by cal-
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Figure 1. Temporal changes in glucose (a), B-hydroxybutyrate
(BHBA; b), and NEFA (c) concentrations in plasma during the last 5
wk of gestation in ewes carrying 1 (A; 1F), 2 (l; 2F), 3 (A; 3F), and
>4 (0O; 4F) fetuses. The pooled SEM values were 1.78 mg/dL, 1.61
mg/dL, and 62.04 pEq/L for glucose, BHBA, and NEFA, respectively.
The statistical analysis was performed for every week separately, and
the symbols used for the analysis each week were **P < 0.01 and *P
< 0.05.

cium and Arsenazo III, which was examined at 660 nm;
results were calibrated against known calcium concen-
trations. The intra- and interassay CV for the calcium
assay were 0.97 and 1.5%, respectively.

Plasma BHBA concentrations were determined with
a Ranbut D-3-Hydroxybutyrate Kit (Randox, Crum-
lin, UK), in which a reaction of 3-hydroxybutyrate

and dehydrogenase generated a UV emission that was
correlated with the sample BHBA concentration. The
samples were examined at 340 nm with an optical den-
sity reader, and results were calibrated against known
BHBA concentrations. The intra- and interassay CV
for the BHBA assay were 1.3 and 1.6%, respectively.

Statistical Analysis

Pregnancy length, litter size, lamb survival rate, BW,
and weekly plasma concentrations of glucose, BHBA,
NEFA, and insulin (Figures 1 and 2) were analyzed
with the GLM procedure (SAS Inst. Inc., Cary, NC);
the model included the effect of parity. The final model
used was

Yix = p + LS + Py + ey

where Yj; is the dependent variable, p is the overall
mean, LS; is the litter size effect (i = 1 to 4), P; is the
parity, and ey is the random residual error.

Concentrations of metabolites and insulin in plasma
during the entire study period were analyzed as repeat-
ed measurements by using the PROC MIXED proce-
dure of SAS. The AR 1 (autoregressive order 1) was
used as a covariance structure in the model. The effects
of litter size, week before lambing, and their interaction
were tested. The final model used was

Yijklm - }L + LSI + P] + E(LS X P)l]k + WBLijkl —
week before lambing + (LS x WBL)y + €jjm»

where Y, is the dependent variable, p is the overall
mean, LS, is the litter size effect (i = 1 to 4), P; is the
parity, E(LS x P); is ewes k nested in litter size group
i and ewes nested in parity j, WBL;;, is the week before
lambing as a continuous variable (1 = —5 to —1); (LS x
WBL); is litter size i x WBL 1, and ey, is the random
residual error.

The PROC REG procedure of SAS was used for ana-
lyzing the correlation between BHBA and NEFA con-
centrations in plasma. The analysis was done on the
means of each individual. Only ewes with at least 2 par-
allel BHBA and NEFA were included in the analysis.
Least squares means and adjusted SEM are presented
in Tables 1 and 2; P < 0.05 was accepted as significant
unless otherwise stated, and tendencies were reported
at 0.05 < P < 0.10.

RESULTS

The average litter size for all ewes (n = 50) was 2.75
+ 1.1; of the 50 ewes, 6 (12%), 17 (34%), 14 (28%), 10
(20%), and 3 (6%), respectively, conceived 1 (1F), 2
(2F), 3 (3F), or 4 or 5 fetuses (4F; Table 1). Perinatal
lamb mortality increased as the number of lambs born
increased (Table 1); 20% of the lambs in the 4F group
died, compared with 0% in the 1F group (P < 0.01).
The average birth weight of the lambs decreased from
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Table 1. Pregnancy length, number of fetuses, and lamb birth weight according to litter size

No. of fetuses

Ttem 1 2 3 4 5 SEM P-value
No. of ewes 6 17 14 10 3

Pregnancy length, d 146.6™ 145.1% 144.8" 146.9° 146.0™ 0.64 <0.007
Litter size born alive, No. 0.97¢ 1.95° 2.66" 3.08" 4.31° 0.23 <0.007
Lamb survival rate, % 98.8" 97.5" 88.8" 78.7 86.0° 1.04 <0.03
Total litter weight, kg 6.1¢ 9.5° 12.7° 15.0* 15.4* 0.66 <0.04
Average lamb BW, kg 6.1" 4.8" 4.2 3.7 3.0° 0.40 <0.01

*MWithin rows, means with different superscripts are statistically different.

