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ABSTRACT

Small-intestinal growth and function are critical for optimal animal growth and health and play a major role in nutrient digestion and absorption,

energy and nutrient expenditure, and immunological competence. During fetal and perinatal development, the small intestine is affected by the

maternal environment and nutrient intake. In ruminants, altered small-intestinal mass, villi morphology, hypertrophy, hyperplasia, vascularity, and

gene expression have been observed as a result of poor gestational nutrition or intrauterine growth restriction. Although many of these data come

from fetal stages, data have also demonstrated that nutrition during mid- and late gestation affects lamb small-intestinal growth, vascularity,

digestive enzyme activity, and gene expression at 20 and 180 d of age as well. The small intestine is known to be a highly plastic tissue, changing

with nutrient intake and physiological state even in adulthood, and the maternal small intestine adapts to pregnancy and advancing gestation. In

ruminants, the growth, vascularity, and gene expression of thematernal small intestine also adapt to the nutritional plane and specific nutrient intake

such as high selenium during pregnancy. These changes likely alter both pre- and postnatal nutrient delivery to offspring. More research is necessary

to better understand the role of the offspring and maternal small intestines in whole-animal responses to developmental programming, but

programming of this plastic tissue seems to play a dynamic role in gestational nutrition impacts on the whole animal. Adv Nutr 2016;7:169–78.
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Introduction
Small-intestinal growth, development, and vascularization
are often overlooked but essential processes that drive nutrient
metabolism, immunological competence, neonatal survival,
and postnatal growth. The small intestine not only serves as
the main site for the digestion and absorption of nutrients
(or postruminal digestion and absorption in ruminants) but
is also a major energy and nutrient sink because of its high
metabolic activity and rapid turnover (1, 2). In addition, the
small intestine is a critical site of immune challenge because
of its constant interaction with foreign substances (3).

The small intestine is a dynamic, highly plastic tissue that
is known to change or adapt to variations in an animal’s diet,
physiological state, or environment (4, 5). Changes in small-
intestinal mass (6, 7), cellularity (8), and oxygen consumption
(9, 10) have been demonstrated during feed restriction and in

response to specific nutrients in ruminants (11, 12) and other
species. These changes occur via tissue response to nutrient
presence in the lumen, immunomodulatory factors, hor-
mones, growth factors, local cell communication, and micro-
bial and host interactions (4, 13–15).

Organ systems, including the small intestine, may also be
programmed in utero. The Barker hypothesis states that the
environment an animal is exposed to early in life not only
affects its development but also has lifelong impacts on its
health and performance (16) and is often referred to as
fetal or developmental programming. The effects of early
environment, especially in utero, have become a major
area of study in human and animal nutrition, physiology,
and epidemiology research, as evidenced by the hundreds
of reviews on the subject. In livestock, intrauterine growth
restriction (IUGR)6 results in impaired fetal development,
low birth-weight offspring, and decreased long-term pro-
duction (17–19). Developmental programming is a more
accurate term than fetal programming, especially considering

6 IUGR, intrauterine growth restriction; VEGF, vascular endothelial growth factor; VEGFR,

vascular endothelial growth factor receptor.
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that a growing body of evidence clearly demonstrates
environmental influences during the early postnatal period
can also have long-term implications (20–22).

Programming of growth and development in livestock
may be driven by many factors but often occurs in response
to compromised nutrient supply to developing offspring, a
primary cause of which is inadequate or improper maternal
nutrition (23). Gestating ruminant livestock are likely to ex-
perience large oscillations in nutrient supply because of ex-
tensive management systems and the wide range of feedstuffs
of varying quality used to feed ruminants throughout the
world. Moreover, sheep are an established model of human
pregnancy (24) and give us insight into the effects of poor ges-
tational nutrition on human infant outcomes and mecha-
nisms of developmental programming.

Because the small intestine is both critical to animal
growth, health, and production and responds to its luminal
and extraluminal environment, early-life effects on small-
intestinal development likely play an important role in
the observed programming of later animal health and
performance, including the acquisition of nutrients during
the pre- and postnatal periods. In addition, impacts of ges-
tational nutrition on the maternal small intestine itself
change nutrient delivery to offspring both in utero and dur-
ing lactation. This review examines the impacts of nutrition
during pregnancy on the small intestine of both the off-
spring and dam and focuses on knowledge gained from ru-
minant livestock models.

