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Abstract: Increased efficiency of nutrient utilization can potentially be gained with increased starch
digestion in the small intestine in ruminants. However, ruminants have quantitative limits in the
extent of starch disappearance in the small intestine. The objective is to explore the nutritional
and physiological constraints that contribute to limitations of carbohydrate assimilation in the
ruminant small intestine. Altered digesta composition and passage rate in the small intestine,
insufficient pancreatic α-amylase and/or small intestinal carbohydrase activity, and reduced glucose
absorption could all be potentially limiting factors of intestinal starch assimilation. The absence
of intestinal sucrase activity in ruminants may be related to quantitative limits in small intestinal
starch hydrolysis. Multiple sequence alignment of the sucrase-isomaltase complex gives insight into
potential molecular mechanisms that may be associated with the absence of intestinal sucrase activity,
reduced capacity for intestinal starch digestion, and limitations in the efficiency of feed utilization
in cattle and sheep. Future research efforts in these areas will aid in our understanding of small
intestinal starch digestion and glucose absorption to optimize feeding strategies for increased meat
and milk production efficiency.

Keywords: amylase; cattle; congenital sucrase-isomaltase deficiency; GLUT2; maltase-glucoamylase;
pancreas; SGLT1; sheep; sucrase-isomaltase; transporter

1. Introduction

Ruminants consume various types of carbohydrates at different stages of their produc-
tion life cycle. This includes fructose (during fetal development) [1], lactose (from milk),
galactose (from digestion of lactose), glucose (dietary origin) [2], sucrose (from high sugar
feedstuffs), starch and starch-digestion products (maltose, isomaltose, and limit dextrins),
and cellulose and hemicellulose (fiber). A common finding is that ruminants readily utilize
glucose, galactose, and lactose but not sucrose, maltose, or starch [3,4]. Understanding
the limitations in carbohydrate assimilation will identify biological processes that can be
manipulated to improve nutrient utilization and the efficiency of meat and milk production.

Grain-based diets containing moderate to large proportions of starch are typically fed
to increase the net energy concentrations of the diet allowing for more efficient growth
and improved product quality. When grain-based diets are fed, up to 40% of dietary
starch intake can escape ruminal fermentation and flow to the small intestine for potential
enzymatic digestion [5]. Shifting the site of carbohydrate digestion and absorption from
the rumen to the small intestine can provide energetic advantages because postruminal
glucose can be used more efficiently and provide more net ATP production than ruminal
glucose fermentation to short-chain fatty acids [6–9].

Several studies have demonstrated that small intestinal carbohydrate assimilation is
functionally different in ruminants compared with nonruminant animals. The objective
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of this review is to explore the nutritional and physiological constraints that contribute to
limitations of carbohydrate assimilation in the ruminant small intestine. This includes di-
gesta composition and passage rate, the extent of small intestinal disappearance, regulation
of digestive enzymes and absence of sucrase activity, and possible limitations in glucose
absorption. Nutrient composition from dietary origin can be substantially altered through
the process of ruminal fermentation. Small intestinal starch disappearance as a percentage
of duodenal flow decreases with increasing intestinal starch flow but can be improved
with increased postruminal protein or non-essential amino acid supply [10]. Nearly all
of the carbohydrases present in the intestinal mucosa or pancreas of ruminants contain
less activity compared with nonruminants [11–16]. It remains unknown why sucrase and
palatinase activities are not present in the intestinal mucosa of ruminants [14]. The lack of
an adaptive response of glucose transporters to dietary substrates [17,18] and the dispro-
portional relationship between intestinal carbohydrate disappearance and portal glucose
appearance [19] raise concerns about the capacity for glucose absorption in ruminants. To
achieve energetic advantages with increased small intestinal starch digestion and glucose
absorption [20], factors limiting these processes must be understood to identify potential
strategies or solutions to increase the efficiency of starch utilization.

2. Small Intestinal Digesta Composition and Passage Rate
2.1. Small Intestinal Digesta Composition

Duodenal nutrient flows in ruminants can drastically differ in response to the compo-
sition of the diet because of pregastric fermentation of dietary components [21]. Therefore,
duodenal digesta composition of ruminants can be substantially different from the compo-
sition of duodenal digesta in nonruminants [22]. Obvious factors such as dietary intake,
diet composition, foregut retention time, and foregut anatomy and digestive function
differentiate the ruminant from nonruminants. These factors contribute to the differences in
digesta flow to the small intestine, which in turn, could affect how small intestinal function
is coordinated.

The microbes of the reticulorumen contribute substantially to the animal’s metaboliz-
able protein supply because large amounts of microbial protein flow to the small intestine
for hydrolysis and absorption. With intestinal microbial protein flow, there are simultane-
ous flows of nucleic acids, as well as α-linked glucose from microbial polysaccharides [23].

Early comparative studies demonstrated that short-chain fatty acid concentrations
in the small intestine were small across both ruminant and nonruminant species [24].
Dietary lipid composition is altered by ruminal microbial populations via lipolysis and
biohydrogenation [25], which alters duodenal digesta by increasing the concentration of
non-esterified saturated fatty acids. Indeed, approximately 90% of dietary lipids reach
the duodenum as saturated fatty acids in ruminants [26]. Therefore, concentrations of
unsaturated fatty acids in duodenal digesta are typically much greater in nonruminant
species because they do not undergo ruminal biohydrogenation as in ruminants.

Ruminal fermentation of starch is largely affected by level of intake, grain processing,
and rate of passage [27] and this can lead to large proportions of starch flowing to the
small intestine for potential enzymatic digestion. Ruminal starch fermentation likely
increases the amount of partially hydrolyzed starch and starch-digestion products that
are present in duodenal digesta compared with nonruminants. Differences in duodenal
carbohydrate, nitrogen, and lipid composition between ruminants and nonruminants could
potentially contribute to changes in digestive and absorptive functions in the small intestine
because regulation of digestion and absorption can be coordinated through luminal nutrient
flows [28].

2.2. Small Intestinal Passage Rate

In general, the rate of ruminal passage typically increases with increasing dry matter or
energy intake [29,30]. Other factors influencing ruminal passage rates include particle size
(within a given diet) [31], rumination and ingestive behavior, specific gravity [32], forage



Ruminants 2022, 2 3

quality [33] or treatment [34,35], forage:concentrate [36], protein supplementation [37],
animal species and breed [38–40], physiological state [41,42], ambient temperature [43],
and reticular motility [44,45]. Increased rates of ruminal passage can be associated with
increased ruminal microbial protein synthesis and efficiency and flow of microbial protein
to the small intestine [46,47]. Therefore, some factors influencing ruminal passage can also
potentially influence passage to the small intestine.

However, the flow of digesta through the duodenum is essentially continuous in
ruminants [21] while ileal flow is intermittent [48]. In mature cattle, continuous in- and
outflow of digesta leads to a relatively constant and small abomasal capacity [49]. However,
it should be recognized that abomasal emptying occurs in the milk-fed calf and has similar-
ities to nonruminants [49]. Continuous fermentation and ruminal passage rate have a large
influence on digesta flow to the abomasum and subsequently influences abomasal passage
rate. Because of the nearly continuous duodenal flow, several other physiological processes
seem relatively continuous in the ruminant, as well. For example, the near-continuous flow
of digesta in the intestine has been thought to minimize diurnal variations in pancreatic
exocrine secretion [21,50]. Furthermore, this may affect buffering capacity and in turn,
digestive enzyme activity because digestive enzymes are pH-dependent. Although the
optimal pH ranges for digestive enzymes are similar between ruminants and nonruminants,
it should be noted that the intestinal contents of the ruminant small intestine remain acidic
for an appreciable length (approximately 7 m in sheep) [51]. Subsequently, the lack of a
postprandial glucose increase in response to feeding could also potentially be attributed to
relatively constant metabolic processes in nutrient assimilation in ruminants. Because the
abomasal and intestinal flow of digesta are essentially constant, it is unclear if regulatory
mechanisms between splanchnic tissues, such as neural or hormonal signaling, are altered.
More definitive studies are needed in ruminants to evaluate how near continuous abomasal
flow affects autonomic control of digestion in the small intestine and if the lack of abomasal
emptying could contribute to limitations in digestive enzyme production or secretion.