6.1 kg in 1F litters to 3.5 kg in 4F litters (P < 0.001;
Table 1); however, no significant differences were ob-
served between 2F and 3F litters (P > 0.13), and the
average birth weight in 4F litters tended to be lighter
than that in 3F litters (P < 0.09). Total litter weight
of lambs increased (P < 0.04) as the number of fetuses
increased, and it was 2.4 times greater (P < 0.001) in
the 4F group than in the 1F group (15.0 and 6.1 kg,
respectively).

Average plasma concentrations of metabolites and
insulin during the last 5 wk of pregnancy are presented
in Table 2. Glucose plasma concentrations were greater
in 1F ewes than in 3F and 4F ewes (P < 0.02; Table
2) and tended to be greater than those in 2F ewes (P
< 0.06); however, no significant differences (P > 0.44)
were observed between 3F and 4F ewes. No effects (P
> 0.20) of days in pregnancy (DIP; Figure 1a) or the
interaction of DIP X litter size on glucose concentra-
tions were observed.

Average plasma BHBA concentrations during the 5
wk before lambing were 3.7 times greater in 4F ewes
than in 1F ewes (P < 0.005; Table 2), but no signifi-
cant differences (P > 0.12) were observed between 1F
and 2F ewes, or between 3F and 4F ewes. The effect of
DIP was significant (P < 0.007), but no interaction was
observed. In F4 ewes, plasma BHBA concentrations in-
creased (P < 0.03) from 6.1 mg/dL in wk —5 to 17.6
mg/dL in wk —1 (2.9 fold; Figure 1b).

Very similarly to BHBA, plasma NEFA concentra-
tions were 2.1 times greater in 4F ewes than in the 1F
ewes (P < 0.001; Table 2), and no significant differ-
ences in NEFA concentrations were observed between
1F and 2F ewes, or between 3F and 4F ewes (P < 0.14).
The effect of DIP was significant (P < 0.003; Figure
1c), but there was no interaction (P > 0.69) of DIP x
litter size. As shown in Figure lc, increases in NEFA
concentrations were prominent between wk —5 and —4,
but later, the rates of increase in NEFA concentrations
were moderate in all groups.

Triglyceride and cholesterol concentrations decreased
(P < 0.001) as the number of fetuses increased, and TG
concentrations in the 4F group were 42% greater than
those in the 1F group (P < 0.001; Table 2). In both
variables (TG and cholesterol), the effect of DIP was
significant (P < 0.01 and P < 0.007, respectively), but
no interaction (P > 0.21 and P > 0.68, respectively) of
DIP x litter size was observed.

Plasma total calcium concentrations were greater in
1F ewes than in all other groups (P < 0.009; Table
2), whereas no differences (P > 0.78) were observed
between 3F and 4F ewes. The effect of DIP and the
interaction of DIP X litter size were not significant (P
> 0.17 and P > 0.93, respectively).

Plasma insulin concentrations were 5.1 times greater
in 1F than in 4F ewes (P < 0.001; Table 2). However,
no significant differences (P > 0.12) were observed be-

Table 2. Metabolites and insulin plasma concentrations during late pregnancy in ewes that conceived various

numbers of fetuses

No. of fetuses P-value?
Item' 1 2 3 >4 SEM LS DIP LS x DIP
No. of ewes 6 17 14 13
Glucose, mg/dL 51.5° 48.4% 46.8" 44.7° 1.78 <0.01 <0.20 <0.40
BHBA, mg/dL 3.2 5.1° 10.4" 11.9" 1.61 <0.002 <0.007 <0.14
NEFA, pEq/L 418.8" 567.0" 754.6" 875.1" 62.04 <0.001 <0.003 <0.69
TG, mg/dL 42.9" 31.4" 26.6" 23.2° 2.34 <0.001 <0.01 <0.21
Cholesterol, mg/dL 88.5" 74.2" 76.3" 70.4 3.90 <0.05 <0.007 <0.68
Calcium, mg/dL 10.6* 10.1% 9.8° 9.9" 0.12 <0.003 <0.17 <0.93
Insulin, pIU/mL 15.2* 9.0 7.1 3.0° 2.08 <0.01 <0.001 <0.001

““Within rows, means with different superscripts are statistically different, P < 0.05.