Fetal Small-Intestinal Growth and
Development
There are multiple developmental windows for the small in-
testine during fetal, perinatal, and neonatal periods (25–27).
Organogenesis generally occurs during early- to midgesta-
tion and is followed by rapid fetal growth in the last third
of gestation and then prepared for the transition from the
uterine to outside environment during the perinatal period
(27). In addition to these windows, the small intestine con-
tinues to develop postnatally and even into maturity, when it
remains plastic and responds to physiological state, diet, and
other factors. The windows of small-intestinal growth and
development and specific influences for each periods are
illustrated in Figure 1.

Evidence of Developmental Programming of
the Offspring Small Intestine
Intrauterine growth restriction
As summarized in Table 1, the effects of IUGR on the small
intestine have been studied in many species. Small-intestinal
effects have been observed using various models of IUGR,
including carunclectomy-induced placental insufficiency
(28), carunclectomy combined with maternal nutrient re-
striction (29), uterine location (30), and IUGR determined
by divergent birth weight within the litter (32). These effects
generally include reduced mass and/or length of the small
intestine (Table 1). Despite this, small-intestinal mass rela-
tive to body weight was not always altered by IUGR (28,

32), raising the question of whether reduced small-intestinal
mass proportional to body size is truly biologically relevant.
Decreased villus and crypt density (28), villus height and/or
width (28, 30, 34), crypt depth (28, 29), and mucosal size
(28, 29, 32) suggest that this reduced mass may also be ac-
companied by reduced functional area and development.
In addition, decreases in proliferation (30) and enterocyte
differentiation (29) suggest altered crypt-proliferative dy-
namics, which could indicate a less advanced developmental
stage or programming that causes decreased small-intestinal
mass. Although the effects of IUGR on the small intestine
have been better characterized prenatally or immediately af-
ter birth, these effects persist postnatally to day 5 in pigs
(34). Thus, despite a similar small-intestinal mass relative
to body weight in many studies, functional changes have
been observed in IUGR offspring.

Gene expression of the small intestine was also altered by
IUGR in these models. Piglets identified as IUGR had altered
jejunal protein expression, including 7 downregulated (e.g.,
creatine kinase b-type and serum albumin precursor) and
4 upregulated (e.g., desmin and scavenger-receptor protein)
proteins (33). Altered ileal gene expression was also ob-
served in IUGR compared with normal piglets, although
these expressions were affected by the day of sampling (birth
compared with postnatal days 2 or 5). At each time point,
genes differentially expressed included those involved in

FIGURE 1 Windows of small-intestinal growth and
development and their influences. The timing of these events
varies with species, but in general organogenesis occurs during
early- to midgestation, rapid fetal growth occurs in mid- to
late gestation, and maturation occurs during late gestation
immediately before birth. Y, decreased; [, increased.
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macromolecular metabolism, biosynthesis, and cellular me-
tabolism (34). Small-intestinal insulin-like growth factor
1 mRNA was decreased (32) in IUGR pigs at birth, but epi-
dermal growth factor mRNA was increased in IUGR rabbits
in late gestation (30) in other studies.

Although many of the reported effects of IUGR on the
small intestine seem to be negative, this is not always the
case. For example, Qiu et al. (31) showed that jejunal lactase
and maltase were greater for IUGR rats than control at birth
(although this did not extend past the immediate postnatal
period) and suggested that increased digestive enzyme pro-
duction at birth was an adaptive mechanisms that allowed
IUGR neonates to have increased digestive capacity. In an-
other study (34), ileal adherent bacterial numbers were in-
creased for IUGR pigs at postnatal day 2, indicating that
IUGR can alter bacterial colonization of the small intestine
postnatally. Luminal bacterial populations were unchanged
in this study, suggesting that changes in the small intestine
may bring about further alterations in adherent populations.
It is unclear, however, whether gene expression and villus
morphology differences observed at day 2 were caused by
the effect of IUGR on small-intestinal development or by
bacterial colonization.

Maternal nutrient manipulation during gestation
The effect of maternal nutrition during specific stages of ges-
tation rather than IUGR in general on the small intestine has
not been as extensively studied, but data exist from rumi-
nant models. Research to date indicates that both the nutri-
tional plane (Table 2) and specific nutrient intake of the
dam can affect the fetal small intestine and persist into post-
natal life. The timing of these maternal nutritional insults is
important because of the developmental windows outlined
in Figure 1.