Owens et al. [7] suggested that intestinal retention time could potentially limit the
extent of small intestinal starch disappearance. Digesta typically spends less than 3 h in the
small intestine of steers [52] which is comparable with intestinal retention time in pigs [53].
Luminal nutrient composition in the distal intestine can influence hormonal secretion
which may act to slow digesta passage to increase digestion in more proximal locations [54].
However, postruminal casein supply did not influence small intestinal transit time in steers
duodenally infused with raw corn starch [55]. In milk-fed calves, casein did not influence
the rate of abomasal emptying or intestinal transit time [56]. Even if passage rate limited
the extent of intestinal carbohydrate disappearance, it is thought that this factor is not
independent of the activity or amount of carbohydrases [10].

3. Small Intestinal Starch Disappearance
3.1. Small Intestinal Starch Disappearance: Linear Relationships

Early work using dietary [57,58] or abomasal infusion models [59] demonstrated that
the extent of postruminal starch disappearance was much lower than in nonruminants.
These authors concluded that the extent of starch disappearance in the small intestine was
inadequate for optimum utilization. Indeed, summaries have indicated that the extents of
small intestinal starch disappearance in beef cattle (55%) [7] and dairy cows (60%) [60] are in-
adequate to achieve potential energetic advantages over ruminal fermentation of starch [20].
Interestingly, the limitation of small intestinal starch disappearance is proportional to small
intestinal starch flow instead of an absolute maximal value (i.e., plateau) [27,61]. Linear re-
lationships between intestinal starch appearance and small intestinal starch disappearance
were first suggested by Ørskov et al. [62], and a linear regression model was developed to
predict small intestinal starch digestibility in lambs [61]. When Owens et al. [7] reviewed
the literature, they found that there was a positive linear relationship between the amount
of starch flowing to the small intestine (g/d) and small intestinal starch disappearance
(g/d). Furthermore, there is a negative linear relationship between the amount of starch
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flowing to the small intestine (g/d) and small intestinal starch disappearance (%) [63].
These reviews were compiled data from site of digestion experiments with duodenal starch
flows resulting from dietary starch intake. Using data from postruminal starch infusion
models in cattle shows that as the amount of raw corn starch infused per hour relative to
body weight (BW) increased, small intestinal starch disappearance decreased (Figure 1).
Linear relationships are not normally expected in biology [8], including digestion, which
typically conforms to a non-linear relationship because of Michaelis–Menten kinetics. It
was previously calculated that at least a 70% digestibility of starch in the small intestine was
necessary to avoid the inefficiencies associated with large intestinal starch digestion [20].
However, a plateau in efficiency may not be achievable under practical feeding condi-
tions [8]. Collectively, these data demonstrate a linear relationship between intestinal starch
supply and starch disappearance across dietary and infusion models in cattle and sheep.
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3.2. Influence of Nitrogenous Compounds on Small Intestinal Starch Disappearance

Several studies have demonstrated that postruminal protein or amino acids can in-
crease small intestinal starch disappearance in ruminants. Indirect evidence of increased
pancreatic α-amylase [71] and increased net portal glucose flux [72] with abomasal casein
infusion led to the speculation that postruminal protein flow could increase small intestinal
starch disappearance. Increasing levels of postruminal casein (0 g/d to 200 g/d) infusion
resulted in linear improvements in small intestinal starch disappearance (g/d and % of
flow) in cattle abomasally infused with raw corn starch [65]. Similar results were ob-
tained in sheep receiving abomasal casein infusions while consuming a dry-rolled sorghum
grain diet [73] or a cracked-corn-based diet [74]. Later, Brake et al. [55] demonstrated
that increasing levels of postruminal casein (0 g/d, 200 g/d, or 400 g/d) infusion could
increase small intestinal starch disappearance in steers duodenally infused with raw corn
starch within 6 d. In a follow-up study, amino acid treatments were used to represent
similar proportions of amino acids to those found in casein. Non-essential amino acid
infusions (similar to the profile of casein) increased small intestinal starch digestibility
but essential amino acid infusions did not [66]. This observation was further supported
when Glu or Glu + Phe + Trp + Met increased small intestinal starch digestibility but the
Phe + Trp + Met treatment did not [66]. Furthermore, increasing supply (0 g/d, 60 g/d,
and 120 g/d) of duodenal Glu increased small intestinal starch disappearance to a sim-
ilar magnitude achieved with 400 g/d of casein [67]. Other trials with essential amino
acids (Leu and Phe) have not found any effects on small intestinal starch disappearance in
goats [75].
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3.3. Influence of Grain Processing on Small Intestinal Starch Disappearance

The effects of grain processing on small intestinal or postruminal starch disappearance
have been reviewed extensively [5,7,20,27,76,77]. The current nutrient requirements of beef
cattle [78] use data from Sniffen et al. [79] and Owens and Zinn [80] to show the effects of
grain type and degree of processing on postruminal starch disappearance. The postrumi-
nal starch disappearance coefficients reported are 30–40%, 65–70%, 80–90%, 85–95%, and
92–97% for whole, dry-rolled or cracked, meal, high-moisture, and steam-flaked methods
of corn processing, respectively [78]. Owens et al. [77] developed linear models to predict
postruminal starch disappearance in dairy and finishing diets. In general, starch digestibil-
ity of diets containing whole or rolled corn typically decreases linearly with increasing
intestinal flow, as described previously. However, extensive methods of corn processing,
such as high-moisture and steam-flaking, are typically not affected by increasing intestinal
flow because they are highly digestible postruminally. It is not clear whether or not en-
hanced postruminal starch digestibility with extensive corn processing methods are directly
related to increased small intestinal starch digestibility. The issues of variable duodenal
flow, maintenance of ileal cannulas, and maintaining production levels of intake in cattle
with ileal cannulas are largely why measurements of small intestinal disappearance with
different grain processing methods have not been evaluated. A complicating factor is that
extensive grain processing methods that increase postruminal digestibility also increase
ruminal digestibility [81]. Therefore, steam-flaking and high-moisture processing methods
result in greater ruminal starch disappearance and decreased intestinal starch flows rela-
tive to whole-shelled or dry-rolled processing methods. Because of this, comparisons of
postruminal starch digestibility coefficients that were obtained using dietary models had
differing intestinal starch flows. More studies in which duodenal flow is controlled are
needed to clarify how grain processing methods affect the extent of small intestinal starch
disappearance in ruminants. This will aid in understanding the limits of the extent of small
intestinal starch disappearance in ruminants.

4. Pancreatic α-Amylase
4.1. Influence of Dry Matter and Energy Intake on Pancreatic α-Amylase Activity

The effects of nutrition on pancreatic exocrine function in ruminants have been re-
viewed previously [16,54,82–87]. In nonruminants, carbohydrase activities typically in-
crease proportional to luminal substrate flow [88]. However, in ruminants, postruminal
digestive enzymes respond differently to diet and luminal nutrient flows [16]. Russell
et al. [89] evaluated the effects of diet and energy intake on pancreatic α-amylase activity in
steers. They fed either an alfalfa hay diet (hay) or a corn and corn-silage-based diet (grain)
at 1 × net energy of maintenance (NEm) or the grain diet at 2 × or 3 × NEm. At 1 × NEm
intake, they found that steers consuming the grain diet had lower pancreatic α-amylase
activity per gram protein than steers consuming the hay diet. Furthermore, increasing the
energy intake of the grain diet from 1 to 2 × NEm increased pancreatic α-amylase activity
per gram protein by two-fold, without any additional increases at 3 × NEm.

