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ABSTRACT

Nutrition in fetal and postnatal life can influence the
development of several biological systems, with perma-
nent effects in adult life. The aim of this work was to
investigate in dairy sheep whether diets rich in starch or
fiber during intrauterine life (75 d before lambing) and
postnatal life (from weaning to first pregnancy; growth
phase) program glucose and insulin metabolism in the
female offspring during their first pregnancy. Starting
from intrauterine life, 20 nulliparous Sarda ewes were
exposed to 4 dietary regimens (n = 5 per group) based
on different dietary carbohydrates during their intra-
uterine life and their subsequent growth phase: (1) the
fiber (FI) diet during both intrauterine and growth life,
(2) the starch (ST) diet during both intrauterine and
growth life, (3) the FI diet in intrauterine life followed
by the ST diet in the growth phase, and (4) the ST diet
in intrauterine life followed by the FI diet in the growth
phase. After the end of the growth phase, all growing
ewes were fed the same diet and naturally mated. When
ewes were pregnant, on average at 124 + 2 d of gesta-
tion they were challenged with an intravenous glucose
tolerance test, and peripheral concentrations of glucose
and insulin were determined. Basal insulin concentra-
tions were higher in ewes exposed to the ST diet (0.97
pg/L) than in ewes exposed to the FI diet (0.52 pg/L)
in intrauterine life. After glucose infusion, glucose and
insulin concentrations were not affected by intrauterine
diet. Insulin resistance, determined by the homeostasis
model assessment, was affected by the intrauterine X
growth phases interaction. Insulin sensitivity, assessed
by the quantitative insulin check index, was lower in
ewes exposed to the ST diet than in those exposed to
the FI diet in intrauterine life (ST = 0.28; FI = 0.30).
Diet in growth life had no effect on glucose and insulin
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metabolism. In conclusion, starchy diets offered during
intrauterine life but not during postnatal life increased
basal insulin level and lowered insulin sensitivity during
the first pregnancy. Nutritional strategies of metabolic
programming should consider that exposure to starchy
diets in late fetal life might favor the programming of
dietary nutrient partitioning toward organs with high
requirements, such as the gravid uterus or the mam-
mary gland.
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INTRODUCTION

The early life environment plays an important role in
the long-term health of individuals, specifically acting
on development, physiological regulation, and incidence
of disease in adult mammals (Barker, 2007; Cottrell
and Ozanne, 2008). Evidence from both animal and
human studies indicates that environmental and nutri-
tional stimuli occurring before birth can permanently
program physiological systems due to the high plastic-
ity of the developing fetus (Cottrell and Ozanne, 2008;
Symonds et al., 2009; Paliy et al., 2014). Specifically,
the exposure to imbalanced diets (e.g., undernutri-
tion, overnutrition, excess dietary fat) in fetal life and
postnatal life seems to be associated with higher risk
of developing insulin resistance, low insulin sensitivity,
lower glucose tolerance, and altered lipid and glucose
metabolism in humans (Ravelli et al., 1998), mono-
gastric animals (George et al., 2009; Coverdale et al.,
2015), and ruminants (Kenyon and Blair, 2014; Parlee
and MacDougald, 2014; Khanal and Nielsen, 2017).

In ruminants, the development of low insulin sen-
sitivity decreases the biological response to insulin in
sensitive tissues, such as the muscle and isolated adipo-
cytes (Kahn, 1978; Baumgard et al., 2017). Low insulin
sensitivity and other signaling mechanisms not clearly
defined (McFadden and Rico, 2019) allow constant nu-
trient partitioning toward the fetus or the mammary
gland (Bauman and Currie, 1980; Aschenbach et al.,
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2010). Thus, impaired insulin metabolism induced by
pre- and postnatal nutrition levels could have a central
role in peripheral nutrient uptake, directly affecting
nutrient partitioning and production performance in
adulthood (Symonds et al., 2009; Kenyon and Blair,
2014; Khanal and Nielsen, 2017). Among ruminants,
the sheep model has been used to study effects of
maternal nutrition during the periconceptional period
(Todd et al., 2009; Long et al., 2010), early and mid
gestation (Ford et al., 2007), or late fetal life (Hus-
ted et al., 2008) on offspring performance and glucose
metabolism (Khanal and Nielsen, 2017). However, all
of these studies focused on nutritional level or daily
energy balance of the mothers rather than the dietary
nutritional components. Indeed, little information is
available on the effects of dietary carbohydrates offered
in pregnancy on the development and modulation of
glucose metabolism. Mossa et al. (2018) showed that
maternal diets rich in starch can positively affect re-
productive development of male lambs. Furthermore,
previous studies in lactating dairy sheep demonstrated
that carbohydrate sources (high digestible fiber vs.
starch) might influence energy partitioning during mid
lactation (Bovera et al., 2004; Cannas et al., 2013), fa-
voring milk synthesis and opposing body fat deposition
(Lunesu, 2016; Lunesu et al., 2017). Conversely, goats
(Lunesu, 2016) and dairy cows (Ipharraguerre et al.,
2002) showed a lower sensitivity to starchy diets in mid
lactation, probably due to the effects of animal breed-
ing on milk synthesis drivers (Peel and Bauman, 1987;
Accorsi et al., 2005; Pulina et al., 2007). In addition,
sheep seem to be more prone than dairy cattle to use
acetate as an energy source to spare glucose for the
mammary gland and the uterus (Pethick and Lindsay,
1982; Cannas et al., 2002). Thus, the peculiarity of
sheep suggests exploring in this species the peripheral
sensitivity induced by the response to different dietary
carbohydrates in intrauterine and postnatal life.