Fetal. Nutrient restriction during early- and midgestation
does not seem to affect fetal small-intestinal growth, and fe-
tuses from nutrient-restricted ewes have had small-intestinal
masses that were similar to their control counterparts (35,
43, 44). Nutrient restriction during early- and midgestation
increased jejunal crypt-region proliferation at gestational
day 125 in fetal calves, however (35). Small-intestinal

development may have been delayed by nutrient restriction,
although this seems unlikely because the mass did not differ
from the control. In addition, when nutrient-restricted cows
were realimented in this study, total vascularity of the fetal
small intestine was increased at gestational day 245 (35).
These data suggest that nutrient restriction increased the ef-
ficiency of the fetal small intestine, perhaps like the “thrifty
phenotype” hypothesis (45) that has been postulated to de-
scribe fetal development as increasing survival in the face of
a negative environment or poor nutrition (46).

Maternal nutrient restriction of ewes in mid- and late
gestation decreased small-intestinal mass and jejunal hyper-
trophy (protein:DNA) (38) despite a lack of differences in
jejunal proliferation (39). In these studies, lambs from
nutrient-restricted ewes had decreased total jejunal micro-
vascular volume concurrently with reduced jejunal mRNA
expression of soluble guanylate cyclase 1 b3, a NO receptor
involved in vasodilation and angiogenesis (39). Conversely,
small-intestinal mass of fetal lambs from ewes that were
nutrient-restricted during the last 3 wk of gestation was
unaffected (47), suggesting that longer periods of maternal
nutrient restriction are necessary to affect the fetal small in-
testine. In a recent study (37), nutrient restriction during
mid- and late gestation increased oxygen consumption per
unit of small intestine in late-term fetal lambs, although
the reasons for this increase in energy use are unclear.

Postnatal. Changes in maternal nutrition in late gestation
may negatively affect gut maturation during this time as
well, although fetal small-intestinal measurements may not
sufficiently detect such changes. Cortisol and fetal swallow-
ing of amniotic fluid both play an important role in the
small-intestinal maturation process (4, 48). For example,
vascular endothelial growth factor (VEGF) expression in
the fetal small intestine, which is important for angiogenesis
of the growing tissue, is likely cortisol-dependent in sheep
(49). Maternal cortisol levels are often changed by the gesta-
tional plane of nutrition (26, 50), and nutrient content of
the amnion has been altered by nutrient restriction in
ewes (51), suggesting that maternal nutrition may have
an even greater impact during final prenatal maturation.
Small-intestinal function is particularly important in

TABLE 1 Summary of the effects of intrauterine growth restriction on the small intestine from selected studies1

Reference Species
Age

measured2
Small-intestinal mass or length

response Additional small-intestinal responses

28 Sheep Day 140 gestation YMass; Ylength YVillus and crypt density; Yvillus height and crypt depth;
Ymucosal thickness

29 Sheep Day 90 gestation YMass; Yrelative mass YMucosal circumference and area; Ycrypt depth; abnormal
enterocyte differentiation

30 Rabbits Day 31 gestation Not determined YVillus height; Y proliferation; [ epidermal growth factor mRNA
31 Rats Birth–12 wk YMass (to 4 wk); Ylength (to 12 wk) [Maltase (at birth); [lactase (at birth)
32 Pigs Birth YMass; Ylength YMucosal weight; YIGF-1 mRNA expression
33 Pigs Birth YMass; Yrelative mass Altered proteome
34 Pigs Birth–5 d YMass (to 2 d); Ylength (to 5 d) YVillus height (to 2 d); Yvillus width (at 2 d); [adherent bacterial

number; altered transcriptome
1 IGF-1, insulin-like growth factor 1; Y, decreased; [, increased.
2 Approximate gestation lengths: sheep = 150 d, rabbits = 31 d.
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livestock species that rely upon the transfer of passive immu-
nity from immunoglobulins in colostrum (e.g., cattle and
sheep). Colostrum also contains a cadre of growth factors,
hormones, and nutrients that are crucial for small-intestinal
development (48, 52–54), and its production in ewes has
been decreased by both nutrient restriction and overnutri-
tion (55, 56), which could also have further implications
in perinatal small-intestinal maturation.

