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The unique structure of the stomach, including the rumen, reticulum, omasum, and abomasum, indicates
the differences between the ruminant and monogastric animals in the digestion of nutrients. This dif-
ference is reflected in the majority of dietary nutrients that may be fermented in the rumen. Significant
proteins and a certain amount of starch can flow to the small intestine apart from rumen. The initial
phase of small intestinal digestion requires pancreatic digestive enzymes. In theory, the enzymatic
digestion and utilization efficiency of starch in the small intestine are considerably higher than that in
the rumen, but the starch digestibility in the small intestine is quite low in ruminants. Therefore,
improving the digestion of nutrients, especially starch in the small intestine is more urgent for high-yield
ruminants. Although the pancreas plays a central role in nutrient digestion, the progress of research
investigating pancreatic exocrine regulation in the ruminant is slow due to some factors, such as the
complex structure of the pancreas, the selection of experimental model and duration, and internal
(hormones or ages) and external (diet) influences. The present review is based on the research findings of
pancreatic exocrine regulation of dairy animals and expounded from the physiological structure of the
ruminant pancreas, the factors affecting the digestion and exocrine processing of carbohydrates, and the
regulatory mechanism governing this process. The review aims to better understand the characteristics
of enzymatic digestion, thereby advancing pancreatic exocrine research and improving the digestion and
utilization of nutrients in ruminants. Additionally, this review provides the theoretical basis for
improving nutrient utilization efficiency, reducing wastage of feed resources, and promoting the efficient
development of the dairy industry.

© 2021 Chinese Association of Animal Science and Veterinary Medicine. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Digestion of feed represents a decisive process of nutrient uti-
lization for productive purposes such as the production of meat or
milk (Harmon and Swanson, 2020). Different from monogastric
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animals, the rumen plays more fermentative role during nutrients
digestion in ruminants. Also, the digestive function of the small
intestine cannot be ignored. Pancreatic exocrine secretion is an
essential step of nutrients digestion, which provides an efficient
supply model. The exocrine pancreas consists of the acinus, which
secretes pancreatic juice, and the pancreatic duct, which transports
pancreatic juice. The exocrine pancreas synthesizes and secretes
several digestive enzymes (including amylase, lipase, and pro-
teases) to digest feedstuff, supplying nutrients (such as starch, fat,
and protein) for ruminants.

In the small intestine of ruminants, starch digestion into dextrins
and maltose depends on amylase secreted by the pancreas. The
digestion and utilization of starch may be limited and these limi-
tations could be caused by inadequate amylase activity in the small
intestine (Swanson, 2019). The evidence is that approximately 40%
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of rumen bypass starch cannot be digested and utilized by rumi-
nants (Moharrery et al., 2014). This lack of digestion is an important
reason why many studies have focused on the secretion and regu-
lation of pancreatic amylase. Theoretically, the type of energy sup-
plied from the glucose absorbed in the small intestine is more
efficient than that supplied from volatile fatty acids (VFA) in the
rumen. However, the limited starch digestibility in the small intes-
tine restricts total-tract energy yield in comparison to energy yield
from ruminal fermentation of starch (Harmon, 2009). A recent
summary for ruminant intestinal starch and protein assimilation
(Harmon and Swanson, 2020) reported the crucial function of
pancreatic a-amylase in small intestinal starch digestion. Improving
pancreatic exocrine secretion, especially amylase, may strengthen
energy supply performance, feed efficiency, and reduce environ-
mental pollution.

Because of the ruminal microbial influence on the nutrient
profile, a complete description of the macronutrients like rumen
bypass starch digestion and absorption in ruminant small intestine
remains elusive (Harmon and Swanson, 2020). Furthermore, the
molecular mechanism that regulates pancreatic secretions in ru-
minants remains unclear. The objective of the present review is to
bring together the current information on pancreatic regulation
with consideration of the regulation mechanism of pancreatic
exocrine. The primary focus of this review is to assess the regula-
tory factors of ruminants and to examine the involved potential
mechanisms.

2. Process of carbohydrate digestion in ruminant

Ruminants have a complex stomach with 4 compartments
consisting of the rumen, reticulum, omasum, and abomasum.
Numerous bacteria, protozoa, and anaerobic fungi are found in the
rumen. Feeds are fermented in the rumen and VFA and microbial
proteins are produced. These digestive processes are different from
those in nonruminants. A large proportion of the total metaboliz-
able energy (50% to 85%) made available to the animal is provided
by the VFA (Harmon and Swanson, 2020). Although there is no
digestive gland in the rumen, the rumen and microorganisms play
essential roles in the digestion process.