To further evaluate the effects of diet and energy intake on carbohydrase activities,
Kreikemeier et al. [90] fed either a 90% forage (alfalfa hay) or 90% grain (sorghum and
wheat) diet at 1 or 2 × the NEm requirement. In steers consuming the grain diet, pancreatic
α-amylase concentration and total content was lower than steers consuming forage. Addi-
tionally, when energy intake increased from 1 to 2 × NEm, pancreatic α-amylase activity
and total content increased with an increase in pancreatic mass. In contrast, previous
studies demonstrated that increasing starch intake could increase pancreatic α-amylase
activity [91,92]. However, these studies were confounded with energy intake. Results from
Russell et al. [89] and Kreikemeier et al. [90] demonstrated that increasing energy intake up
to 2×maintenance can increase pancreatic α-amylase activity. In addition, steers consum-
ing starch-based diets had lower activity of pancreatic α-amylase. However, the diet effects
on pancreatic α-amylase were less clear, as the alfalfa hay-based diets had greater crude
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protein levels. This led to the hypothesis that changes in luminal carbohydrate and protein
flow could influence pancreatic α-amylase activity.

More recent studies have evaluated the effects of dietary intake restriction on pan-
creatic α-amylase activity in ruminants. Dietary intake restriction decreased pancreatic
α-amylase activity in nonpregnant ewes [93], pregnant ewes [94,95], and pregnant beef
cows [96,97]. Changes in pancreatic α-amylase activity in response to changes in dry
matter or energy intake may be related to the abundance and activity of pancreatic proteins
involved in energy metabolism. Increasing dry matter intake increased the abundance
of ATP synthase, Na+/K+-ATPase, proliferating cell nuclear antigen, and ubiquitin in the
pancreas of steers [98]. Dietary intake restriction of pregnant beef cows decreased ATP
synthase abundance in the pancreas [99]. Proteomic analyses suggest that intracellular
activity and abundance of proteins related to energy metabolism in the pancreas may be
associated with pancreatic α-amylase activity [100].

4.2. Influence of Dietary or Luminal Carbohydrate on Pancreatic α-Amylase Activity

While pancreatic α-amylase activity in nonruminants increases in response to lumi-
nal starch flows [88], the response is opposite in ruminants. High levels of postruminal
carbohydrate supply as starch, partially hydrolyzed starch, or glucose decreases pancre-
atic α-amylase activity when energy intake is controlled. Abomasal infusions of partially
hydrolyzed starch decreased pancreatic α-amylase concentration, specific activity, and
secretion in steers compared with steers ruminally infused with partially hydrolyzed starch
or steers infused with water [50]. The same decrease in pancreatic α-amylase activity in
response to abomasal partially hydrolyzed starch was observed with pancreatic tissue sam-
ples [101]. Similarly in wethers, abomasal infusions of raw corn starch decreased pancreatic
α-amylase concentration and secretion compared with control wethers receiving abomasal
infusion of water [71]. These studies demonstrated that luminal complex carbohydrate
flow decreases pancreatic α-amylase activity in cattle. In a study by Swanson et al. [102],
abomasal infusions of either glucose or partially hydrolyzed starch decreased pancreatic
α-amylase concentration, specific activity, and secretion in steers. This study demonstrated
that downregulation of pancreatic α-amylase is not due solely to luminal complex carbohy-
drate flow. However, it remains unclear whether luminal glucose concentration, absorbed
glucose, or both regulate pancreatic α-amylase activity in ruminants. Increasing levels of
ruminal glucose infusions did not affect plasma amylase concentrations in lambs fed a 50%
concentrate diet [103]. In neonatal dairy calves, supplementing fructose at 2.2 g/kg of BW
did not statistically increase pancreatic α-amylase activity; however, pancreatic α-amylase
activity was 42% greater in fructose-fed calves [104]. This could partially result from an
increase in metabolizable energy intake.

4.3. Influence of Dietary or Luminal Nitrogenous Compounds on Pancreatic α-Amylase Activity

As stated previously, studies by Russell et al. [89] and Kreikemeier et al. [90] demon-
strated that pancreatic α-amylase activity was greater in steers fed an alfalfa hay diet
compared with a grain-based diet. These authors speculated that differences in dietary
crude protein (and therefore, rumen undegradable protein and metabolizable protein) con-
tribute to differences in pancreatic α-amylase activity. In sheep, Wang and Taniguchi [71]
abomasally infused water (control), raw corn starch, or raw corn starch + casein and mea-
sured pancreatic exocrine secretion. Pancreatic α-amylase activity was depressed with
abomasal starch infusion; however, abomasal infusion of starch with casein restored α-
amylase activity to the same level as the control. Similarly, increasing levels of abomasal
casein supply (0 g/d, 60 g/d, 120 g/d, or 180 g/d) linearly increased pancreatic α-amylase
concentration, specific activity, and secretion in steers postruminally infused with raw
corn starch [105]. Feeding a 68.7% concentrate diet with supplemental casein to steers pro-
duced increases in duodenal α-amylase concentrations and serum cholecystokinin (CCK)
concentrations [106].
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More information is needed to understand how the association between luminal
nutrient supply, hormones and neuropeptides, and enzyme activities are coordinated to
influence intestinal starch disappearance in ruminants. The effects of individual amino
acids on pancreatic exocrine function have been studied predominantly with preruminant
calves and lambs [86]. Several amino acids including Arg, Leu, Ile, and Phe have been
shown to influence pancreatic α-amylase activity in ruminants. Similarly, rumen-protected
Trp supplementation to steers consuming a high-concentrate diet was associated with
greater postruminal starch disappearance, increased luminal amylase activity in the duo-
denum, and increased serum CCK and melatonin [107]. We have found that melatonin
supplementation to gestating ewes increased maternal pancreatic α-amylase activity [94]
and small intestinal maltase, isomaltase, and glucoamylase activities [108]. Tryptophan
and its metabolites are precursors to the synthesis of biogenic amines such as serotonin
and melatonin.

Responses in pancreatic α-amylase activity to individual amino acids have varied with
the type of amino acid, length of infusion, and animal species. Arginine administration
through jugular blood did not influence pancreatic α-amylase activity in non-pregnant
ewes [93]. Similarly, dietary rumen-protected Arg supplementation to ewes during mid- to
late-gestation did not influence pancreatic α-amylase activity of lamb offspring at 54 d of
age [109]. After 14 d of duodenally infusing increasing levels of Phe, Yu et al. [110] observed
linear increases in pancreatic α-amylase specific activity, and a cubic response in α-amylase
secretion in goats. In the short-term experiment (10 h), they found a quadratic response in
pancreatic α-amylase secretion to increasing levels of Phe. Moreover, increasing levels of
Leu linearly increased α-amylase concentration in pancreatic juice after 14 d of duodenal
infusion [111]. In dairy heifers, duodenal infusions of 10 g/d Leu increased total pancreatic
secretion, α-amylase concentration, and α-amylase secretion [112]. Increases in pancreatic
α-amylase activity were observed with duodenal infusions or Leu (3 g/d or 9 g/d) and
Phe (2 g/d) in goats [113]. However, when Leu (1.435 g/L milk), Phe (0.725 g/L milk), or
a combination of Leu and Phe (1.435 g Leu/L milk and 0.725 g Phe/L milk) were fed to
milk-fed calves, pancreatic α-amylase specific activity was not influenced [114]. Similarly,
increasing levels of Leu supplementation to neonatal calves in milk replacer did not affect
pancreatic α-amylase activity [115]. These data suggest that Leu can increase pancreatic α-
amylase activity in post-weaning ruminants but not in milk-fed calves. Duodenal infusions
of 20 g/d or 30 g/d of Ile have been shown to increase pancreatic α-amylase activity in
dairy heifers after 12 h or 10 d of infusion [116]. In cell culture models using pancreatic
acinar cells, amino acids such as Phe [117], Leu [118–120], and Ile [121] increased α-amylase
release. Despite increases in small intestinal starch disappearance with Glu [66,67], it is
unclear if these increases are related to increases in pancreatic α-amylase activity, as our
recent experiment found duodenal glutamic acid infusion did not influence pancreatic
α-amylase in steers [122].