The intravenous glucose tolerance test (IVGTT) is
frequently used to assess insulin sensitivity because it
reflects total body glucose metabolism and insulin secre-
tion after the injection of an intravenous glucose bolus
(De Koster and Opsomer, 2013; De Koster et al., 2017).
In this study, we tested the hypothesis that different
dietary carbohydrates during fetal life and the growth
phase in female lambs may affect glucose metabolism
during their first gestation. The specific objective of
this study was to expose dairy ewes to diets rich in
starch or high digestible fiber during both intrauterine
life and postnatal life (from weaning to first lambing)
and to test the potential effects on their glucose and
insulin metabolism in late gestation.
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MATERIALS AND METHODS
Experimental Groups and Animal Procedures

The experiment was conducted on a commercial
farm located in northwest Sardinia (Sassari, Italy;
40°48'41.4"N, 8°17'50.7"E). All procedures involv-
ing animals were fully in compliance with Directive
2010/63/EU of the European Parliament (2010) and
Italian regulations (DPR 27/1/1992, Animal Protec-
tion Regulations of Italy) on animal welfare and ex-
perimentation.

Twenty nulliparous Sarda ewes were selected from a
larger group of sheep to be challenged with an IVGTT
at 124 £+ 2 d of their first gestation (23 4+ 2 d before
lambing; mean + SD). Ewes were selected among those
pregnant with a single fetus, having homogeneous BCS
(mean + SD, 2.95 4+ 0.06) and BW (mean + SD, 49.15
+ 0.66 kg), and in respect to their nutritional history
during their late fetal life (intrauterine phase) and
growth phase (from 15 d after birth to their first gesta-
tion). The experimental design is described in Figure 1.

Nutritional history during intrauterine life was asso-
ciated with the diet of their mothers. Diets and animal
procedures of the dams were previously described in
Mossa et al. (2018). Briefly, dams were naturally mated
and pregnancy was diagnosed via transabdominal ul-
trasonography (MyLabOneVet, Esaote, Genoa, Italy)
approximately 25 d after the introduction of rams in
the flock. Pregnant dams were fed the assigned diet
(starch, ST, or fiber, FI) 3 times per day (0930, 1530,
and 1930 h) for approximately the last 75 d of preg-
nancy. Experimental diets were defined as more gluco-
genic or lipogenic based on their carbohydrate source
(van Knegsel et al., 2007). The ST diet contained corn
and barley starch, a glucogenic substrate, because its
fermentation produces propionate at the rumen level,
which in turn is converted into glucose in the liver.
In contrast, the FI diet was rich in high digestible in-
soluble fiber (NDF) and soluble fiber (pectins) from
soyhulls. These can be considered lipogenic substrates
because their fermentation produces mainly acetate, a
precursor of body and milk fatty acids.

The mean (£ SD) BW and BCS of the dams were
484 + 1.0 kg of BW and 2.74 + 0.13, respectively,
before the start of the different dietary regimens and
58.6 + 1.4 kg of BW and 2.67 + 0.16, respectively,
at parturition. There were no significant differences
among ST and FI dams (P > 0.05).

Lamb weight at birth was also similar among groups
(3.53 £ 0.38 kg; P > 0.10). After birth, nutritional
history was associated with the growth phase, which
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Figure 1. Graphical representation of the experimental design adopted for intravenous glucose tolerance test (IVGTT) during the first
pregnancy of the offspring. Ewes were exposed to diets based on different prevalent dietary carbohydrates (fiber, FI, or starch, ST) during the
last 75 d of their intrauterine life and from 15 d after birth until their first gestation (growth period), resulting in 4 dietary regimens until the
IVGTT (n = 5 per group): FI-FI = FI diet during both intrauterine and growth life; FI-ST = FI diet in intrauterine life followed by the ST diet
in the growth phase; ST-FI = ST diet in intrauterine life followed by the FI diet in the growth phase; ST-ST = ST diet during both intrauterine

and growth life.

lasted 8 mo. Specifically, lambs suckled milk from their
mothers until they were 60 d old and had access to
the commercial concentrate used in the growth diets
from when they were 15 d old. After lambing, all of the
mothers were fed a diet that included a mix of ST and
FI diets. From 15 d after birth to the end of their first
gestation, female lambs from the 2 groups of mothers
were assigned to 2 dietary groups (ST or FI diets).
The assigned dietary concentrate was offered twice a
day (0800 and 1900 h) in individual headlocks. These
female lambs were naturally mated at approximately
300 d of age, and pregnancy was diagnosed via transab-
dominal ultrasonography (MyLabOneVet, Esaote) ap-
proximately 25 d after the introduction of rams in the
flock. Growth rate from birth to conception was equal
to 0.106 + 0.008 kg/d, and there were no significant
differences among the 4 groups (P > 0.10).