'"BHBA = B-hydroxybutyrate; TG = triglycerides.
’LS = litter size; DIP = days in pregnancy.
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Figure 2. Temporal changes in insulin concentrations in plasma
during the last 5 wk of gestation in ewes carrying 1 (A; 1F), 2 (M
2F), 3 (a; 3F), and >4 (O; 4F) fetuses. The pooled SEM value was
2.08 pIU/mL. The statistical analysis was performed for every week
separately, and the symbols used for the analysis each week were **P
< 0.01 and *P < 0.05.

tween 1F and 2F ewes, or between 3F and 4F ewes. The
effect of DIP was significant (Figure 2; P < 0.001), as
was the interaction of DIP x litter size (P < 0.001).
There was a decline (P < 0.01) in insulin concentra-
tions in all groups from wk —5 to —4 that continued
until wk —3 in the 2F and 3F groups. However, the de-
cline in plasma insulin concentrations in the 4F group
continued until the last week of pregnancy and reached
very small concentrations before lambing in these ewes.

DISCUSSION

In the present study, we demonstrated the increased
susceptibility of ewes carrying multiple fetuses to hy-
perketonemia, which is the main indicator of pregnancy
toxemia. We also showed that insulin plasma concen-
trations were reduced in ewes bearing more than 3 fe-
tuses, and in the last week, they averaged 0.54 pIU/mL
in this group.

Although the present study used a small sample, the
decline in lamb survival with increasing litter size is
consistent with the findings of large studies that inves-
tigated the association between litter size and mortality
of lambs (Kleemann and Walker, 2005; Gootwine et al.,
2008). In the present study, the average birth weight of
lambs decreased as litter size increased (6.1 and 3.5 kg
for the 1F and 4F groups, respectively). Lighter BW
was associated with greater mortality in born lambs
(Gootwine et al., 2007), which was also demonstrated
in the present study (1.2 and 20.4% in the 1F and 4F
groups, respectively). Nutrition appears to be the most
critical factor in placental and fetal growth (Igwebui-
ke, 2010), and the limitations in growth found in large
litters might be related to a deficiency in supplies of
nutrients and metabolites, similar to the observed low
availability of glucose in ewes pregnant with multiple
fetuses in the present study. The maternal-fetal gradi-
ent drives maternal glucose into the fetus, and if this
gradient decreases because of either maternal hypogly-

cemia, as found in the present study, or because of fetal
hyperglycemia, the flux of glucose into the umbilical
circulation decreases (Battaglia and Meschia, 1988).
This pattern of maternal-fetal glucose regulation ap-
parently should protect the brain of the ewe from a
glucose shortage in case of hypoglycemia of the dam.
Moreover, the available glucose would be distributed
among more fetuses in a multiple-fetus pregnancy so
that each fetus would receive fewer energy resources
than those in a pregnancy with 1 or 2 fetuses. These
changes in metabolite availability might impair intra-
uterine growth, which would lead to reduced BW at
birth and increase the perinatal mortality rate.

A trend was observed toward decreasing glucose
concentrations with increasing litter size; surprisingly,
however, concentrations were not significantly different
among 2F, 3F, and 4F ewes. Moreover, the decrease
in glucose concentration was relatively moderate com-
pared with the increases in BHBA concentrations.
These results are consistent with those of other studies,
in which glucose concentrations were not especially re-
duced in ewes considered hyperketonemic (Henze et al.,
1998; Kulcsér et al., 2006). Henze et al. (1998) found
that only 40% of ewes with spontaneous pregnancy
toxemia exhibited hypoglycemia on d 1 of the disease,
whereas 40% showed normoglycemia and 20% hyper-
glycemia. Moreover, Henze et al. (1998) also found that
glucose concentrations on the last day before death in
ewes that died of pregnancy toxemia were not differ-
ent from those in the ewes that survived. On the other
hand, Scott et al. (1995) reported that plasma glucose
concentrations in ewes that exhibited clinical signs of
pregnancy toxemia were about 50% of those in nor-
mal ewes. It was suggested that insufficient glucostasis
regulation might be responsible for the increased varia-
tion in glucose concentrations, rather than inadequate
gluconeogenesis (Henze et al., 1998).

