Journal of
Animal Physiology and Animal Nutrition

DOI: 10.1111/jpn.12572

ORIGINAL ARTICLE

Intestinal development of bovine foetuses during gestation is
affected by foetal sex and maternal nutrition

T.R. S. Gionbelli', P. P. Rotta?, C. M. Veloso?, S. C. Valadares Filho?, B. C. Carvalho®, M. I. Marcondes?,
M. F. L. Ferreira?, J. V. F. Souza?, J. S. A. A. Santos?, L. C. Lacerda?, M. S. Duarte? and M. P. Gionbelli’

1 Department of Animal Sciences, Universidade Federal de Lavras, Lavras, Brazil
2 Department of Animal Sciences, Universidade Federal de Vigosa, Vigosa, Brazil, and
3 Embrapa Dairy Cattle, Brazilian Corporation of Agricultural Research, Coronel Pacheco, Brazil

Summary

We aimed to evaluate the effects of maternal nutrition (MN) and foetal sex on the intestinal development of
bovine foetuses throughout different days of gestation (DG). Forty-four multiparous, dry Holstein x Gyr cows
with average initial body weight of 480 £+ 10 kg were fed the same diet of either restricted feeding at 1.15% of
body weight (CO, n = 24) or fed ad libitum (overnourished, ON, n = 20). Six cows from CO group and five cows
from ON group were slaughtered at 139, 199, 241 and 268 DG, and foetuses were necropsied to evaluate the
intestinal development. The mass, length and density of foetal intestines were not affected by MN (p > 0.260).
An interaction between MN and DG was observed for the villi length of jejunum (p = 0.006) and ileum
(p < 0.001). Villi length of jejunum and ileum was higher (p < 0.10) in foetuses from ON-fed cows than in foe-
tuses from CO-fed cows at 139 DG. However, at 199 DG, the villi length of jejunum and ileum of foetuses from
CO-fed cows was higher than in foetuses from ON-fed cows. Despite these differences, MN did not affect the villi
length of jejunum and ileum at 268 DG (p > 0.10). Female foetuses had greater small intestine mass (p = 0.093),
large intestine mass (p = 0.022), small intestine mass in proportion to body mass (p = 0.017) and large intestine
mass in proportion to body mass (p < 0.001) than male foetuses. Female foetuses had also longer small intestine
(p = 0.077) and greater small intestine density (p = 0.021) and villi length of jejunum (p = 0.001) and ileum
(p = 0.010) than males. We conclude that MN affects the pathway for the development of foetal villi length
throughout the gestation in bovine foetuses without changing the final villi length. Female foetuses had higher
intestinal mass, density and villi length than males during the foetal phase in bovines.
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However, foetuses from cows submitted to nutritional

Introduction .. ..
restriction may present greater vascularization and

In bovines, the intact absorption of macromolecules as
immunoglobulin through the intestine wall occurs
during the first hours of post-natal life. Thus, a proper
intestine development during intrauterine stage is
crucial to decrease morbidity and mortality. As the
main site of nutrient absorption, intestinal develop-
ment changes during foetal stage have been shown to
permanently affect the efficiency of nutrient usage
(Trahair et al., 1997; Godfrey and Barker, 2000; Wu
et al., 2006; Wang et al., 2008).

Maternal nutritional restriction from conception to
mid-gestation may decrease foetal intestinal mucosa
diameter and area in sheep (Trahair et al.,, 1997).