On the day of the IVGTT, the 20 nulliparous off-
spring belonged to 4 experimental treatments (n =
5 per group), which corresponded to 4 the dietary
regimens, as follows: (1) the FI diet during both the
intrauterine and growth phases (FI-FI), (2) the ST
diet during both the intrauterine and growth phases
(ST-ST), (3) the FI diet in intrauterine life followed
by the ST diet in the growth phase (FI-ST), and (4)
the ST diet in intrauterine life followed by the FI diet
in the growth phase (ST-FI).
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Dietary Regimens

During the experimental phases, animals were fed
a diet consisting of mixed hay (clover and ryegrass)
and pelleted experimental concentrates, with a forage:
concentrate ratio of 45:55% and 40:60% (DM basis)
for the intrauterine and growth phases, respectively.
Such concentrates were characterized by different
carbohydrate sources; the concentrate used in the ST
diet was glucogenic, being rich in starch from corn and
barley meals, whereas the concentrate used in the FI
diet was lipogenic, with low starch and high content
of fiber from soyhulls. The 2 experimental diets were
iso-proteic within periods, whereas between periods CP
was varied to meet protein requirements of the physi-
ological stages. The CP was lower (about 13% CP) in
intrauterine life and higher (16-17% CP on average)
in the growth phase (Table 1). The offered amount in
each phase and the ration balancing were calculated
using the Small Ruminant Nutrition System (Tedeschi
et al., 2010).

IVGTT

To study the long-term effect of exposure to differ-
ent dietary carbohydrates during fetal and growth life
on sheep glucose metabolism, the 20 offspring (n =
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Table 1. Chemical composition (% of DM unless noted) of the starch-
and fiber-based diets supplied during intrauterine and postnatal life
(growth period)

Intrauterine phase Growth phase

Ttem Fiber Starch Fiber Starch
DM, % as fed 88.0 88.6 88.0 88.0
CP 14.8 14.6 15.5 16.0
Ash 10.7 9.8 8.3 7.5
Ether extract 2.3 2.1 2.2 2.0
NDF 46.5 37.0 50.5 39.5
ADF 37.8 25.9 37.3 27.2
ADL 2.7 2.4 2.6 2.3
NFC! 31.7 42.4 29.5 40.9
Starch 10.7 26.7 9.8 25.5

ICalculated as NFC = 100 — CP — ash — NDF — ether extract.

5 per dietary treatment) were challenged during their
first gestation with an IVGTT, partially modifying
the procedure described by Morgante et al. (2012).
The offspring were deprived of feed 10 h before the
start and during the test. On the morning of the test,
sterile catheters were fitted in both jugular veins of
each ewe (14 G-cannula, Delta Med, Viadana, Italy).
Glucose (dextrose) at 0.5 g/kg of BW as a sterile, non-
pyrogenic 50% (wt/vol) solution (in 0.9% NaCl) was
infused via a jugular vein catheter. Blood was sampled
from the opposite jugular vein 15 min before glucose
infusion (—15) and 5, 10, 15, 30, 45, 90, and 180 min
after glucose infusion. Blood samples were collected in
evacuated tubes with lithium heparin (9 mL; Venosafe
VF-109SHL Lithium Heparin, Terumo Europe NV,
Leuven, Belgium) for plasma insulin determination and
glucose-NaF/NH (4 mL; Vacucheck, Nuova Aptaca
Srl, Canelli, Italy) for plasma glucose determination.
All blood samples were immediately centrifuged for 10
min at 1,500 x g at 4°C, and plasma was immediately
frozen and stored at —80°C until analysis.

Hormonal Analyses

Plasma glucose concentrations were determined using
a glucose oxidase-peroxidase method (Shenzen Mindray
Bio-Medical Electronics Co., Shenzen, China). Plasma
insulin concentrations were determined using an ovine-
specific commercial ELISA kit (Ovine Insulin ELISA,
Mercodia AB, Uppsala, Sweden) based on the direct
sandwich technique, in which 2 monoclonal antibodies
are directed against separate antigenic determinants on
the insulin molecule. For insulin (sensitivity = 0.025
pg/L), the intra- and interassay coefficients of variation
were 3.7 and 6.5%, respectively.

For glucose, the area under the curve (AUCgycose;
mg/dL x min) was calculated using a trapezoidal
summation method (linear and transformed logarith-
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mically). The glucose fractional turnover rate (k) was
calculated as glucose k (%/min) = 100 x {[In(glucose
T15) — In(glucose T45)]/(T45 — T15)}, where T15 =
time at +15 min and T45 = time at +45 min, whereas
the glucose half time (T1/2; the time required for glu-
cose concentration to decrease by half) was calculated
as glucose T1/2 (min) = 100 x (0.693/k) in accordance
with Zachut et al. (2013).