Indeed, a few studies have begun to explore cellular and molecular mechanisms
driving associations between increased pancreatic α-amylase activity in ruminants and
amino acid supply. Phenylalanine increases α-amylase activity in dairy calves and the
initiation of messenger ribonucleic acid (mRNA) translation through phosphorylation
of ribosomal protein S6 kinase 1 (S6K1) and eukaryotic translation initiation factor 4E
binding protein 1 (4EBP1) [118]. Leucine and Ile have been shown to increase α-amylase
synthesis and phosphorylation of the mammalian target of rapamycin (mTOR) signaling
pathway [118,121]. Proteomic analysis has suggested that Leu modulates increases in
pancreatic α-amylase activity in dairy calves by increasing citrate synthase activity in the
tricarboxylic acid cycle, ATPase activity and oxidative phosphorylation, and stimulating the
general secretory signaling pathway in pancreatic acinar cells [123]. In these studies, Phe,
Leu, and Ile were the only amino acids studied and future research is needed to evaluate
how other amino acids could affect pancreatic exocrine function in ruminants.
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4.4. Interactions between Starch and Protein Supply on Pancreatic α-Amylase Activity

Complex interactions can occur with simultaneous starch and protein supply in the
ruminant small intestine [84]. Interactions between starch and protein on pancreatic α-
amylase were evaluated with the following treatments: (1) water, (2) partially hydrolyzed
starch, (3) casein, and (4) partially hydrolyzed starch + casein. In Holstein calves, abomasal
casein infusion for 7 d increased pancreatic α-amylase activity relative to BW (Figure 2) [101].
However, the combination of partially hydrolyzed starch and casein produced a response in
pancreatic α-amylase that was less than casein and not different from partially hydrolyzed
starch or control. In support of these results, Swanson et al. [124] and Swanson et al. [125]
found similar responses in pancreatic α-amylase activity to infusion treatments in pancreatic
explant and secretion models, respectively. The combined results suggest that the benefits
of postruminal protein supply may be overridden by the presence of starch in the small
intestine. In contrast, we recently demonstrated that duodenal infusion of raw corn starch
with casein for 58 d increases pancreatic α-amylase activity by 290% compared with raw
corn starch infusion alone [122]. Interestingly, the responses in pancreatic α-amylase activity
relative to BW were numerically similar across studies (casein: 226 U/kg BW and raw
starch + casein: 218 U/kg BW). Furthermore, activity of pancreatic α-amylase in response
to starch treatments was similar, as well (partially hydrolyzed starch: 49.5 U/kg BW and
raw starch: 81.3 U/kg BW). The results from Trotta et al. [122] may suggest that a longer
adaptation to postruminal protein supply could overcome the negative effects of starch on
pancreatic α-amylase activity.
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Figure 2. (A) Effects of abomasal infusion of 4 g partially hydrolyzed starch (PHS)/kg BW and 0.6 g
casein/kg BW infusion on pancreatic α-amylase activity relative to BW in Holstein calves; adapted
from Swanson et al. [101]. (B) Effects of duodenal infusion of 9 g raw corn starch (RS)/kg BW with
2.4 g casein/kg BW or 0.66 g glutamic acid/kg BW on pancreatic α-amylase activity relative to BW in
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Alternatively, partially hydrolyzed starch and raw corn starch may elicit different
responses in pancreatic α-amylase activity. Branco et al. [126] reported that the coefficient
of true small intestinal digestibility for partially hydrolyzed starch infused at 40 g/h was
88%. Therefore, the high digestibility of partially hydrolyzed starch may not require the
amount of pancreatic α-amylase that raw corn starch does and thus, decreased activity of
α-amylase with partially hydrolyzed starch flow might be a function of the starch source.
The high small intestinal digestibility of partially hydrolyzed starch relative to raw corn
starch likely allows for more glucose to be absorbed and it is still unclear if luminal or
absorbed glucose regulates pancreatic α-amylase activity. No definitive studies have tested
the influence of corn starch source (raw corn starch or partially hydrolyzed starch) with
postruminal casein on pancreatic α-amylase activity.

Secretion of pancreatic α-amylase increases with increasing dietary starch intake in
nonruminants [88], which is similar to responses in ruminants to increasing postruminal
protein supply. Increasing dietary crude protein concentrations with ruminal escape soy-
bean meal resulted in linear increases in pancreatic α-amylase activity [127]. However,
at the same time, there were decreasing proportions of high-moisture corn in the ration.
Complex interactions between luminal carbohydrate and protein flow on small intestinal
starch digestion likely differ between ruminants and nonruminants. Increasing dry matter
or energy intake results in increased microbial-N flow to the small intestine [128]. Moreover,
ruminal starch supply increased duodenal bacterial-N and total-N flow compared with
postruminal starch supply [129]. Synchrony of ruminal starch and protein fermentation in-
creases ruminal bacterial-N outflow [76] and responses of the pancreas to luminal nutrients
may be related to changes in the evolutionary control of pancreatic exocrine function.

4.5. Pancreatic α-Amylase Activity and Small Intestinal Starch Disappearance

Despite increases in pancreatic α-amylase activity in response to postruminal protein
or amino acid flow, it is unclear if increases in pancreatic α-amylase are related to increases
in small intestinal starch disappearance. Associations between increased small intestinal
starch disappearance [65] and increased pancreatic α-amylase activity [105] with postrumi-
nal casein supply have led to speculation that pancreatic α-amylase could be the primary
factor limiting the extent of small intestinal starch disappearance. However, in most studies
where pancreatic α-amylase increased, small intestinal carbohydrases were not evaluated.
Therefore, there may be confounding effects in determining the limiting factor if there are
also simultaneous increases in small intestinal carbohydrase activities.

Furthermore, several enzyme infusion studies with exogenous α-amylase have failed
to show a response in small intestinal starch disappearance in cattle. Remillard et al. [130]
infused porcine pancreatic α-amylase or bicarbonate in a 2 × 2 factorial design into the
jejunum and failed to see any effects on small intestinal starch disappearance in steers fed
an 85% grain diet. Abomasal infusions of exogenous amylase (Bacillus subtilis origin) with
880 g/d of raw corn starch [68] or increasing levels of raw corn starch up to 1993 g/d [131]
did not influence postruminal starch disappearance in heifers. Likewise, duodenal infusion
of exogenous porcine pancreatic α-amylase in amounts equivalent to two, four, or five
times the endogenous amount of bovine pancreatic α-amylase secretion (22 kU/h) did not
result in increased small intestinal starch disappearance in steers [69].

5. Small Intestinal Carbohydrases
5.1. Influence of Energy Intake on Small Intestinal Maltase, Isomaltase, Glucoamylase Activity

Compared with pancreatic α-amylase, there is far less information describing the
influence of diet and luminal nutrient supply on the regulation of small intestinal car-
bohydrases in ruminants. Early studies demonstrated that diet composition (forage vs.
grain) and excess energy intake had little influence on small intestinal carbohydrase activ-
ities [89,90,92]. Increasing dietary intake from 1 to 2 × NEm did not influence intestinal
maltase activity in steers [18]. Young bulls consuming a ground corn-based diet had greater
duodenal maltase specific activity than young bulls consuming a whole shelled corn-based
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diet, and there was no diet effect in the jejunum [132]. In dairy calves, milk replacer intake
and butyrate supplementation did not influence maltase activity or mRNA expression
of maltase-glucoamylase or sucrase-isomaltase in the small intestine [133]. Sixty-percent
nutrient restriction of ewes during mid- to late-gestation increased small intestinal maltase,
isomaltase, and glucoamylase activities [95]. Overall, changes in energy intake status do
not seem to have specific effects on small intestinal carbohydrase activities [16,18].