cellular proliferation at the jejunum, and higher rela-
tive size of intestine and villi length (Duarte et al.,
2013). Moreover, it has been reported that lambs from
ewes submitted to nutritional restriction had better
immunoglobulin absorption efficiency during the first
hours after birth, while lambs from overnourished
sheep had reduced immunoglobulin absorption effi-
ciency (Hammer et al., 2011). In many of these cases,
the foetal intestinal development changes were sug-
gested as adjustments due to a lower or higher mater-
nal ability to produce colostrum according to the
feeding level during pregnancy (Swanson et al., 2008;
Hammer etal., 2011; Duarte etal, 2013).
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Information on the direct effects of maternal feeding
plan on the foetal intestinal development independent
of colostrum production is lacking. None of the previ-
ous studies in cattle (Meyer et al., 2010; Duarte et al.,
2013) used dairy cows. Such animals are often subject
to different nutritional plans during gestation accord-
ing to previous lactation and dry periods (Holtenius
et al., 2003; Odensten et al.,, 2005; March et al.,
2014) and even then producing significant amounts of
colostrum in the post-natal period (Kessler et al.,
2013; Garcia et al., 2014).

In addition to the limited number of studies regard-
ing dietary effects on gastrointestinal development of
bovine foetuses, to our knowledge there are no previ-
ous studies highlighting foetal sex (FS) differences
regarding intrauterine intestinal development. There-
fore, we hypothesized that different maternal feeding
levels may affect the foetal intestine development of
high-genetic-merit dairy cattle. From an investigative
form, we proposed the FS inclusion as one of the fac-
tors involved on an intrauterine development of cattle
intestine. Therefore, this study aimed to evaluate
maternal feeding level and FS effects on intestinal
development of cattle foetuses along different gesta-
tion stages.

Materials and methods

This study was performed at Universidade Federal de
Vigosa (Vicosa, MG, Brazil), following the standard
procedures of animal welfare and handling according
to Animal Use Ethics Committee from Universidade
Federal de Vigosa.

Forty-four Holstein x Gyr cows, non-lactating,
multiparous, with an average initial body weight of
480 4+ 10.1 kg and an initial age of 5 + 0.5 years old
were confirmed to be pregnant after a fixed-time arti-
ficial insemination protocol using semen from a single
Holstein bull. Reproductive protocol procedures used
for cows in this work were previously described (Rotta
et al.,, 2015). The day of artificial insemination was
considered as the day zero of gestation.

On day 40 of gestation, cows were individually
housed in 15 m? pens, of which 4 m* was covered,
equipped with concrete feed bunks and an automatic
water system. On day 60 of gestation, foetal sexing
was performed by transrectal ultrasound (Aloka 500
with a 5-MHz linear probe; Aloka, Wallingford, CT,
USA).

The feed intake control was performed from day 60
of gestation until cows reached the designated slaugh-
ter time. After foetal sexing, cows were randomly
assigned in two groups by different feeding levels:
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control group (CO, n = 24) with restricted feeding at
1.15% of body weight based on dry matter or
overnourished (ON, n = 20) with ad libitum feeding.
Both groups received the same experimental diet, but
differed in feed intake level. Restricted feeding level
(CO) was planned for the gestation maintenance with
a minimal body tissue gain (Gionbelli et al., 2015),
whereas the ad libitum feeding treatment (ON) was
planned to allow a body reserve deposition.

Every 28 days cows were weighed in the morning
to monitor the body weight, so the dry matter
intake of treatment CO could be adjusted to main-
tain the feed restriction during the entire gestational
period.

Experimental diets consisted of 11.1% of crude
protein and 67.4% of total digestible nutrients, and
composed of 93% of corn silage, 5% of cotton meal,
0.9% of urea, 0.1% of ammonium sulphate and 1%
of mineral mix. Mineral mix was formulated to meet
the maintenance and gestation requirements accord-
ing to Dairy Cattle NRC System (NRC 2001). Cows
were fed twice daily, with 60% of the diet offered in
the morning (07:00 hours) and 40% in the
afternoon (15:00 hours). To allow ad Ilibitum feed
access on ON treatment, feed delivery was adjusted
to have orts of 5% from the offered amount. All
cows had ad libitum access to water during the entire
experiment.