There are few data from ruminant developmental pro-
gramming models investigating small-intestinal parameters
postnatally. To our knowledge, only 1 study (36) has inves-
tigated the impact of maternal nutrition during early- and
midgestation in cattle (Table 2). In this study, few small-intestinal
differences existed in calves aged;450 d. This may not be sur-
prising given the timing of the nutritional treatments and long
period between these treatments and tissue collection. Interest-
ingly, soluble guanylate cyclase 1 b3 expression in the jejunum
was altered even at this late postnatal age despite a lack of growth
or vascularity differences.

Two studies have investigated postnatal lamb small-intestinal
growth and vascularity after mid- and late gestation nutrient re-
striction or overnourishment (Table 2). These data demonstrate
that lambs aged 20 d have continued alterations in jejunal hy-
perplasia, vascularity, and gene expression, even when they
were fed a common artificial colostrum and milk replacer after
birth and managed together (41). Moreover, jejunal prolifera-
tion, vascularity, and gene expression were also affected by ges-
tational nutrition in lambs aged 180 days in a similar model
(42), demonstrating that changes to the small intestine may
persist well into life. In both 20- and 180-d-old lambs,
glucagon-like peptide 2 expression was altered, although

in opposite ways (Table 2). Glucagon-like peptide 2 is very
important for small-intestinal development, including in
growth and vascularization (57), making it a likely mecha-
nism for small-intestinal changes observed in these studies.

It has also been demonstrated that the maternal intake of
specific nutrients such as selenium during gestation can af-
fect fetal small-intestinal development. Fetuses from ewes
fed supranutritional selenium throughout gestation had in-
creased jejunal hypertrophy (38) and decreased jejunal
VEGF mRNA expression (39). In addition, the form and
amount of maternal selenium supplementation during ges-
tation have affected fetal jejunal hypertrophy (58). Even
when lambs were fed similar postnatal diets, high selenium
during gestation has continued to affect lamb jejunal mea-
sures at days 20 (41) and 180 (42), suggesting long-term im-
pacts of this micronutrient prenatally or compensation by
offspring after normal selenium intakes postnatally.

Maternal Small-Intestinal Adaptations
The maternal gastrointestinal tract is responsible for acquir-
ing nutrients to be delivered to the gravid uterus and is also
extremely nutrient- and energy-demanding itself; therefore,
it exerts multiple controls over nutrient delivery to the utero-
placenta during pregnancy. Along with the mammary gland
and uteroplacenta, the gastrointestinal tract is a key
nutrient-transferring tissue that controls nutrient delivery
to offspring pre- and postnatally (59). Although much is
known about the role of the uteroplacenta in developmental
programming (23, 60), the gastrointestinal tract and small
intestine in particular have not been investigated to the
same extent in most species. In fact, more data exist for

TABLE 2 Summary of effects of maternal nutrition on the ruminant offspring small intestine from selected studies1

Reference
Species Treatments

Age
measured2 (d)

Small-intestinal
mass response Additional small-intestinal responses

35 Cattle CON vs. RES
(days 30–125 gestation)

125 Gestation NS [Proliferation in RES

35 Cattle CON vs. RES
(days 30–125) and
realimented (days 126–245)

245 Gestation NS [Total vascularity in RES and realimented

36 Cattle CON vs. RES vs. RES + AA
supplement (days 45 to 185
gestation)

;450 Postnatal NS [GUCY1B3 mRNA in RES + AA

37 Sheep CON vs. RES
(days 50–130 gestation)

130 Gestation NS YProtein concentration in RES; [oxygen
consumption in RES

38, 39 Sheep CON vs. RES
(days 64–135 gestation)

135 Gestation YIn RES YTotal vascularity in RES; Yprotein:DNA in RES;
YGUCY1B3 mRNA in RES

40, 41 Sheep CON vs. RES (day 40
gestation to birth)

20 Postnatal NS YTotal vascularity in RES; Ycapillary surface
density in RES;[capillary size in RES; [GLP-2
mRNA in RES;Ypostnatal weight gain in RES