In the present study, concentrations of BHBA in
plasma were greater as the number of lambs increased,
as reported in other studies as well (Varnam et al.,
1978; Harmeyer and Schlumbohm, 2006). Ketone bod-
ies might be used as an alternative energy source for
many tissues, including the placenta; however, although
maternal ketonemia of multiple-fetus pregnancies was
accompanied by increased uterine uptake of BHBA, no
considerable amount of BHBA was transported to the
fetus, so ketone bodies then become an important en-
ergy source for the placenta, but not for the fetuses
(Battaglia and Meschia, 1988). Furthermore, Harmeyer
and Schlumbohm (2006) demonstrated that BHBA uti-
lization was reduced in the late-gestation ewe and that
this reduction was greater in twin- than in single-bear-
ing ewes, which led to increased plasma BHBA concen-
trations. Accordingly, it is plausible that the reduction
in BHBA utilization might be greater in 3F and 4F ewes
than in 1F and 2F ewes, which could explain the large
difference in plasma BHBA concentrations between the
latter and the former ewes: 3.2 and 11.9 mg/mL in
1F and 4F ewes, respectively. Collectively, it could be
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concluded that the greater BHBA concentrations in the
plasma of ewes carrying multiple fetuses might be at-
tributed to increased production of BHBA in the liver,
but also by underutilization of BHBA in these ewes, as
was suggested by Harmeyer and Schlumbohm, (2006).

Endogenous glucose production in pregnant ewes was
also found to be depressed by BHBA, with no effect on
glucose utilization (Schlumbohm and Harmeyer, 2004).
However, as mentioned above, in the present study the
magnitude of decrease in glucose concentrations was
relatively moderate compared with the magnitude of
increase in BHBA. Moreover, the decreases in glucose
concentrations of the dams in multiple-fetus pregnan-
cies might be related to other factors, such as increased
uptake of glucose by the fetuses, rather than to sup-
pressed glucose synthesis. The incapability of fetuses
to utilize BHBA as an energy source and the suppress-
ing effect of BHBA on endogenous glucose production
exacerbate the energy deficiency of fetuses and lead to
accumulation of BHBA in the blood of late-gestation
ewes.

Average NEFA concentrations in the blood were
greater as litter size increased and also showed an up-
ward trend as lambing approached. The increases in
NEFA concentration in pregnant ewes and transition
cows are due to increased mobilization of long-chain
fatty acids from adipose tissues (Bergman, 1971). In 2
studies in which hyperketonemia was induced in sheep,
NEFA concentrations decreased as BHBA concentra-
tions increased (Heitmann and Fernandez, 1986; Har-
meyer and Schlumbohm, 2006). In the present study,
however, plasma NEFA concentrations increased in
parallel with the increases in BHBA in all groups of
ewes, except for the 1F group. Moreover, across-group
analysis showed that NEFA and BHBA concentra-
tions in plasma were positively correlated (r = 0.81).
It might be that induced short-term hyperketonemia in
experimental studies (Heitmann and Fernandez, 1986;
Harmeyer and Schlumbohm, 2006) is different from
that associated with naturally prolonged energy short-
ages, in which spontaneous, long-term hyperketonemia
elicits adaptation of the metabolic system to energy
deficiency, which leads to increases in NEFA concen-
trations rather than to a decrease, as in short-term in-
duced hyperketonemia.

Ewes bearing more than 3 fetuses exhibited less
blood calcium than those with 1 or 2 fetuses. Preg-
nancy toxemia in most cases has been accompanied by
hypocalcemia. In a study by Schlumbohm and Harmey-
er (2003), induced hypocalcemia in combination with
normoketonemia or hyperketonemia elicited reduced
endogenous glucose production. In the present study,
however, the decreases in calcium concentrations were
relatively moderate, and in all groups, they were within
the physiological concentrations, although the BHBA
concentrations increased dramatically. It was suggested
by Schlumbohm and Harmeyer (2003) that hypocalce-
mia does not greatly reduce glucose turnover and might
not result in pregnancy toxemia, but that it imposes

additional metabolic stress on the glucose homeostasis
system; this might be the case in ewes bearing >2 fe-
tuses in the present study.