To evaluate the gestation stage effect, 44 cows were
randomly assigned into four groups (# = 11 in each
group, being six CO and five ON) slaughtered at 136,
199, 241 and 268 days of gestation (DG) respectively.
Randomization was repeated until a sufficient number
of male and female foetuses were reached in each sub-
group (nutritional treatment in gestation stage). The
four gestation stages in which pregnant cows were
slaughtered corresponded to 50%, 70%, 85% and
95%, respectively, of the average gestation stage
(284 days) for Holstein x Gyr cows (Mellado et al.,
2011) and 18%, 31%, 73% and 96% of the total
growing gravid uterus (Gionbelli et al., 2015).

Slaughtering procedures followed the Sanitary
and Industrial Inspection Regulation for Animal Ori-
gin Products from Ministry of Agriculture, Livestock
and Supply (Brasil 1997). Cows were submitted to
16-h fasting prior to slaughter with free access to
water. Slaughter was performed using captive bolt
stunning followed by jugular vein exsanguination.
Euthanasia of foetuses followed the American
Veterinary Medical Association Guidelines (AVMA
2013).

After the exsanguination, gravid uterus was imme-
diately collected, and foetuses were removed. Foetus

494 Journal of Animal Physiology and Animal Nutrition 101 (2017) 493-501 © 2016 Blackwell Verlag GmbH



T.R.S. Gionbelli et al.

dissection and intestine isolation were performed sim-
ilar to Meyer et al. (2010). Therefore, foetuses were
dissected, and the gastrointestinal tract was carefully
separated from offal, fat and digests. Small intestine
was isolated from pyloric valve. Large intestine was
separated from the small intestine by the caecum
junction (ileocecal valve), with both separately mea-
sured and weighed after a careful removal of contents.
Afterwards, small intestine was divided into duode-
num, jejunum and ileum similarly described by
Soto-Navarro et al. (2004) as follows: duodenum was
identified as the segment from pylorus up to a point
directly adjacent to the gastrosplenic vein entrance
into the mesenteric vein. Jejunum was identified as
the segment formed from duodenum caudal part up
to jejunum and ileum junction. This junction was
determined by measuring 15 cm after mesenteric vein
from the convergence of mesenteric and ileocecal
veins to the mesenteric arcade. From this point, a
100 cm measurement was realized caudally down to
intestine, identified as the jejunum terminal portion
and beginning of ileum. Intestine ileal portion was
considered from the end of jejunum up to ileocecal
junction.

Jejunum and ileum samples with 4 cm size were
gently collected from the middle portion of each
intestinal section and fixed with 10% (weight/vol-
ume) formalin in phosphate buffer (pH 7.4) and then
embedded using the HistoResin Mounting Kit (Leica®,
Heidelberg, BW, Germany). Fragments of small intes-
tine were carefully embedded to allow the presence of
a great number of villi longitudinally oriented in each
section. Sections were cut at 3 um using glass blade
microtome (Reichert Jung, Mod 1140/Autocut,
Vienna, Austria). One in every 10 sections obtained in
series was stretched in distilled water, placed on a his-
tological slide, dried in hot plate at 60 °C and then
stained with toluidine blue sodium borate and subse-
quently observed under light microscope. For each
small intestine fragment (jejunum and ileum) from
each animal, only intact villi, with an evident lamina
propria at both the base and top, were selected for the
villi length measurement.

Photomicrographs were taken with a CMOS digital
camera (Biocam GmbH®, Regensburg, Germany) cou-
pled to an Olympus BX50 light microscope (Center
Valley, PA, USA). Ten fields and a maximum of ten
villi per field were randomly selected to measure the
villi length. Images were analysed using the ImageJ®
software (U. S. National Institutes of Health, Bethesda,
MD, USA), and a total of 70 villi per section from each
animal (7 villi per field x 10 fields in average) were
measured. Measurements of curved villi were
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performed by using the segmented line tool of
ImageJ® software.