5.2. Influence of Macronutrients on Small Intestinal Maltase, Isomaltase, Glucoamylase Activity

Few studies have investigated the effects of specific nutrients on small intestinal car-
bohydrase activities in ruminants; most information is about starch or starch-digestion
products. Abomasal infusions of partially hydrolyzed starch increased jejunal maltase
activity in sheep but decreased jejunal maltase activity in cattle [134]. In another experi-
ment, partially hydrolyzed starch infusions for 7 d did not influence maltase activity in
any site of the small intestine in cattle [17]. Later, steers receiving abomasal infusions of
glucose or partially hydrolyzed starch for 35 d had greater maltase specific activity than
steers receiving ruminal starch infusions [18]. This may indicate that luminal substrate flow
(maltose, isomaltose, and limit dextrins) can increase carbohydrase activities in the small
intestine. In neonatal calves, 18% replacement of lactose with maltodextrin, maltodextrin
with a high degree of α-1,6 branching, and maltose decreased jejunal maltase specific activ-
ity [135]. Furthermore, jejunal isomaltase-specific activity decreased in response to greater
amounts of maltodextrin or maltodextrin with a high degree of α-1,6 branching. Addition-
ally, steers infused with partially hydrolyzed starch into the abomasum had greater maltase
specific activity than steers infused with casein, with partially hydrolyzed starch + casein
being intermediate [136]. Dietary fructose differentially regulated small intestinal maltase-
glucoamylase (increase) and sucrase-isomaltase (decrease) mRNA expression in neonatal
calves [104]. In the same study, glucoamylase activity was found to increase with dietary
fructose while maltase activity was unchanged [104].

In rats, 80% of apparent maltase activity is derived from sucrase-isomaltase and the
remaining 20% is derived from maltase-glucoamylase [137,138]. The concept that maltase
activity is derived from multiple enzyme subunits is supported by heat-inactivation studies
by Coombe and Siddons [14]. Therefore, changes in maltase-glucoamylase and sucrase-
isomaltase mRNA expression with dietary fructose may explain why glucoamylase and
maltase activities were differentially regulated. Conflicting reports on the responses of
carbohydrase activity in different animal models make interpretations difficult. A greater
understanding of how luminal starch, starch-digestion intermediates, and glucose regulate
small intestinal carbohydrase activities is needed.

There is limited information about how dietary or luminal amino acid supply influ-
ences small intestinal carbohydrase activity in ruminants. Increasing supplemental Leu
(0 g/kg, 0.4 g/kg, 0.6 g/kg or 0.8 g/kg of BW) in milk replacer linearly decreased maltase
and isomaltase activities of calves [115]. Similarly, feeding Leu at 2.9% of DM to neonatal
lambs in milk replacer for 42 d decreased small intestinal maltase and isomaltase activity
at slaughter after an 82 d finishing period [115]. Rumen-protected Arg supplementation
to gestating ewes fed at 60% of nutrient requirements did not influence small intestinal
digestive enzyme activities of lamb offspring at day 54 of age [109]. Although Glu has
been shown to increase small intestinal starch disappearance in steers after 12 d [66,67], our
recent study found only a small increase in duodenal maltase activity in steers duodenally
infused with raw corn starch and Glu for 58 d [122].

Duodenal infusions of raw corn starch with casein increased jejunal maltase, isomal-
tase, and glucoamylase activities in steers [122]. It is unclear if increases in small intestinal
carbohydrases with postruminal casein infusion are directly related to increased luminal
protein flow because peptide hydrolysates and free amino acids from casein might in-
fluence neuroendocrine signaling to increase carbohydrase activity in the small intestine.
Alternatively, increased luminal protein flow might cause increased carbohydrase activity
indirectly. Increased flow of luminal substrates (maltose, isomaltose, and limit dextrins)
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as a result of greater hydrolysis of amylose and amylopectin in response to increases in
pancreatic α-amylase activity might modulate increases in small intestinal carbohydrase
activities. In Caco-2 cells, supply of maltose induced synthesis of a higher molecular
weight sucrase-isomaltase immunoblot band compared with glucose, fructose, isomal-
tose, and fructose [139]. Using Caco-2 cells, Chegeni et al. [140] suggested there was a
luminal maltose-sensing mechanism that increases apparent maltase activity by enhanc-
ing intracellular trafficking of sucrase-isomaltase to the apical membrane. These effects
were associated with an increased mRNA expression of TAS1R2 and TAS1R3, the genes
encoding the dimeric sweet taste receptor subunits T1R2-T1R3. These authors suggested
that T1R2-T1R3 could potentially mediate effects of luminal maltose on sucrase-isomaltase
activity [140].

6. Sucrase
6.1. Intestinal Sucrase Activity Is Absent in Multiple Ruminant Species

A remaining enigma of ruminant digestive physiology is the absence of sucrase activity
in the small intestine. Several studies have investigated and characterized digestive enzyme
activity along the small intestine with various ruminant species, ages, and diets. Yet, there
has been a failure to detect active sucrase in the small intestine. This is in contrast to
nonruminant species including the pig and human. Dollar and Porter [3] were the first
to report the absence of sucrase activity in young calves. Furthermore, no measurable
sucrase activity was detected in mucosa or small intestinal digesta contents from lambs [11].
Later reports by Huber et al. [141] and Siddons [13] corroborated the findings that sucrase
activity is absent from the digestive tract of the young calf. With cattle ranging from
4 days of age up to 6 years of age, no detectable amounts of sucrase were found in the
small intestine [13,90]. Shirazi-Beechey et al. [142] attempted to measure sucrase activity
in isolated brush-border membrane vesicles (BBMV) from lamb intestine and also did not
detect any sucrase activity. More recently, we have been unable to detect sucrase activity
in intestinal mucosa samples from neonatal calves [104], growing steers [122], or fetal,
neonatal, or gestating sheep [95,109].

The lack of sucrase activity seems to expand to a wider range of ruminants other
than sheep and cattle and even some nonruminant foregut fermenters. Marine mammals
such as whales and dolphins have similarities in the sucrase-isomaltase protein sequence
to even-toed ungulates. Although it is unknown if dolphins or whales possess intestinal
sucrase activity [143], the sea lion does not [144]. A comparative study demonstrated
that sucrase activity was not detected in any ruminant species including sheep, goat, roe
deer, and moose [145]. Although not considered a ruminant, the kangaroo is a foregut
fermenter and does not possess intestinal sucrase activity [146]. In the pseudoruminant
camel intestine, glucoamylase and maltase activities were two- and three-fold greater than
sucrase activity [147].

6.2. Congenital Sucrase-Isomaltase Deficiency and Multiple Sequence Alignment

Interestingly, the absence of sucrase activity in the small intestine of ruminants appears
to be similar to congenital sucrase-isomaltase deficiency (CSID) in infants [14]. There are
seven distinct phenotypes of CSID in humans with phenotypes I, II, and III resulting in
completely inactive sucrase and isomaltase activities [148]. It would seem unlikely that
mechanisms driving phenotypes I, II, or III of CSID would explain the inactivity of sucrase
in ruminants because ruminants do have active isomaltase activity [14]. However, in
phenotype V of CSID, it is characterized by the presence of isomaltase activity and absence
of sucrase activity.