The insulin response was determined by AUC (AU-
Cinsulin; 1g/L X min; linear and transformed loga-
rithmically), insulin peak, and insulin increment (the
difference between insulin peak and basal insulin) in
accordance with Zachut et al. (2013). The insulin re-
sistance was estimated through a homeostasis model
assessment (HOMA), calculated as HOMA = [fasting
insulin (pIU/mL) x fasting glucose (mmol/L)]/22.5 in
accordance with Matthews et al. (1985), whereas the
insulin sensitivity was estimated through a quantitative
insulin check index (QUICKI), calculated as QUICKI
= 1/[log (fasting glucose, mg/dL) + log(fasting insulin,
pU/mL)] in accordance with Katz et al. (2000).

Chemical Analyses

Feed samples were analyzed for DM (after drying at
105°C for 24 h), for NDF, ADF, and ADL (using An-
kom filter bag equipment and including thermostable
amylases; Ankom Technology Corp., Fairport, NY; Van
Soest et al.,;1991), for CP (Kjeldahl method; AOAC
International, 2000; method 988.05), for ash (AOAC
International, 2000; method 942.05), and for ether ex-
tract (EE; AOAC International, 2005; method 920.39).
Starch was measured by polarimetry (Polax 2L, Atago,
Tokyo, Japan) according to European Commission
(1999). The NFC was calculated according to Weiss
(1999) as follows: NFC (g/kg of DM) = 100 — (NDF +
CP + ash + ether extract).

Statistical Analysis

Data on glucose and insulin concentration, glucose k,
and glucose T1/2 were analyzed using PROC MIXED
of SAS (version 9.0, SAS Institute Inc., Cary, NC)
accounting for repeated measurements. The model in-
cluded the fixed effect of the diets in the intrauterine
phase (2 levels: fiber and starch), the fixed effect of di-
ets in the growth phase (2 levels: fiber and starch), the
effect of time, and their interactions and the random
effect of animal. Data on QUICKI, HOMA, AUC,cose,
AUC,, ¢, insulin peak, and insulin increment were
analyzed using PROC GLM of SAS (version 9.0, SAS
Institute Inc.). The model included the fixed effect of
the diets in the intrauterine phase (2 levels: fiber and
starch), the fixed effect of diets in the growth phase (2
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Table 2. Mean baseline plasma glucose and insulin concentrations 15 min before and 180 min after the intravenous infusion of a glucose
(dextrose) solution at 0.5 g/kg of BW in 20 nulliparous ewes pregnant with a single fetus (d 124 £ 2 of gestation)

Group' Probability
Intrauterine Growth Intrauterine phase x

Ttem FI-FI FI-ST ST-FI ST-ST SEM phase phase Time growth phase X time
Glucose, mg/dL

—15 min 68.0 69.8 76.0 4.7 2.4 0.18 0.79 0.22 0.96

4180 min 72.3 73.5 86.8 78.7
Insulin, pg/L

—15 min 0.61" 0.55" 0.79* 1.37" 0.07 <0.01 0.57 0.11 0.07

+180 min 0.45" 0.46" 1.01* 0.81*

*"Means within a row with different superscripts are statistically different (P < 0.05).

"Ewes were exposed to diets based on different dietary carbohydrates (fiber, FI, or starch, ST) during the last 75 d of their intrauterine life
and from 15 d after birth to their first gestation (growth period), resulting in 4 dietary regimens (n = 5 per dietary regimen): FI-FI = FI diet
during both intrauterine and growth life; FI-ST = FI diet in intrauterine life followed by the ST diet in the growth phase; ST-FI = ST diet in

intrauterine life followed by the FI diet in the growth phase; ST-ST = ST diet during both intrauterine and growth life.

levels: fiber and starch), and their interactions. All data
were expressed as mean + standard error of the mean.
Means were separated using Tukey’s test. The accepted
level of significance was P < 0.05.

RESULTS

Baseline glucose concentrations (—15 min and +180
min after IVGTT) in pregnant offspring at d 124 +
2 of gestation were not affected by the carbohydrates
(starch vs. fiber) offered during the last 75 d of their in-
trauterine life and from weaning to their first gestation
(Table 2). On the contrary, baseline insulin concentra-
tion (—15 min and 4180 min) were higher (P = 0.0036;
Table 2) in pregnant offspring whose mothers received
the ST diet (0.97 pg/L) than in those fed the FI diet
(0.52 pg/L) during the last 75 d of their gestation
(intrauterine phase). Feeding regimens of the growth
phase did not affect basal insulin (Table 2).

o

Following glucose infusion (from +5 to +90 min),
glucose (Figure 2a and b) and insulin (Figure 3a and
b) concentrations increased but were not affected by
the diets offered in the intrauterine and growth phases
(P > 0.05). The pattern of glucose and insulin con-
centration during the IVGTT was different. Plasma
glucose concentrations (mg/dL) reached the peak (ST-
FI: 383.5 £ 7.23; FI-FI: 341.0 £ 24.5; FI-ST: 327.0 &+
56.3; ST-ST: 305.3 £ 68.6) 5 min after the infusion
and decreased until +180 min, when they returned to
the blood baseline concentrations (Figure 2a and b; ef-
fect of time P < 0.0001). Insulin concentrations (ug/L)
reached the peak earlier (P < 0.001) in FI-FI and ST-
FT offspring (1.80 + 0.40 and 2.22 + 0.62, respectively;
10 min postinfusion) compared with FI-ST and ST-ST
offspring (2.17 + 0.90 and 3.10 + 0.83, respectively; 15
and 30 min postinfusion; Figure 3a and b).