42 Sheep CON vs. RES (day 50
gestation to birth)

180 Postnatal NS YCapillary size in RES; Ytotal proliferation in
RES; YGLP-2 mRNA in RES

40, 41 Sheep CON vs. OVR (day 40
gestation to birth)

20 Postnatal NS [DNA concentration in OVR

42 Sheep CON vs. OVR (day 50
gestation to birth)

180 Postnatal NS YTotal proliferating cells in OVR

1 AA, amino acids; CON, control nutritional plane (near nutrient requirements); GLP-2, glucagon-like peptide 2; GUCY1B3, soluble guanylate cyclase (NO receptor) 1 β3; NS, not
significant (P . 0.10); OVR, overnutrition; RES, nutrient restriction; RES + AA, nutrient restriction with protein supplementation to meet essential AA of control; Y, decreased;
[, increased.

2 Approximate gestation lengths: cattle = 285 d, sheep = 150 d.
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ruminants during pregnancy than for many other species
because of the research summarized in this review.

The small intestine remains plastic into adulthood and
undergoes changes not only with fluctuating diet type and
quantity but also with physiological state. Because the small
intestine has such a critical role in both nutrient acquisition
and utilization, it responds to the dynamic, nutritionally de-
manding processes of gestation and lactation in the repro-
ducing female. When nutrient intake is altered during
these periods, the maternal small intestine undergoes even
more adaptations, likely to optimize nutrient availability
for maintenance, fetal growth, and/or lactogenesis.

Adaptation to pregnancy and lactation
During pregnancy, energy requirements of the dam increase
in an exponential manner for most species; this increasing nu-
trient demand of pregnancy is typically coupled with increas-
ing nutrient intake until just before parturition (61). In
addition, systemic blood flow and volume increase dramati-
cally through increased cardiac output and decreased total
peripheral resistance in pregnant females (62). The resulting
increase in organ workload during pregnancy, especially for
the gastrointestinal tract (62, 63), necessitates either increased
gastrointestinal organ mass or functional capacity, perhaps
through greater absorptive capacity per unit of tissue (61).

Adaptations of the small intestine to pregnancy seem to
result from both pregnancy itself and the stage of gestation.
In multiparous ewes, both actual and relative (gram per kilo-
gram of body weight) small-intestinal mass increased as a
result of pregnancy despite similar total gastrointestinal tract
mass (64). In addition, capillary area density and total vas-
cularity of the small intestine were increased with preg-
nancy, suggesting greater capacity for blood flow and
nutrient uptake (65). Primiparous heifer small-intestinal
mass was less responsive in another study (66), although je-
junal proliferation was decreased and jejunal DNA concen-
tration was increased by pregnancy (67). This suggests that
pregnant heifers had decreased cell turnover rates to main-
tain mass with less proliferation and greater cell numbers,
which could indicate a reduction of small-intestinal nutrient
and energy use. Moreover, small-intestinal energy use, deter-
mined by in vitro oxygen consumption and scaled for organ
mass, was less for pregnant than nonpregnant heifers at ges-
tational days 40 and 270 (67). Research investigating rumi-
nant small-intestinal absorptive capacity and digestive
enzyme activity has been limited, but primiparous rat re-
search has demonstrated increased enzyme-specific activity
resulting from pregnancy (68). These data suggest that preg-
nancy induces differential changes depending on parity and
age of the dam, which may also depend on whether the dam
has reached a mature body weight. Because young females
are still growing, pregnancy may slow small-intestinal
growth, which would result in decreased small-intestinal
mass and reduced nutrient demands of this tissue.

As gestation progresses, small-intestinal mass, relative
mass (grams per kilogram of body weight), and individual
section mass may change in ruminants, although these

data are variable. In primiparous heifers, total relative
small-intestinal mass increased during early- to midgesta-
tion (66), but small-intestinal mass of primiparous ewe
lambs decreased from early- to midgestation then remained
steady to late gestation in another study (69). Small-intestinal
mass increased from mid- to late gestation in multiparous
ewes (64) but did not change from mid- to late gestation
in multiparous cows (35). Vascularization of the small intes-
tine also seems to change during pregnancy in ruminants.
In primiparous ewes, the number of jejunal capillaries per
tissue area decreased from early- to midgestion and mid-
to late gestation, whereas jejunal capillary size increased
from mid- to late gestation (69). Alternatively, jejunal vascu-
larity increased from mid- to late gestation in mature ewes
(65) and beef cows (35). Small-intestinal oxygen consump-
tion also increased linearly during gestation in multi-
parous ewes (67), suggesting increased organ workload
as pregnancy progresses.