Data were analysed through a model, including the
fixed effects of maternal nutrition (MN), FS, gesta-
tional period and their interaction, usinga 2 x 2 x 4
factorial design (two maternal feeding levels, two gen-
ders and four gestation stages) in a completely ran-
domized design. Each foetus was considered as one
experimental unit once the treatment was individu-
ally applied to their dams. The statistical model is
described below:

Yigg = 4 Ni + Gj + T + (N X G);; + (N x T)y
+(GX Ty + (N X GxT)y + eiju

where N; is the ith level of the MN-fixed effect, G; is
the jth level of the FS-fixed effect, Ty is the kth level of
the gestation stage-fixed effect and e;; the random
error associated with Y.

The Shapiro-Wilk test (Shapiro and Wilk, 1965) at
o = 0.10 was performed to test the data normality for
all analysed variables before the analyses of variance.
Least-square means were estimated for all effects and
compared using Tukey’s method at o = 0.10. All statis-
tical procedures were performed using the MIXED
procedure from SAS 9.2 (Statistical Analysis System
Institute, Cary, NC, USA).

Results

From 44 pregnant cows used in this experiment, one
had twin pregnancy (2.3%) and two aborted (4.5%).
Therefore, the presented results correspond to data
from 41 simple and healthy gestations.

The ON-fed cows had greater slaughter weight
(p <0.001) than CO-fed cows (Table 1), showing
the efficiency of nutritional treatment application.
The average feed intake for CO-fed cows was
6.38 £ 0.32 kg/day, while the average feed intake
observed for ON-fed cows was 11.24 + 0.37 kg/day
(Rotta et al., 2015). The final body weight did not dif-
fer between pregnant cows of male and female foe-
tuses (p = 0.976). No interaction between nutritional
treatments, FS and gestation stage was observed for
slaughter weight of the cows (p > 0.557).

Foetal weight (Table 1) was affected by gestation
stage (p < 0.001) and was not affected by FS (p =
0.518), maternal nutritional treatment (p = 0.330) or
the interactions between maternal nutritional treat-
ment, FS and gestational period (p > 0.367). There-
fore, in this study variables related to the intestinal
development within each gestation stage were not
affected by foetal size.
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Sle <« o Foetal intestinal mass, length and density (Table 2)
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Sg” fle <2 ° body mass (g/kg) during gestation was observed,
o % 3% 5 whereas foetal large intestine grew relatively higher
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wl&|l8e|lk ¥ = § § 2 (p < 0.1) than foetuses from CO cows (Fig. 1). Con-
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(p =0.599 and p = 0.484 for jejunum and ileum
respectively), but the verified interaction indicates
an early development of ON cows foetal villi length,
although when approaching the end of pregnancy a
compensatory effect of villi lengthening occurred in
foetuses from CO cows.

As for intestinal mass and density, female foetuses
also showed higher villi length in the jejunum
(p = 0.001) and ileum (p = 0.01) compared to male
foetuses (Table 3). In general, villi length of jejunum
and ileum was 11% and 9% higher, respectively, in
females than in males, with no interaction between
gender and MN (p > 0.381) and gestational period
(p > 0.128) or between gender and MN and gesta-
tion stage (p > 0.560).

Discussion

To our knowledge, this is the first work evaluating
MN and FS effects on the foetal intestinal develop-
ment in cattle with a great potential to produce milk
at maturity and, consequently, to produce a great
amount of colostrum at post-partum.