The marker of insulin resistance, HOMA , was affected
(P = 0.046) by the intrauterine x growth phases inter-

o

450 - 450 -
- i ——ST-FI —o—=ST-ST
400 4 ——FI-FI ——FI-ST 400 S ST-S
3 350 3 350
5 5
3, 300 = 300
E 250 E 250
[}
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Time relative to glucose infusion (min)

Time relative to glucose infusion (min)

Figure 2. Mean plasma glucose concentrations in response to the intravenous infusion of a glucose (dextrose) solution at 0.5 g/kg of BW
in 20 nulliparous ewes pregnant with a single fetus (d 124 4 2 of gestation). Ewes were exposed to diets based on different prevalent dietary
carbohydrates (fiber, FI, or starch, ST) during the last 75 d of their intrauterine life and from 15 d after birth to their first gestation (growth
period), resulting in 4 dietary regimens until the intravenous glucose tolerance test (n = 5 per group): FI-FI = FI diet during both intrauterine
and growth life; FI-ST = FI diet in intrauterine life followed by the ST diet in the growth phase; ST-FI = ST diet in intrauterine life followed
by the FI diet in the growth phase; ST-ST = ST diet during both intrauterine and growth life. Glucose concentrations varied with time (P <
0.0001) but were not influence by dietary carbohydrates during intrauterine or growth life. Error bars indicate SEM.
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Figure 3. Plasma insulin concentration in response to the intravenous infusion of a glucose (dextrose) solution at 0.5 g/kg of BW in 20 nul-
liparous ewes pregnant with a single fetus (d 124 + 2 of gestation). Ewes were exposed to diets based on different prevalent dietary carbohydrates
(fiber, FI, or starch, ST) during the last 75 d of their intrauterine life and from 15 d after birth to their first gestation (growth period), resulting
in 4 dietary regimens until the intravenous glucose tolerance test (n = 5 per group): FI-FI = FI diet during both intrauterine and growth life;
FI-ST = FI diet in intrauterine life followed by the ST diet in the growth phase; ST-FI = ST diet in intrauterine life followed by the FI diet in
the growth phase; ST-ST = ST diet during both intrauterine and growth life. The probability values for feeding strategies in the intrauterine
life were P < 0.01 at basal values and P > 0.05 after glucose infusion. The effect of feeding strategies during the growth phase was P > 0.05.

The effect of time was P < 0.0001. Error bars indicate SEM.

action; the offspring that received the ST diet in the
intrauterine phase and fed the same diet in the growth
phase (group ST-ST) exhibited higher values than the
offspring receiving the FI diet in the intrauterine phase
regardless of the growth diet (groups FI-FI and FI-ST;
Table 3). The QUICKI, an index of insulin sensitivity,
was significantly higher in the offspring fed FI (0.30)
than in those fed ST (0.28) diets in the intrauterine
phase (P = 0.0024; Table 3). The AUC 050y AUChinsutins
insulin peak, insulin increment (Table 3), glucose k, and
glucose T1/2 (Table 4) were not affected by the diets
offered in the intrauterine and growth phases. Glucose
k was affected by the effect of time (P = 0.048), which
was higher at +45 min (1.20%/min) than at +90 min
(0.78%/min; Table 4).

DISCUSSION

The most significant finding of the present study
is that offspring exposed to a maternal starch-based
diet offered during the last 75 d of gestation had in-
creased insulin baseline concentrations and insulin
resistance when measured postnatally during their
first pregnancy. Specifically, the starch diet during
intrauterine life increased basal insulin concentrations
and HOMA in pregnant nulliparous offspring, whereas
glucose concentrations, glucose tolerance (as assessed
with the area under the curve), and insulin tolerance
(as assessed with AUC;, i) were not affected. This is
particularly relevant because fetal adipose tissue is be-
lieved to develop and differentiate during the last part

Table 3. Area under the curve for glucose (AUC,,c050), homeostasis model assessment (HOMA), quantitative insulin check index (QUICKI) and
insulin response (peak insulin, insulin increment and area under the curve for insulin, AUC;,.,;,) in 20 nulliparous ewes pregnant with a single

fetus (d 124 £ 2 of gestation)

Group' Probability

Intrauterine  Growth Intrauterine x
Ttem FI-FI FI-ST ST-FI ST-ST SEM phase phase  growth phases
Linear AUCgthF, mg/dL X min 29,911 27,558 31,731 27,154 1,042 0.74 0.12 0.60
Log AUC, e, mg/dL x min 29,079 27,124 31,203 25,628 992 0.70 0.11 0.50
HOMA 4.79" 4.39 6.82" 11.95" 0.96 <0.01 0.08 <0.05
QUICKI 0.30" 0.30°" 0.28" 0.27 0.004 <0.01 0.68 0.11
Peak insulin, pg/L 1.94 2.80 2.40 3.47 0.34 0.19 0.43 0.88
Insulin increment, pg/L 1.41 1.90 1.90 2.38 0.31 0.48 0.48 0.99
Linear AUC g1, pg/L X min 228.45 330.20 239.63 348.65 35.6 0.18 0.84 0.96
Log AUCum pg/L x min 210.15 316.95 229.18 336.28 33.3 0.14 0.78 0.99

*"Means within a row with different superscripts differ (P < 0.05).