Mechanisms of small-intestinal changes during preg-
nancy are largely unknown. Although some effects must re-
sult from increased intake and nutrient flux, additional
factors probably exist as well. Hormones and growth factors,
including angiogenic and vasoactive factors, likely also affect
the small intestine during the many endocrine-related and
metabolic changes of pregnancy. For example, 17b-estradiol
increased jejunal proliferation of ovariectomized ewes in a
study (70). Because estradiol increases greatly during preg-
nancy, it may be 1 of the contributing factors in small-intestinal
adaptation to pregnancy.

During lactation, the small intestine increases in size and
function (71–73), fueled at least in part by a voluntary in-
crease in nutrient intake. Small-intestinal mass in rodents
can increase up to 200% during lactation based on the lac-
tational demand of their offspring, allowing for increased
nutrient uptake despite similar or reduced mass-specific
rates of nutrient transport (73, 74). Additional small-intestinal
adaptations have been observed in rodent models, includ-
ing increased villus height (74), ovalbumin uptake (75),
enzyme-specific activities (68), and calcium absorption
(73). It is unknown how small-intestinal changes during
pregnancy affect these further adaptations during preg-
nancy and whether gestational changes also serve as lacta-
tion for lactational nutrient demands. If the maternal small
intestine cannot adapt during lactation because of changes
in pregnancy, nutrient acquisition and therefore lactation
yield will likely be reduced, impairing postnatal nutrient
delivery to offspring.

Adaptation to nutrient manipulation
Nutritional plane. Small-intestinal growth and function
are known to change with nutrient intake, so it should
come as no surprise that they change with the nutritional
plane during pregnancy. Most of the studies cited herein in-
clude treatments that vary in nutrient intake and bulk
density of feed, both of which affect the small intestine
(76). The studies that investigated the impacts of nutritional
plane during gestation on ruminant small-intestinal mass,
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proliferation, vascularity, and gene expression are summa-
rized in Table 3.

In general, nutritional plane alteration during early gesta-
tion alone does not seem to affect the mass of the ruminant
small intestine (69, 79), although overnutrition during this
period increased indexes of jejunal hypertrophy (69). Nutri-
ent restriction during early- and midgestation or midgesta-
tion only is more variable, however, and either has decreased
(44, 64, 79) or not affected (35, 80) maternal small-intestinal
mass when measured immediately after the nutrient restric-
tion. Dams were able to rebound when nutrient restriction
was followed by realimentation in late gestation, and
small-intestinal mass was not different from the control
near term (77, 79).

In most studies, small-intestinal mass has followed the
nutritional plane during both mid- and late gestation or
late gestation only when measured at the end of the restric-
tion period (Table 3). Changes in small-intestinal mass were
not always proportional to body weight, however. Many
changes in cellularity have been observed in these studies
(Table 3), indicating that both hypertrophy and hyperplasia
may play a role in growth differences, even when no change
in mass was observed. Despite differences in mass and cellu-
larity, no differences have been observed in jejunal crypt cell

proliferation as a result of the nutritional plane (38, 65, 77,
78). This is likely because tissues were collected from ewes
after long periods (40–80 d) of nutrient restriction in these
studies. Alterations in the proliferative rate necessary to
change small-intestinal mass occurred much earlier dur-
ing nutrient restriction, and the tissue had most likely
reached steady state by late gestation. Small-intestinal ad-
aptation has been detected as soon as 5–14 d (6, 8, 81, 82)
after dietary changes and thus supports this hypothesis.
Not much is known about the impacts of gestational nu-
trition on small-intestinal energy use, but 1 study (37) re-
ported that oxygen consumption was increased per unit of
tissue in nutrient-restricted ewes. This was determined in
late gestation and may not indicate energy use throughout
the nutrient restriction (mid- and late gestation); none-
theless, it does raise interesting questions about small-intestinal
metabolism of nutrient-restricted pregnant dams.