A characteristic of ruminants is that they can utilize both
structural and non-structural carbohydrates, which results in a
more complex utilization of carbohydrates than nonruminants. The
proportion of carbohydrates in ruminant diets is usually up to 60%
to 70%, which is the main energy source. The structural carbohy-
drates such as cellulose and hemicellulose are degraded by ruminal
microorganisms to produce acetic acid (mainly), while the non-
structural carbohydrates, especially the starch, are fermented to
produce propionic acid and butyric acid. These VFA are absorbed
and used by the peripheral tissue to synthesize glucose or milk
components. It is beneficial to nitrogen balance and higher mi-
crobial yields to ensure a certain proportion of starch fermentation
in the rumen. However, some types of microbes could use acetic
acid to generate methane, and this provides less net energy as a
result of heat production from fermentation. One study found that
the energy loss of rumen microbial fermentation of starch is
approximately 3% to 12% of the digestive energy of the diet
(Huhtanen and Sveinbj€ornsson, 2006). Therefore, changing the
carbohydrates fermentation types from acetic acids type to propi-
onic acids type in the rumen could increase the overall energy
supply efficiency.

Regulating the digestion of carbohydrates such as starch to
glucose in the intestine is a direct energy supply model (Harmon
and Swanson, 2020). In the digestive process of starch in the
small intestine, ruminants are similar to monogastric animals.
Small intestinal starch digestion in ruminants requires the
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following processes: hydrolysis of starch into small molecular oli-
gosaccharides by amylase, decomposition of oligosaccharide into
glucose by a-saccharide hydrolase, and transport of glucose in the
intestinal lumen to the intestinal epithelial cells by glucose trans-
porters (Huntington, 1997). Starch digestion in the small intestine
needs the amylase secreted by pancreatic acinar cells. Amylase is
activated in the intestinal lumen and hydrolyses a-1,4 glycosidic
bonds that break down starch into glucose, or small molecule oli-
gosaccharides (such as maltose and maltotriose). Mcleod et al.
(2001) reported that gastric-perfusion starch is 25% more effi-
ciently converted to metabolic energy than starch through the
rumen fermentation process. In the process of digesting starch in
the small intestine, although there is no fermentation and heat
production, under the action of digestive enzymes, breaking
glycosidic bonds also releases thermal energy. The heat released by
starch in the small intestine digestion is equivalent to 0.6% of the
digestive energy of the diet, far less than the energy loss in the
rumen. Starch can theoretically be digested in the small intestine
and efficiently absorbed and directly supplied in the form of
glucose. The efficiency is considerably higher than the efficiency of
microbial degradation in the rumen to produce VFA. Dairy animals
have limited digestion capacity of nutrients such as starch in the
small intestine and only 40% to 62% rumen escape starch can be
digested (Harmon et al., 2004), which causes energy supply
shortage during the peripartum period and feed resource waste.

3. Physiological structure of the ruminant pancreas

As a digestive gland, the pancreas is composed of the endocrine
part secreting hormones such as insulin and glucagon (Jenstad and
Chaudhry, 2013), and the exocrine part secreting digestive enzymes
such as amylase, protease, and lipase, which play an important role
in the growth, development, reproduction, and production pro-
cesses of animals. Small intestinal digestion in ruminants is similar
to that of monogastric animals, which mainly relies on digestive
enzymes secreted by the pancreas. However, because rumen
fermentation degrades a major part of the ingested feed, the
pancreas function and regulation may differ between ruminants
and monogastric animals.

The pancreas is divided into 4 structures, namely, the head,
neck, body, and tail, but there is no boundary among each section.
The surface of the pancreas is covered by thin connective tissue. The
pancreas has endocrine and exocrine functions. The exocrine
pancreas consists of a multi-branched lobular, acinus that secretes
pancreatic enzymes and electrolytes, as well as other fluids.
Pancreatic juice is composed of inorganic salts, zymogen particles,
and water, and flows into the duodenum through a duct to digest
starch, protein, and fat in the chyme. The endocrine part of the
pancreas is tightly globular, embedded in the exocrine section, and
composed of islet cells. Islet cells are divided into a-, b-, d- and PP-
cells and secrete glucagon, insulin, somatostatin, and pancreatic
polypeptides (inhibition of gastrointestinal motility, pancreatic
secretion, and gallbladder contraction), respectively (Brereton et al.,
2015). Endocrine cells only account for a small fraction of the total
number of pancreatic cells, but the hormones secreted by them
have essential regulatory functions, especially in terms of blood
glucose balance (Moull�e and Parnet, 2019).