The primary structure of the sucrase-isomaltase complex was deduced in the rabbit
intestine and a “stalk” region (amino acids 33–70) was identified as the connection between
the transmembrane domain and N-terminal sucrase-isomaltase (isomaltase subunit) [149].
In phenotype V of CSID, pro-sucrase-isomaltase is cleaved intracellularly in the trans-Golgi
network, and the sucrase subunit is subsequently degraded while the isomaltase subunit
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is transported to the apical membrane [148,150]. Later experiments determined that the
signals for apical sorting were located in the O-glycosylated “stalk” region and membrane
anchoring domain of the isomaltase subunit [151,152].

The stalk region of sucrase-isomaltase may be important to understanding the sucrase
phenotype of ruminants. Using multiple sequence alignment, the sucrase-isomaltase amino
acid sequence was compared between several ruminant species and the camel, pig, horse,
and human (Figure 3). At amino acid 46 of the sequence, the selected ruminant species
(cattle, bison, water buffalo, goat, and Reeve’s muntjac) all have an Arg residue, while
sheep have a Gly residue. Furthermore, the camel, pig, horse, and human all contain
a Ser residue at this position. Immediately following amino acid 46, the sequence from
amino acids 47–60 is missing in the selected ruminant species. This region is enriched
with Ser and Thr residues and has been suggested to be O-glycosylated to be protected
from degradation from pancreatic proteases [149]. Indeed, bypassing the pancreatic duct
in rats to prevent luminal pancreatic secretions resulted in a decreased rate of sucrase
degradation and increased intestinal sucrase activity [153]. N- and O-glycosylation sites of
sucrase-isomaltase are essential components for proper folding and intracellular trafficking
to the apical membrane [151,154].
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This missing region of the sucrase-isomaltase protein could perhaps explain why
ruminants do not have intestinal sucrase activity. Using multiple sequence alignment,
mutations in the coding regions of the sucrase or isomaltase subunits that result in other
phenotypes of CSID [148] did not occur in the sucrase-isomaltase sequences of the selected
ruminant species (data not shown). It should be noted that although the horse and the camel
are herbivores that consume mostly forage-based diets, these species have been shown
to have active intestinal sucrase activity [147,155] and the 47–60 amino acid sequence
of sucrase-isomaltase. These comparative sequence findings provide evidence that the
absence of sucrase activity in ruminants could potentially be similar to phenotype V of
CSID due to the absence of the 47–60 amino acid sequence of the stalk region, which
is important for intracellular sorting to the apical membrane. Cellular localization and
molecular characterization of the sucrase-isomaltase complex in ruminants is warranted,
with specific regard to phenotype V of CSID.

6.3. Nutritional Influences on Sucrase-Isomaltase mRNA Expression and Activity

Few studies have attempted to induce sucrase activity by nutritional methods in
ruminants. Milk-feeding or dietary supplementation of sucrose to lambs did not induce
sucrase activity and small intestinal disappearance of sucrose was small [156]. Because
sucrase activity was not induced by its own substrate and small intestinal disappearance
was low, those authors concluded that intestinal disappearance of sucrose was most likely
due to microbial fermentation [156]. These conclusions were supported by increased cecal
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microbial counts and increased fecal N excretion with sucrose inclusion [156]. Likewise,
abomasal infusions of sucrose did not induce sucrase activity in lambs [157].

In one case report in humans, dietary fructose supplementation increased sucrase
activity by nearly four-fold in a patient with CSID [158]. Although the phenotype of the
patient was not revealed, the patient had deficient, but not absent, activity of sucrase and
isomaltase before beginning fructose treatment [158]. After treatment, sucrase activity levels
were still approximately 18.5% of the amount of sucrase activity from the patient’s family
members [158]. Fructose supplementation at 2.2 g/kg of BW did not induce sucrase activity
in neonatal calves fed milk replacer [104]. However, dietary fructose decreased sucrase-
isomaltase mRNA expression, suggesting that sucrase-isomaltase may be transcriptionally
regulated by dietary fructose in the ruminant small intestine. These studies indicate that
fructose supplementation is not effective at inducing or increasing sucrase activity in
patients with CSID or in ruminants.

6.4. Impacts on Carbohydrate Digestion

Recent evidence from nonruminant studies suggests that the absence of sucrase can
have other physiological consequences on carbohydrate digestion. Nichols et al. [159]
demonstrated that the absence of sucrase activity leads to a reduction in starch digestion
and postprandial glucose response with a sucrase-deficient shrew model. Furthermore,
when supplemented with an oral glucoamylase enzyme, sucrase-deficient shrews had blood
glucose concentrations that were similar to the control shrews (containing normal sucrase
activity). These authors concluded that sucrase was the predominant mucosal enzyme
involved in starch digestion because of its affinity towards multiple starch substrates [160].
In steers, duodenal infusions of exogenous glucoamylase increased small intestinal starch
disappearance [69]. Collectively, these data suggest that ruminants have quantitative limits
in carbohydrate digestion similar to humans with congenital sucrase-isomaltase deficiency
and supplemental enzymes may replace missing intestinal hydrolytic activity to improve
small intestinal carbohydrate digestibility.

7. Glucose Absorption
7.1. Sodium/Glucose Cotransporter-1 (SGLT1)

Sodium/glucose cotransporter-1 (SGLT1), glucose transporter 5 (GLUT5), and glucose
transporter 2 (GLUT2) are thought to be the predominant carbohydrate transporters in
the small intestine of ruminants [84]. Many studies in ruminants have concluded that
SGLT1 activity and SGLT1 abundance were greatest in milk-fed lambs and declines with
age [142,161–163]. Shirazi-Beechey et al. [163] demonstrated that duodenal infusions of a
30 mM glucose solution for 4 d in adult sheep increased the rate of glucose transport by
40- to 80-fold which was also accompanied by an increase in SGLT1 abundance. Further-
more, Dyer et al. [164] demonstrated that duodenal fructose infusions can increase jejunal
SGLT1 activity in lambs. These authors concluded that luminal sugar is sensed in the
intestine, independent of glucose metabolism, and that the inducing sugar does not need to
be a substrate of SGLT1. However, duodenal infusion of raw corn starch did not influence
SGLT1 activity in sheep [165].

Moreover, regulation of carbohydrate transport in ruminants has been suggested
to be influenced by the presence of sweet taste receptors in the bovine and ovine small
intestine (T1R2-T1R3) [166]. The sweet taste receptor signaling mechanism was proposed
by Moran et al. [167], based on research with mice. Luminal sugar is sensed in the small
intestine by T1R2-T1R3 and its associated G-protein, gustducin, which induces a signaling
cascade, leading to a subsequent increase in glucagon-like peptide-2 secretion. Glucagon-
like peptide-2 binds to its receptor on the submucosal plexus, eliciting a neuronal response
to evoke the release of vasoactive intestinal peptide (VIP) or pituitary adenylate cyclase-
activating peptide (PACAP) in absorptive enterocytes. Binding of either VIP or PACAP to
its receptor on the basolateral membrane of absorptive enterocytes results in an increase in
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intracellular cyclic adenosine monophosphate (cAMP) levels, leading to an upregulation of
SGLT1 [167].