Marginal effects of maternal feeding levels above
maintenance during gestation were observed on the
foetal intestinal development in this study. Most of
the studies have reported changes in the normal
development of ruminant foetal intestine due to the
possible adaptations of lower colostrum availability
during the post-partum period. Swanson et al.
(2008) observed lower colostrum production but
with similar immunoglobulin concentration in sheep
that received 60% or 140% of nutritional require-
ments compared with those that received 100% of
nutritional requirement during gestation. However,
immunoglobulin absorption efficiency of lambs from
sheep that were restricted was better than the other
treatments (Hammer et al., 2011). The hypothesis of
intrauterine intestinal developmental adaptations as
a response to a lower MN intake during cattle gesta-
tion has been reported (Meyer et al., 2010; Duarte
et al.,, 2013). However, in the present work the
maternal nutritional levels did not cause weight loss,
whereas CO and ON cows had average body weight
gain of 0.11 and 0.94 kg/day respectively (Rotta
et al., 2015). When pregnant ruminant females were
fed over the maintenance level compared to ones fed
close to the maintenance level, there were negative
impacts on the foetal intestinal development in cattle
(Duarte et al., 2013) and in sheep (Yanusova et al.,
2013). However, during the post-natal period lambs
from dams fed with 140% of the nutritional require-
ments during pregnancy had higher intestinal

Table 3 Least-square means =+ standard errors of the means of the effects of maternal feeding level, foetal sex and days of gestation on foetal jejunum and ileum villi length

p-Value*

Days of gestation

Foetal sex

Maternal nutrition

ON Female Male 139 199 241 268
(n

(n

co

(n

NxSxD

NxD SxD

NxS

10)

(h=11) (h=11) =

20)

21)

18)

23)

Villi length, um

0.001 <0.001 0.736 0.006 0.274 0.560

0.599

165 £ 4
1657 £ 5

145 + 4
148° + 5

138 + 4
145° + 5

109 + 4
94.2° + 6.4

140 £ 3 147 £ 3 132 +£3

138 £ 3

Jejunum
co
ON

164° + 5

143 £ 5

1319+ 5
83.6 + 27

1239 + 6

0.776

0.381 <0.001 0.128

0.010 <0.001

0.484

98.6 + 2.7

947 + 2.7

59.6 £ 2.6

80.7 £ 1.7

87.6 +1.8

833+ 1.8

85.0 £ 1.6

lleum
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Fig. 1 Differences in foetuses’ ileum in
function of maternal nutrition at mid-gestation.
Representative photomicrograph (10x) in the
same sample range of male foetuses’ ileum at
139 days of gestation, from CO cow (left) to
ON cow (right), showing differences in villi
length. [Colour figure can be viewed at
wileyonlinelibrary.com]

activity of maltase compared to those from dams fed
close to maintenance level (Yanusova et al., 2013),
which seems to be a compensatory response to the
negative effects of excessive maternal feeding level on
the foetal intestinal development. Such compensatory
effects are similar to those observed in offspring from
female ruminants that had feed restriction during ges-
tation (Meyer et al.,, 2010; Hammer et al.,, 2011;
Yanusova et al., 2013).

However, it should be noted that foetuses from ON
cows in the current study had earlier villi develop-
ment than foetuses from CO cows during pregnancy
(Table 3, Fig. 1). It is possible that such effect has
occurred due to the increased nutrient supply to foe-
tuses from ON cows during the mid-gestation, in
which the internal organs’ growth rates are larger
(Gionbelli, 2013). Nevertheless, these differences were
not observed in the present study in foetuses from
cows slaughtered in the last third of gestation (241
and 268 days), suggesting that there is no difference
in the offspring’s intestinal villi length after birth due
to the maternal feeding level during gestation.

In this study, the lack of MN effect on the final
result of foetal intestine development may be associ-
ated with the increased milking production potential
in the post-natal period, because none of the previous
studies used high-genetic-merit dairy cows as an ani-
mal model. In cattle, especially in milk production
specialized breeds, studies involving MN effects during
gestation or pre-partum supplementation on weight
at birth, colostrum production and immunoglobulin
absorption have received little attention (Garcia et al.,
2014). Thus, from the observed results in this study,
we hypothesized that the MN effects on the offspring
intestinal development are significant only when spe-
cies or breeds do not have high milk production cows
(lower colostrum production) or when restricted
intrauterine nutrition occurs drastically (Trahair et al.,
1997).