"Ewes were exposed to diets based on different dietary carbohydrates (fiber, FI, or starch, ST) during the last 75 d of their intrauterine life
and from 15 d after birth to their first gestation (growth period), resulting in 4 dietary regimens (n = 5 per dietary regimen): FI-FI = FI diet
during both intrauterine and growth life; FI-ST = FI diet in intrauterine life followed by the ST diet in the growth phase; ST-FI = ST diet in
intrauterine life followed by the FI diet in the growth phase; ST-ST = ST diet during both intrauterine and growth life.
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of gestation (Symonds and Stephenson, 1999; Symonds
et al., 2009; Nielsen et al., 2016). In fact, Khanal and
Nielsen (2017) observed that both prenatal overnutri-
tion (150% of energy and 110% of protein requirements)
and undernutrition (50% of energy and protein require-
ments) during late pregnancy led to changes in fat
deposition patterns in adolescent offspring (~6 mo of
age). Undernourished lambs also showed an increased
number of a subpopulation of very small adipocytes
(<40-pm diameter) in subcutaneous fat (Khanal and
Nielsen, 2017). The same authors also stated that
late-gestation under- and overnutrition followed by
exposure to a high-fat diet in early postnatal life are
associated with markedly increased perirenal adipocyte
hypertrophy. These changes were also associated with
altered lipid accumulation in the liver and impaired
glucose-insulin homeostasis (lower insulin sensitivity
and increased compensatory levels of insulin secretion;
Khanal and Nielsen, 2017). Evidence from the same
sheep model suggested that early postnatal diets, but
not late-gestation diets, affected long-term mechanisms
of insulin action at muscle level; thus, observed effects
should involve other tissues (Hou et al., 2013). A nor-
mal compensatory action of pancreas insulin secretion
on glucose clearance with different late-gestation diets
was observed, whereas alteration of pancreatic com-
pensatory action on glucose regulation, lower glucose
clearance, and pancreatic fibrosis was associated with
high-fat diets offered in early postnatal life (Kongsted
et al., 2014). However, pancreatic functions for com-
plete insulin homeostasis are not clearly understood,
whereas insulin resistance in ruminant species has been
associated with impaired insulin binding to adipocytes
(Baumgard et al., 2016) more than with depression of
pancreatic functions (De Koster and Opsomer, 2013).
In the present study, following glucose infusion, blood
glucose concentrations increased as expected, reaching
their peak 5 min after the infusion. The highest glucose

concentrations (ST-FI: 383.5 mg/dL) were approxi-
mately 33% higher than those previously reported in
singleton pregnancies of Sarda ewes (Morgante et al.,
2012). The reason for this discrepancy is unclear. Fast-
ing time before IVGTT was similar between the present
study and that of Morgante et al. (2012), whereas it
was not possible to compare BW and days of pregnancy
between the 2 studies because they were not reported in
that study. The only noticeable difference was the ani-
mal age: these authors carried out the IVGTT in sheep
that were from 2 to 7 yr old, whereas we challenged
primiparous ewes. Thus, the difference in the response
to the IVGTT between the previous study performed
is Sarda sheep (Morgante et al., 2012) and the present
one could be due to differences in both the age and
stage of gestation of the ewes enrolled in the 2 trials.

Insulin release in the IVGTT showed a biphasic pat-
tern, similar to what occurs in humans (Katz et al.,
2000) and in accordance with what was previously ob-
served by Morgante et al. (2012) in nonpregnant Sarda
ewes challenged with IVGTT. As suggested by Caumo
and Luzi (2004), the insulin response to glucose infu-
sion usually shows a biphasic profile: acute in the first
phase, decrease until 10 min, and further increase until
30 min after glucose infusion. This is generally associ-
ated with a typical response to exposure of 3-cells to a
fast change in glucose concentrations, whereas it does
not occur under physiological conditions in animals not
exposed to external glucose infusion (Caumo and Luzi,
2004; Baumgard et al., 2016).

The highest basal insulin concentration observed
in offspring fed the ST diet in the intrauterine phase
can be considered an indicator of low insulin sensi-
tivity (Hoffman et al., 2016). This indication is also
confirmed by observed HOMA values (Table 3). Low
insulin sensitivity affects glucose uptake from insulin-
dependent peripheral tissues, such as adipocyte and
muscle cells (Sasaki, 2002), and it is characterized by a

Table 4. Glucose fractional turnover rate (k) and glucose half time (T1/2) at +45 and +90 min after the intravenous infusion of a glucose
(dextrose) solution at 0.5 g/kg of BW in 20 nulliparous ewes pregnant with a single fetus (d 124 £ 2 of gestation)

Group' Probability
Intrauterine Growth Intrauterine phase x

Item FI-FI FI-ST ST-FI ST-ST SEM phase phase Time growth phase x time
Glucose k, %/min

+45 min 1.52 0.85 0.95 1.50 0.10 0.59 0.76 <0.05 0.41

+90 min 0.64 0.76 0.78 1.02
Glucose T1/2, min

+45 min 60.93 112.16 74.42 46.63 33.37 0.40 0.69 0.17 0.28

+90 min 318.7 120.4 90.20 145.2

"Ewes were exposed to diets based on different dietary carbohydrates (fiber, FI, or starch, ST) during the last 75 d of their intrauterine life
and from 15 d after birth to their first gestation (growth period), resulting in 4 dietary regimens (n = 5 per dietary regimen): FI-FI = FI diet

during both intrauterine and growth life; FI-ST = FI diet in intrauterine life followed by the ST diet in the growth phase; ST-FI = ST diet in
intrauterine life followed by the FI diet in the growth phase; ST-ST = ST diet during both intrauterine and growth life.