Plasma insulin concentrations diminished as litter
size increased, and during the last week of pregnancy,
they were extremely low in 4F ewes (e.g., averaged 0.54
pIU/mL). The decrease in insulin concentrations with
increasing litter size has been reported in other stud-
ies as well (Henze et al., 1998; Kulcsér et al., 2006).
The decline in plasma concentration of insulin, which
is a lipogenic hormone, triggers lipolysis of the adi-
pose tissue, which, in turn, results in increased plasma
NEFA concentrations (Brockman and Laarveld, 1985).
Nonesterified fatty acids originally are mobilized from
adipose tissues and infiltrate the liver, mainly for mito-
chondrial oxidation processes. Incomplete oxidation of
NEFA in the liver promotes the production of ketone
bodies, and indeed, as mentioned above, the correlation
between plasma BHBA and NEFA concentrations in
the present study was positive and significant. Plasma
insulin concentrations in the 4F ewes were about 25%
of those in 1F ewes as early as 5 wk before lambing
(4.4 vs. 17.6). Although this was not addressed in the
present study, it is plausible to hypothesize that the re-
duction in insulin concentrations in this group started
earlier than the last month of gestation and might pre-
cede other detrimental metabolic processes.

In the present study, NEFA concentrations increased
during the last 5 wk of pregnancy; however, NEFA con-
centrations in the 4F group reached a plateau in wk
—4 and remained constant until lambing. Moreover,
insulin concentrations decreased to very low concentra-
tions in 4F ewes, whereas BHBA concentrations were
increased until lambing. It might be that the decrease
in insulin concentration occurred early in pregnancy
as a response to nutrition deficiency, but also as a ho-
meorhetic control to save glucose for the brain and fe-
tuses of the dam, but a side effect was mobilization of
adipose tissue, which starts in the early stages of preg-
nancy. Accordingly, it also might be that the absence of
an increase in NEFA concentration in 4F ewes during
late pregnancy was due to a depletion of body reserves
as a result of the massive mobilization earlier than the
last month of gestation.

In general, epitheliochorial placentas are relatively
less permeable to FFA than hemochorial placentas
(Battaglia and Meschia, 1988), which means that the
fetuses could not utilize NEFA originating from adipose
tissues of the dam as an energy source. Furthermore,
the fetuses could not utilize ketone bodies as a fuel
source, and ketone body utilization is impaired in cases
of pregnancy toxemia (Harmeyer and Schlumbohm,
2006). Collectively, it seems that reduced insulin con-
centrations, which apparently start to appear earlier
than the last month of gestation, lead to adipose tis-
sue lipolysis, which elicits increased concentrations of
NEFA and, consequently, of BHBA in the blood of the
ewes. Neither of these metabolites could be utilized to
provide energy for fetuses; therefore, they accumulated
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in the plasma of the pregnant ewe. Increases in these
metabolites might elicit other detrimental effects that
exacerbate the metabolic status of the ewe, such as de-
pression of intake or of endogenous synthesis of glucose
(Schlumbohm and Harmeyer, 2004). The present find-
ings may suggest that the decline in insulin concentra-
tions that apparently occurs in the early stages of preg-
nancy represents a kind of homeorhetic regulation that
is a pivotal role in the etiology of pregnancy toxemia. It
seems that reduced insulin concentrations lead to a se-
quence of metabolic events that lead to ketonemia and
pregnancy toxemia in multiple-fetus gestations.

In conclusion, in the present study we have exam-
ined, for the first time, the concentrations of a few key
metabolites in late-pregnancy Afec-Assaf 4F ewes. Dra-
matic changes in BHBA and insulin concentrations in
ewes bearing >3 fetuses were observed. The decrease
in glucose concentrations as litter size increased was
relatively moderate compared with changes in BHBA
and insulin concentrations. Insulin concentrations in
ewes bearing >3 fetuses were decreased even at 5 wk
before lambing, and it might be that the decline in in-
sulin concentration started earlier than the last month
of pregnancy as a response to nutrition deficiency, but
also as a homeorhetic regulation to spare glucose for
the brains and fetoplacental units of the dams. There-
fore, we hypothesize that the decrease in insulin con-
centrations, followed by a sequence of metabolic events,
has a pivotal role in the etiology of metabolic disorders
in ewes pregnant with multiple fetuses. Exceptional nu-
tritional strategies should be developed to cope with
the increased demand for nutrients exhibited by the fe-
toplacental unit in ewes pregnant with multiple fetuses.
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