It is important to note that all effects observed in
this study occurred with no difference in foetal weight
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between the maternal feed treatments and FS during
gestation (Table 1). Thus, similar foetal or the after-
birth weight might mask important changes that
occurred in the normal physiological development
during gestation, caused by distinct events.

A new evidenced fact from this study is the greater
foetal intestinal development in females compared to
males during foetal stage. Intestinal mass, small intes-
tine mass, large intestine mass, intestinal mass relative
to body mass for the small intestine, large and total
intestine, small intestine length, small intestine and
total intestine density (Table 2) and villi length in the
jejunum and ileum (Table 3) were greater in female
than in male foetuses, even with no difference in foe-
tal weight (Table 1). Nevertheless, lactational pro-
gramming as a function of FS during gestation in dairy
cows has been recently demonstrated (Hinde et al.,
2014) using a database of 2.39 million lactations of
Holstein cows. Hinde et al. (2014) observed that cows
pregnant with a female at first calving had a 445 kg
increase in milk production over the first two lacta-
tions, compared to cows pregnant with a male, sup-
porting a mammary function programing by the
foetuses in utero.

The adaptive maternal resource allocation favouring
one of the genders in mammals has been an objective
of studies since the 1970s (Trivers and Willard, 1973;
Clark, 1978). There are several mammal species in
which maternal resources are differently allocated to
one of the two genders, and the genetic and environ-
mental factors that triggered such adaptive evolution
of maternal favouring of one of the two genders are
changeable between species (Smith, 1980; Hinde
et al., 2014). The best accepted hypothesis and further
investigated on this subject is the Trivers—Willard
hypothesis (Trivers and Willard, 1973), which sug-
gests that females, depending on the physiological
stage, develop within the species to allocate its
resources preferentially to the gender whose survival
produces the best return on investment for the spe-
cies. However, the causes of mammary gland
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programming for the higher milk production when
cows are gestating females remain unclear (Hinde
et al., 2014). This may be related to a higher intestinal
development during the pre-natal phase in females
and Trivers—Willard hypothesis (Trivers and Willard,
1973). In the milk production specialized cattle
breeds, post-natal effect of a higher developed intes-
tine or increased maternal milk production have not
been reported and are difficult to study because usu-
ally the offspring are separated from the mother after-
birth and receive artificial feeding. Even in beef cattle,
in which the offspring stay with the cow, only mar-
ginal effects on the milk production variations due to
the offspring gender are observed (Christian et al.,
1965; Rutledge et al.,, 1971; Minick et al.,, 2001).
However, it is noteworthy that normally, in contrast
to data suggesting increased nutrient utilization in
females, male calves normally are faster growing than
females during nursing.

A possible hypothesis for the favoured intestinal
development and larger milk production when gener-
ating females may be related to the difference in con-
ception rates in cows pregnant with males vs. females.
Natural conception rates of males are slightly larger
than females, varying between 50% and 54% in
males against 46% and 50% in females (Foote, 1977;
Del Rio et al., 2007). As bovines are polygamous spe-
cies, in nature fewer sires would be required. Thus,
evolution of maternal resources allocation and
intrauterine development to favour post-natal female
survival (more developed intestine at birth, larger
immune load, higher maternal milk production)
would be directed to favour females, as evolutionary
compensation for the difficulty to conceive a higher
proportion of females.

However, despite the assumptions mentioned in the
present work, the causes and/or consequences of gen-
der effect on the foetal intestinal development still
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remain inconclusive. Nonetheless, it is assumed that
enhanced female intestinal development may be cor-
related with the milk production later in life.

Conclusions

Maternal nutritional levels above maintenance during
gestation affect the course of intestinal villi develop-
ment throughout gestation in foetuses from Hol-
stein x Gyr cows. However, final size of the villi is not
affected. Females have increased intestinal mass,
intestinal density and villi size compared to males dur-
ing the foetal stage.
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