Journal of Dairy Science Vol. 103 No. 10, 2020



Lunesu et al.: FETAL PROGRAMMING OF GLUCOSE METABOLISM IN EWES

reduced response to insulin (Soeters and Soeters, 2012)
at physiological insulin concentrations (De Koster and
Opsomer, 2013). Also, low insulin sensitivity is usually
reversible in ruminants; it is a temporary adaptation
to a specific physiological stage, such as gestation,
when blood glucose is directed toward the fetus or the
mammary gland, where glucose uptake is mediated via
insulin-independent pathways (Bell and Bauman, 1997;
De Koster and Opsomer, 2013; De Koster et al., 2017).

Alterations of glucose metabolism have been identified
as a negative consequence of maternal undernutrition.
Sheep have much higher nutrient requirements during
gestation compared with cattle and are consequently
exposed to a greater risk of undernutrition in preg-
nancy (Cannas et al., 2016). Evidence of the effects of
maternal under- and overnutrition on impaired glucose
metabolism of lambs and ewes was demonstrated in
previous studies. Indeed, sheep undernutrition during
early and mid gestation reduced postnatal growth and
glucose uptake and increased blood glucose and insulin
secretion, inducing a consequential altered adiposity
in male offspring (Ford et al., 2007). Severe maternal
undernutrition [60% of NRC (1992) requirements in the
last 31 d of gestation] increased basal insulin concen-
tration in their lambs (first 3 mo of age) compared
with control lambs (0.49 vs. 0.12 + 0.12; P = 0.01)
during a glucose tolerance test in sheep (Hoffman et
al., 2016). Thus, nutritional level and energy balance
can be considered fundamental in programming glu-
cose metabolism of the offspring. Similar effects were
attributed to lipogenic and obesogenic diets (from fat
sources) offered in the intrauterine phase or early in life
(Kongsted et al., 2014; Khanal et al., 2015; Khanal and
Nielsen, 2017). On the other hand, very scarce evidence
is available in relation to dietary or carbohydrate ef-
fects. The present work provides evidence of the posi-
tive effect of glucogenic carbohydrates on the alteration
of glucose metabolism in sheep. Alteration of glucose
metabolism due to fetal exposure to challenging meta-
bolic and environmental conditions has been related to
development of low insulin sensitivity in adipose tis-
sue of sheep (Khanal and Nielsen, 2017). We supposed
that constant and high exposure to glucose in this fetal
phase, a time of high susceptibility to metabolic pro-
gramming changes, could have induced a permanent
lowered response to glucose in the peripheral tissues.
This could be related to the basic role, which is more
important in sheep than in other dairy ruminants, of
acetate derived from fiber fermentation as an energetic
and precursor substrate (Pethick and Lindsay, 1982;
Cannas et al., 2002). Pethick and Lindsay (1982) ob-
served that (1) in sheep muscle the energy requirement
is largely covered by acetate independently from the
physiological stage; (2) homeostasis regulation results
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from the interaction of dietary nutrient intake and tis-
sue metabolism of acetate; and (3) the glucose utiliza-
tion rate by the udder with respect to the whole-body
glucose utilization rate may be lower in sheep than in
cows and goats, with acetate used as an energy source
for the mammary gland and possibly sparing glucose to
lactose production. Various experiments showed that
adult sheep are very sensitive to insulin action when
fed starchy diets in lactation, especially after the peak
of lactation, and thus are prone to accumulate body
reserves (a tissue with insulin receptors) and reduce
milk production (mammary gland is insulin indepen-
dent) in these feeding conditions (Cannas et al., 2002,
2013, 2016; Lunesu, 2016). Sheep are certainly more
sensitive to this mechanism than specialized dairy goats
(Lunesu, 2016) and likely dairy cows, possibly because
sheep underwent a limited genetic selection for milk
production compared with the other 2 dairy species
(Cannas et al., 2002). In this sense, the lowered insulin
sensitivity induced by the supply of a starchy diet in
intrauterine life might favor their nutrient partitioning
toward insulin-independent sites (fetus and mammary
gland) during their productive life.