Jejunal vascularity has responded to the nutritional plane
during gestation in several studies in ewes and in general in-
creases or decreases with the nutritional plane (Table 3)
(58). This may be in an age-dependent manner, however.
In primiparous ewes, capillary area density and size de-
creased with nutrient restriction, resulting in a decrease in
total vascularity when scaled to small-intestinal mass (38).

TABLE 3 Summary of effects of gestational nutrition on the ruminant dam small intestine from selected studies1

Reference
Species,
parity Treatments

Stage
measured2

(d)

Small-intestinal
mass

response Additional small-intestinal responses

35 Cattle, multiparous CON vs. RES (days 30–125
gestation)

125 Gestation NS YRNA:DNA in RES

35 Cattle, multiparous CON vs. RES (days 30–125)
and realimented (days
126–245)

245 Gestation NS YRNA:DNA in RES

64, 65 Sheep, multiparous CON vs. RES (days 50–90) 90 Gestation YIn RES YDNA concentration in RES; [capillary area
density in RES

77 Sheep, first CON vs. RES (days 50–90) 130 Gestation NS NS
77 Sheep, first CON vs. RES (days 50–130) 130 Gestation YIn RES YDNA concentration in RES
64, 65 Sheep, multiparous CON vs. RES (days 50–130) 130 Gestation YIn RES [DNA concentration in RES; [capillary area

density in RES
37 Sheep, first CON vs. RES (days 50–130) 130 Gestation YIn RES [Oxygen consumption in RES
77 Sheep, first CON vs. RES (days 90–130) 130 Gestation YIn RES [RNA concentration in RES
38, 39 Sheep, first CON vs. RES (days 64–135) 135 Gestation YIn RES YTotal vascularity in RES; Ycapillary area

density in RES; Ycapillary size in RES;
[ VEGFR-1 and -2 mRNA in RES; [NRP1
and NRP2 mRNA in RES

78 Sheep, first CON vs. RES (day 40 to
parturition)

0 Postpartum NS YRNA concentration and RNA:DNA in RES;
Ycapillary surface density in RES; Ymucosal
density in RES

78 Sheep, first CON vs. RES (day 40 to
parturition)

20 Postpartum NS [Proliferation in RES; Ycapillary surface den-
sity in RES

69 Sheep, first CON vs. OVR (days 0–50) 50 Gestation NS [RNA concentration and RNA:DNA in OVR
69 Sheep, first CON vs. OVR (days 0–90) 90 Gestation [In OVR [RNA concentration and RNA:DNA in OVR
69 Sheep, first CON vs. OVR (days 0–130) 130 Gestation YIn OVR [RNA concentration in OVR
78 Sheep, first CON vs. OVR (day 40 to

parturition)
0 Postpartum [In OVR YRNA concentration and RNA:DNA in OVR;

[total vascularity in OVR; [VEGFR-1 mRNA
in OVR; [NOS3 mRNA in OVR

78 Sheep, first CON vs. OVR (day 40 to
parturition)

20 Postpartum NS YProliferation in OVR; [total vascularity in
OVR

1 CON, control nutritional plane; NOS3, endothelial NO synthase 3; NRP1, neuropilin 1; NRP2, neuropilin 2; NS, not significant (P . 0.05); OVR, overnutrition; RES, nutrient re-
striction; VEGFR-1, vascular endothelial growth factor 1 receptor; VEGFR-2, vascular endothelial growth factor 2 receptor; Y, decreased; [, increased.

2 Approximate gestation lengths: cattle = 285 d, sheep = 150 d.
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Small-intestinal mass was also decreased by nutrient re-
striction, further reducing total vascularization of these
ewes. Conversely, mature ewes had increased capillary
area density after nutrient restriction, allowing for similar
total vascularity to control-fed ewes despite having less
small-intestinal mass (65). Mature ewes seemed to be
able to compensate for decreased small-intestinal mass by
increasing vascular density, whereas the small-intestinal vas-
cularity of primiparous dams may be inhibited by nutrient
restriction because these animals and their tissues are still
growing.