However, there is an apparent difference between cattle and sheep in carbohydrate
transport and their ability to respond to diet or luminal nutrient supply (Table 1). In
companion studies, jejunal Na+-dependent glucose cotransport activity was determined
in cattle and sheep ruminally or abomasally infused with partially hydrolyzed starch for
7 d [17,134]. Postruminal infusion of partially hydrolyzed starch increased SGLT1 activity by
two-fold in both sheep and cattle compared with ruminal infusion of partially hydrolyzed
starch [134]. In the next experiment, SGLT1 activity was evaluated in steers ruminally or
abomasally infused with partially hydrolyzed starch for 7 d across multiple sites of the small
intestine [17]. Abomasal infusion of partially hydrolyzed starch did not increase SGLT1
activity in any site of the small intestine [17]. Later, after increasing the adaptation length
to 35 d, Rodriguez et al. [18] found that abomasal partially hydrolyzed starch or glucose
infusions did not influence SGLT1 abundance or activity. It should be noted that increasing
dietary energy intake to 2 × NEm also did not influence SGLT1 abundance or activity [18].
Similarly, Liao et al. [168] infused partially hydrolyzed starch ruminally or abomasally
and found only tendencies to influence SGLT1 mRNA expression. They reported that
ruminal partially hydrolyzed starch infusions tended to increase duodenal SGLT1 mRNA
expression and that abomasal infusions of partially hydrolyzed starch tended to increase
ileal SGLT1 mRNA expression [168]. Lohrenz et al. [169] reported that in lactating dairy
cows fed a high starch (24% of DM) or low starch diet (12% of DM) there was no difference
in duodenal or jejunal SGLT1 mRNA or protein expression. Moreover, duodenal or jejunal
GLUT2 mRNA expression, protein amount on the apical membrane, or total protein amount
was not influenced by diet [169]. Because of the interactions with luminal protein and
carbohydrate in the ruminant small intestine on starch disappearance and enzyme activity,
SGLT1 abundance and activity were evaluated [136]. Using the same treatments as Swanson
et al. [101], abomasal partially hydrolyzed starch, casein, or their combination did not
influence SGLT1 abundance or activity in steers [136]. In contrast, abomasal infusions
of casein increased SGLT1 activity in the proximal jejunum and whole small intestine in
lambs [74]. In goats, SGLT1 activity was greatest when corn- or wheat-based diets were
fed but without any changes in transporter affinity or protein abundance [170]. Although
Dyer et al. [164] determined that duodenal fructose infusions can increase jejunal SGLT1
activity and abundance in lambs, dietary fructose supplementation to neonatal calves did
not influence SGLT1 mRNA expression [104]. Collectively, these data suggest that bovine
nutrient transporters involved in small intestinal carbohydrate absorption are less sensitive
to diet or luminal nutrient supply than sheep.

Table 1. Selected studies evaluating the effects of dietary or postruminal carbohydrate supply on
carbohydrate transporter uptake activity, protein abundance, and mRNA expression in cattle and
small ruminants 1.

Item
Small Ruminants

[163] [164] [134] [74] [170]

Species Lambs Sheep Sheep Lambs Goats

Diet Pelleted Roughage 85% fescue hay Wheat hay +
cracked corn Hay/Corn/Wheat

Source Duodenal Duodenal Ruminal/abomasal Abomasal Dietary

Nutrient Glucose Glucose/Galactose/
Fructose PHS Casein -

Length 4 d 4 d 7 d 10 d 21 d
Amount 8.1 g/d 8.1 g/d 6 g/h 35 g/d 600 g/d

Transporter SGLT1 SGLT1 SGLT1 SGLT1 SGLT1
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Table 1. Cont.

Item
Small Ruminants

[163] [164] [134] [74] [170]

Parameter Abundance,
activity

Abundance,
activity Activity Abundance,

activity
Abundance,

activity

Duodenum 1 ↑Abundance and
activity

↑Abundance and
activity - ↑Abundance,

→activity -

Jejunum 1 - - ↑Activity ↓Abundance,
↑activity

→Abundance,
↑activity

Ileum 1 - - - →Abundance,
activity -

Item
Cattle

[134] [18] [136] [168] [104]

Species Steers Steers Steers Steers Calves
Diet 85% fescue hay 90% orchardgrass 90% alfalfa cubes Alfalfa cubes Milk replacer

Source Ruminal/abomasal Abomasal Abomasal Ruminal/abomasal Dietary
Nutrient PHS PHS or Glucose PHS + Casein PHS Fructose
Length 7 d 35 d 10 d 14 d 28 d

Amount 40 g/h 776 g PHS/d, 886 g
glucose/d

352 g/d starch,
52.8 g/d casein 800 g/d 92 g/d

Transporter SGLT1 SGLT1 SGLT1 SGLT1/GLUT2/
GLUT5

SGLT1/GLUT2/
GLUT5

Parameter Activity Abundance,
activity

Abundance,
activity mRNA expression mRNA expression

Duodenum 1 - → → ↑SGLT1 (RS) →
Jejunum 1 ↑Activity → → → →

Ileum 1 - → → ↑SGLT1, GLUT2
(AS) →

1 Response: ↑ = increase; ↓ = decrease;→ = no change; - = not evaluated. Abbreviations: AS = abomasal starch;
GLUT2 = glucose transporter 2; GLUT5 = glucose transporter 5; PHS = partially hydrolyzed starch; RS = ruminal
starch; and SGLT1 = sodium-dependent glucose cotransporter-1.

7.2. Glucose Transporter 5 (GLUT5)

Fructose is passively transported across the intestinal apical membrane by GLUT5 [171].
Dietary fructose supplementation has been shown to increase GLUT5 mRNA expression
and enhance intestinal fructose transport in neonatal rats [172]. Zhao et al. [173] found that
GLUT5 mRNA expression in the intestine is significantly lower than in the liver or kidney
in cattle. In contrast, many authors have reported that the greatest amount of GLUT5
mRNA expression is found in the small intestine in humans, rats, mice, rabbits, chickens,
and horses [174]. Nutritional regulation of GLUT5 by fructose requires luminal presence of
fructose in the intestine [175] and GLUT5 mRNA expression is directly proportional to in-
testinal luminal fructose concentration in weaning rats [172]. In cattle, ruminal or abomasal
infusions of partially hydrolyzed starch did not affect GLUT5 mRNA expression in the
duodenum, jejunum, or ileum [168]. Dietary fructose supplementation to neonatal calves
fed milk replacer did not influence GLUT5 mRNA expression in the small intestine [104].

Douard and Ferraris [174] discussed the complex relationships between age, luminal
fructose supply, and induction of GLUT5 in neonatal (milk only), weaning (milk + solid
feed), and post-weaning (solid feed only) rats. In general, GLUT5 expression is nutritionally
regulated by luminal fructose during weaning (14–28 days of age) and post-weaning
(>28 days of age) in rats [172,175–179]. However, in neonatal rats (<14 days of age), GLUT5
expression can increase with luminal fructose and glucocorticoid supply but not luminal
fructose alone [180–182]. Therefore, nutritional regulation of GLUT5 by fructose is age-
dependent in rats and this process could be similar in cattle.
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7.3. Glucose Transporter 2 (GLUT2)

Glucose transporter 2 is thought to be the primary basolateral transporter of monosac-
charides from intestinal enterocytes. The apical GLUT2 hypothesis [183] in which GLUT2
translocates to the apical membrane and contributes to apical (luminal) sugar transport
has been controversial [171]. Whether or not GLUT2 translocation occurs in ruminants
or contributes to apical sugar uptake under physiological substrate concentrations have
not been adequately evaluated. Abundance of GLUT2 in the small intestine has been
specifically evaluated in BBMV from lactating dairy cows [169], newborn calves [184],
and lactating ewes [185]. Lohrenz et al. [169] quantified GLUT2 abundance in BBMV, as
well as, crude cell membrane extracts (CCM) from duodenal and jejunal mucosal tissue of
lactating dairy cows. They found that GLUT2 was present in duodenal and jejunal BBMV.
Steinhoff-Wagner et al. [184] demonstrated that GLUT2 was present in BBMV prepared
from mid-duodenal and proximal-, mid-, and distal-jejunal mucosa of newborn calves.
Additionally, they used immunofluorescence to show localization of GLUT2 on the apical
and basolateral membranes [184]. Their data showed that the apical:basolateral distribution
of GLUT2 was positive [184], indicating greater abundance of GLUT2 on the apical mem-
brane. A follow-up study demonstrated that feeding colostrum for 4 d after birth decreased
basolateral GLUT2 fluorescence and increased apical GLUT2 fluorescence, suggesting an
increase in GLUT2 translocation in small intestinal enterocytes of calves [186].