In this study, the lack of differences in glucose con-
centration, AUC,jycose; and AUGC;, g, among groups was
not expected, especially for animals fed the ST diet in
the intrauterine phase, which received higher dietary
glucose precursors compared with the FI diet. It must
be noted that the glucose concentration curves dur-
ing IVGTT were very similar in all groups, whereas
insulin patterns differed among groups. This suggests
that in these animals a pancreatic secretion response
occurred during the IVGTT to modulate the blood
glucose concentration. Consequentially, the insulin re-
sponse occurred under different stimuli among groups,
and hyperinsulinemic patterns were observed for ewes
fed the ST diet in the intrauterine phase. This prob-
ably indicates an attempt to compensate for the tissue
sensitivity heightened by the physiological priority of
maintaining constant glucose homeostasis for the gravid
uterus (Husted et al., 2008). This conclusion is in line
with the findings of Kongsted et al. (2014) and Khanal
et al. (2015), who observed compensatory upregulation
of insulin secretion in animals with decreased periph-
eral insulin sensitivity due to maternal undernutrition
(Khanal and Nielsen, 2017).

In this physiological stage, it is difficult to discrimi-
nate glucose uptake from insulin-independent rather
than insulin-dependent organs, as previously observed
in pregnant ewes (Morgante et al., 2012; Duehlmeier et
al., 2013). Thus, data derived from the IVGTT should
be considered and interpreted differently in relation to
the physiological stages of the animals (De Koster et
al., 2017). To the best of our knowledge, no other stud-



Lunesu et al.: FETAL PROGRAMMING OF GLUCOSE METABOLISM IN EWES

ies have compared the effect of exposure to different
dietary carbohydrates in intrauterine life on glucose
and insulin metabolism in the adult progeny using di-
ets that fully covered their energy requirements. Only
one study on pregnant mares evaluated the effect of
high-starch diets on glucose and insulin metabolism in
their offspring at 5, 40, 80, and 160 d of age (George
et al., 2009). The authors observed the highest basal
glucose and insulin concentrations in the foals of mares
receiving high-starch diets during their pregnancy, as
observed in this study for basal insulin. It appears,
then, that starch-rich diets fed during the intrauterine
phase produce a sort of permanent low insulin sensi-
tivity in addition to that induced by the physiological
state of gestation.

We assessed a low insulin sensitivity in pregnant
adult offspring born to dams fed a starch diet. The use
of starchy diets during the intrauterine phase was still
effective in adulthood. The use of starchy diets during
intrauterine life could probably represent a way to favor
nutrient partitioning toward insulin-independent sites
(fetus and mammary gland). If more nutrients are par-
titioned toward the gravid uterus, greater development
of the placenta could be expected, with possible positive
effects also on the production of the placental lactogen
hormone, which increases mammary epithelium and
consequently favors milk production. Other positive ef-
fects might be expected, such as higher offspring weight
or lower lamb mortality rate. Conversely, considering
the broad literature on the negative effects of insulin
resistance on the development of metabolic disorders in
humans (Kahn et al., 2006; Cottrell and Ozanne, 2008)
and ruminants (Ji et al., 2012), the voluntary induction
of low insulin sensitivity should be carefully investi-
gated and tested for its long-term effects and possible
interactions with physiological status and body re-
serves. Potential risks have to be considered, especially
in overfed and overconditioned animals (De Koster et
al., 2015). It also might be useful to test whether lower
insulin sensitivity, induced by metabolic programming,
might allow the ewe to maintain the priority of nutrient
partitioning to the mammary gland during lactation to
extend its persistency, because altered insulin sensitiv-
ity favors energy partitioning to the udder in lactation
(De Koster and Opsomer, 2013; Baumgard et al., 2017).
Indeed, diets rich in highly digestible fiber sources fed
to ewes in mid lactation improved dairy sheep lacta-
tion persistency compared with starchy diets, probably
because they reduced the stimulation of insulin action
in a species very sensitive to it, thus favoring the mam-
mary gland (Cannas et al., 2013; Lunesu, 2016; Lunesu
et al., 2017). Should these speculations be supported
by evidence, the diets offered in late gestation may be
used to program glucose metabolism in the progeny,
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thus improving nutrient partitioning and milk yield in
dairy ewes. This would fit in animal husbandry the goal
of using fetal programming to improve production (Ke-
nyon and Blair, 2014) and to prevent adverse outcomes
for animal health during the most critical physiological
stages (Cottrell and Ozanne, 2008; Khanal and Nielsen,
2017).

CONCLUSIONS

This research explored the response to a glucose tol-
erance test carried out on pregnant nulliparous ewes
differing in the prevalent type of carbohydrates (starch
vs. highly digestible fiber) fed during the last 75 d of
their intrauterine life (i.e., fed to their mothers during
the last 75 d of pregnancy) and during their postnatal
life until their first pregnancy. The diet rich in starch
offered during the intrauterine life increased basal insu-
lin concentrations and induced a low insulin sensitivity
status during the subsequent first pregnancy, whereas
no effects were observed as a result of the feeding treat-
ments applied during the postnatal life. This is evidence
of dietary effects on fetal programming. Thus, the use
of starchy diets in the mothers during the intrauterine
life of their offspring may be used to modulate insu-
lin sensitivity of the adipose tissue and conveniently
implement fetal programming strategies of dairy ewes
(e.g., to partition more nutrients toward the fetus or
the mammary gland). However, additional studies are
required to confirm these observations, to evaluate the
optimal maternal nutritional plans to enhance meta-
bolic and productive performances of their offspring,
and to avoid negative effects on metabolic regulations.
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