The mechanisms of adaptation to the altered nutritional
plane during gestation in both growth and vascularity of the
ruminant small intestine are not well known, but angiogenic
and vasoactive factor gene expression may play a role. VEGF
and NO system expression has been altered in ewes (Table 3)
(58), although some of these data are contradictory. Jejunal
mRNA expression of VEGF and its vascular endothelial
growth receptors (VEGFR-1 and VEGFR-2) were greater
for nutrient-restricted ewes in late gestation (39, 78), sug-
gesting that angiogenic factor upregulation occurred in the
face of reduced small-intestinal growth and vascularization
(38). Jejunal expression of VEGF and endothelial NO syn-
thase 3 have also been increased after overnutrition during
pregnancy (78). In vitro systems have demonstrated that
VEGF delivery to the small intestine increases vascularity
(83), suggesting that the small intestine of both nutrient-
restricted and overnourished ewesmay use VEGF or its recep-
tors to modulate vascularization during nutritional insults.
It is important to point out that it is uncertain whether an-
giogenic factors influenced vascularization changes earlier
in the nutrient restriction period because gene expression
was determined at 1 time point only.

Impacts of gestational nutrition on small-intestinal adap-
tation to lactation have not been greatly studied. One ewe
study (78) indicated that the small intestine adapts quickly
to an increased nutritional plane during early lactation be-
cause small-intestinal mass increased rapidly when ewes
that were nutrient-restricted, fed to requirements, or over-
nourished during gestation were all fed to meet their nutri-
ent requirements (similar intake to overnutrition treatment
during gestation) for the first 20 d of lactation. In this study,
ewes that had been nutrient-restricted or control-fed during
pregnancy had increased jejunal proliferation at day 20 of
lactation, which allowed them to have a small-intestinal
mass that was similar to the previously overnourished
ewes. Compensatory growth in the gastrointestinal tract
came at a cost, however, because milk yield was reduced in
ewes that were previously nutrient-restricted (55). This
was likely both negatively affected by the decreased size
and potentially absorptive capacity of the small intestine as
well as the diversion of nutrients from the mammary gland
to rebuilding the gastrointestinal tract and other tissues. Lac-
tating mice that had undergone small-intestinal resection
had a disproportionate increase in small-intestinal mass
(212–313% compared with 64%) and length (66–71%
compared with 34%) compared with virgin controls (84),

indicating that lactation signals a greater increase in tissue
growth in females with limited small-intestinal capacity.
Taken together, these data suggest that negative effects of
gestational nutrition on the small intestine likely affect
postnatal nutrient delivery by altering milk production,
even when dams are fed to meet the nutrient demands of
lactation.

Specific nutrients. There have been few published studies
to date to our knowledge that have investigated the effect
of specific nutrient intake on the maternal small intestine
during gestation. Results have been variable in a series of
studies that set out to determine the impacts of supranu-
tritional selenium in ewes during gestation. Diets high
in selenium that were fed during gestation have had no
effect on (58, 77), increased (38), or decreased (78) pri-
miparous ewe small-intestinal mass. When small-intestinal
mass was increased, no effects of selenium on cellularity
measures, proliferation, or vascularity were observed
(38). Alternatively, supranutritional selenium decreased
DNA concentration in other studies (58, 77), with the
proliferative rate of crypt cells unaffected (77) or increased
by selenium (58). VEGF and NO system expression has
been affected by high selenium, whereas supranutri-
tional selenium has reduced the mRNA of VEGF and
its receptors (39, 78). Selenium has been hypothesized
to decrease cancerous tumor growth and vascularization
(85); thus, actions of selenium on proliferation and vas-
cularity of the small intestine may have similar mecha-
nisms. When high selenium was removed from the diet
during lactation, small-intestinal mass of ewes increased
within the first 20 d to that of control-fed ewes (78). It
is unclear what caused differences in responses to high
selenium in these studies, although the selenium source
and amount of supplementation seem to alter small-
intestinal response (39, 58) and thus likely influenced
results.

Future Directions
The small intestine is a dynamic, rapidly changing tissue that
is crucial for animal growth and health. Further research is
necessary to better understand the role of the maternal small
intestine in providing nutrients to the fetus and postnatal
offspring and to advance knowledge of the effects of mater-
nal nutrition on the programming of offspring small-intestinal
growth and function. In addition, research in the role of
epigenetics and the microbiome in programming of the
small intestine is in its infancy and can provide a wealth
of knowledge. A better understanding of the effects of ges-
tational nutrition on the maternal and offspring small in-
testine will allow for the development of management and
therapeutic strategies to optimize the efficiency of live-
stock production and will lead to increased understanding
of human impacts.
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