However, in sheep, jejunal BBMV did not express GLUT2, whereas jejunal CCM
did [185]. Brush-border membrane vesicles can potentially be contaminated with increased
basolateral enrichment, indicated by increased Na+/K+-ATPase activity or abundance com-
pared with the homogenate. Contamination of BBMV with the basolateral membrane could
artificially increase GLUT2 abundance estimates in the apical membrane [187]. Activity of
SGLT1 is typically assessed using BBMV preparations and measuring glucose uptake in the
presence or absence of Na+. Bauer et al. [17] measured Na+-independent glucose uptake in
BBMV from cattle and found that at 200 µM luminal glucose, Na+-independent glucose
uptake only contributed to 3% of total glucose uptake by BBMV. These data indicate that
Na+-independent uptake activity at 200 µM luminal glucose in the apical membrane is
unlikely to be a major route of glucose absorption in growing beef steers. Solvent drag [188],
a phenomena where glucose is paracellularly absorbed across intracellular junctions, is
also not thought to be a major route of glucose absorption under physiological conditions
because passive diffusion of glucose is small in cattle [189]. Further evaluation is needed
across different physiological states, intakes, and luminal glucose concentrations to better
understand the contribution of GLUT2 to apical glucose transport in ruminants.

Studies evaluating effects of nutrition on GLUT2 mRNA expression or protein abun-
dance have not been consistent in ruminants. Abomasal infusion of partially hydrolyzed
starch tended to increase ileal GLUT2 mRNA expression in steers [168]. Duodenal or
jejunal GLUT2 mRNA expression and protein abundance in BBMV or CCM were not influ-
enced by feeding diets with differing starch concentrations to lactating dairy cows [169].
Klinger et al. [185] found that jejunal GLUT2 abundance was greater for lactating ewes
compared with dried-off ewes. Dietary fructose supplementation to neonatal calves did
not influence GLUT2 mRNA expression in the duodenum, jejunum, or ileum [104].

7.4. Portal Appearance of Glucose

There is a disproportional relationship between intestinal carbohydrate disappearance
and portal glucose appearance in cattle. In mature ruminants, limited amounts of glucose
appear in portal blood [190] which indicate that microbial fermentation and/or visceral
metabolism of glucose are substantial. Short-chain fatty acid concentrations in digesta are
typically used to evaluate the fermentability of a given diet or nutrient. Reductions in
ileal pH and increased short-chain fatty acid concentrations in ileal digesta could suggest
microbial activity in the small intestine [19,156,191]. In general, small intestinal short-
chain fatty acid concentrations are far less than large intestinal concentrations in cattle [19]
and pigs [192]. Huntington and Reynolds [193] abomasally infused glucose or raw corn
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starch in lactating dairy cows and beef heifers and measured net nutrient flux across the
portal-drained viscera (PDV). They reported that approximately 65% of the infused glucose
appeared in portal blood and this was similar between lactating dairy cows and beef heifers.
However, only 35% and 8% (26% average) of the infused corn starch appeared in portal
blood as glucose for the beef heifer and lactating cow, respectively. It should be noted that
these calculations were based on the amount of carbohydrate infused, not disappearance of
the carbohydrate.

Kreikemeier et al. [19] were the first to quantify small intestinal carbohydrate dis-
appearance and net portal glucose absorption in cattle simultaneously. Holstein steers
abomasally infused with glucose, corn dextrin, or corn starch at 60 g/h had 94% of glucose,
38% of corn starch, and 29% of corn dextrin disappearance in the small intestine that could
be accounted for in portal blood [19]. These authors suggested that glucose could poten-
tially be used as a substrate within the small intestine or that small intestine carbohydrate
disappearance could be partially due to microbial fermentation. They concluded that
approximately 35% of raw corn starch that disappears in the small intestine resulted in
net portal glucose absorption. In a similar study, Holstein steers were abomasally infused
with water, glucose, corn dextrin, or corn starch at 66 g/h [64]. A total of 73% of glucose,
60% of corn dextrin, and 57% of corn starch that disappeared in the small intestine could
be accounted for as net portal glucose flux. Shifting the site of starch digestion from the
rumen to the small intestine increased glucose utilization by PDV tissues (132%), PDV
glucose flux (310%), and irreversible loss of glucose (59%) in growing beef steers infused
with partially hydrolyzed starch [9]. In general, these studies collectively demonstrate that
intestinal starch flow does result in an increase in net portal glucose flux; however, there is
a large amount of glucose that is utilized by splanchnic tissues. When corrected for visceral
metabolism, glucose uptake by the PDV was 77% of supply [9].

In beef steers, abomasal raw corn starch infusions with casein increased portal glu-
cose appearance by 0.38 g per gram of casein infused [72]. However, when corn starch
was infused ruminally and casein was infused abomasally, net portal glucose flux did
not differ [72]. The amino acids Gln, Glu, and Pro are found in the largest abundance
in casein [194] and Glu is the primary substrate used by duodenal enterocytes for en-
ergy metabolism in beef cattle [195]. Because abomasal casein infusion with ruminal raw
corn starch infusion did not increase net portal glucose flux, these data suggest that in-
creases in net portal glucose flux in response to casein are because of increased intestinal
starch hydrolysis and/or greater intestinal glucose transport rather than shifts in PDV
metabolism [196].

Compared with nonruminants, the amount of glucose appearing in portal blood is
low and raises many questions about the fate of glucose that disappears in the intestine. In
fact, most authors agree that the disproportional relationship between intestinal carbohy-
drate disappearance and net portal glucose absorption is partially due to both microbial
fermentation and visceral metabolism [19,135,191,197]. Gilbert et al. [135] concluded that
fermentation is the primary contributor to starch disappearance in the small intestine
rather than enzymatic hydrolysis to glucose in milk-fed calves. However, cellulose and
hemicellulose digestibility in the small intestine is small, indicating that microbial activity
on carbohydrates in the small intestinal lumen is probably not a major contributor to
intestinal carbohydrate disappearance in functional ruminants [79,198,199]. Whether or
not starch is digested hydrolytically or microbially in the small intestine, research has
shown that energetic advantages can be gained with increased starch digestion in the small
intestine [8]. Despite limitations in intestinal glucose absorption resulting from insufficient
transport, microbial fermentation, or visceral metabolism, adequate amounts of glucose
can be supplied to peripheral tissues via hepatic gluconeogenesis, even in high-producing
dairy cows [200].
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8. Conclusions

The interface between nutrient supply and gastrointestinal function are important
because digestive and absorptive function in the small intestine are coordinated by lu-
minal nutrient flows. Partially hydrolyzed carbohydrates, microbial-N and nucleosides,
and biohydrogenated lipids flowing to the small intestine may alter responses of the pan-
creas and intestine to luminal nutrient flows. Practical solutions to increase the extent of
small intestinal starch disappearance are challenging, yet improvements in small intestinal
starch digestibility with extensive grain processing warrant further attention. Ruminant
carbohydrase activities of the pancreas and small intestine appear to respond differently
to diet and luminal nutrient supply compared with nonruminants. Alignment of the
sucrase-isomaltase primary sequence of multiple species suggests that the absent region in
ruminant species is related to the absence of intestinal sucrase activity in ruminants and,
thus, constitutes a major limitation in ruminant intestinal assimilation of starch compared
with nonruminant species. Mechanisms of adaptation of glucose transporters to substrate
are apparently less sensitive in cattle compared with small ruminants. Future research
efforts in these areas will aid our efforts to optimize feeding strategies that increase the
efficiency of meat and milk production by increasing our understanding of how starch is
digested, and glucose absorbed, in the ruminant small intestine.
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