The acinus is the basic functional structure of the pancreas that
exercises the exocrine function. The acinus consists of conical se-
rous gland cells, which are primarily used for the synthesis, storage,
and secretion of various digestive enzymes. Acinar cells are typical
secretory cells whose structures are shown in Fig. 1. This figure
presents the ultrastructural map of freshly isolated cow pancreatic
acinar cells taken with a transmission microscope. The elliptical
nucleus is in the middle of the acinar cells. A large number of



Fig. 1. Ultrastructure of pancreatic acinar cells in dairy cows. Organelles, such as
mitochondria, endoplasmic reticulum, and nucleus are shown. The brown circles are
zymogen particles.
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zymogen particles are distributed at the base of the cell, whose
numbers vary by function and state of the cells. Such organelles as
ribosomes and endoplasmic reticulum are near the zymogen
granules. The endoplasmic reticulum ribosomes synthesize pro-
teins while the Golgi apparatus fabricates these proteins to
zymogen-secreting granules. The acinar cells release the zymogen
granules into the acinar cavity by exocytosis and then these
zymogen granules enter the duodenum through the pancreatic
duct.

4. Factors affecting the exocrine function of the pancreas

The secretion of digestive enzymes in the pancreas is affected by
a variety of factors, such as animal age, neurohumoral regulation,
and dietary components (Fig. 2).

4.1. Animal age

The age of an animal is the main factor that affects the
pancreatic exocrine function of ruminants. As age increases, the
development of the animal pancreas gradually matures, the total
amount of pancreatic juice increases, and the number of digestive
enzymes contained in the pancreas is also increased (Naranjo et al.,
1997). The flow rate of pancreatic juice secreted by a 4-day-old calf
is only 150 mL/24 h, while a 100-day-old calf secreted over 1, 000
mL/24 h (Mccormick and Stewart, 1967). It was also reported that
the daily pancreatic secretion increased from 7.9 mL/kg body
weight in 3-week-old calves up to 14.2 mL/kg body weight 2
months later (Zabielski et al., 2001). A more substantial increase (3-
fold) was also observed in the daily pancreatic protein output
during that period. Moreover, the activity of digestive enzymes that
contain amylase, protease, and lipase in the small intestine of
newborn calves is low, but as age increases, the activity of these
enzymes is significantly higher than that at the time of birth.

4.2. Neurohumoral regulation

The central nervous system regulates pancreatic secretion
through the vagus nerve. After blocking the vagus nerve, the
secretion of pancreatic juice, the activity of trypsin, and the con-
centration of protein in pancreatic juice were reduced (Konturek
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et al., 2003). There is also strong evidence suggesting the impor-
tance of the brain-gut axis in regulating pancreatic secretion
(Jaworek et al., 2010). In addition, stimulation of cholinergic nerves
can increase pancreatic exocrine secretion and increase secretion of
endogenous secretin and cholecystokinin (CCK). However, early
research found that local neural reflexes and secretin-mediated
exocrine responses may be more important than stimulation by
CCK (Croom et al., 1992). These experimental results indicate that
nerves play an essential regulatory role in regulating the exocrine
function of the pancreas.

CCK is an important brain-gut peptide that regulates pancreatic
enzyme release. CCK is produced and secreted by intestinal
mucosal type I cells when stimulated by amino acids (AA) and fatty
acids. Feeding intact casein also increased CCK secretion in steers
(Lee et al., 2016). The addition of exogenous CCK to mice increased
pancreatic weight, individual acinar cell volume, and DNA, RNA,
and protein content (Yu et al., 2011). CCK directly stimulates
pancreatic acinar cells to secrete pancreatic amylase (Wang and Cui,
2007), a process that relies on CCK and CCK receptor binding on the
surface of acinar cell membranes. There are 2 subtypes of CCK re-
ceptors, CCK1 and CCK2, both of which belong to the G-protein
coupled receptor family (Williams, 2001). By locating CCK receptors
in the calf, it was found that both receptors were expressed in the
calf pancreas, but in adulthood, CCK2 was the main receptor in the
pancreas and was primarily distributed in islet cells and ducts.
However, the membrane of the pancreatic acinar cells does not find
these 2 receptors, which is primarily observed because with the
development of calves, the pancreatic function is transformed and
degraded, causing some functions to be lost. Additionally, the effect
of imaging methods of immunofluorescence assays and selection of
the receptor protein's antibody cannot be ignored. Determining
whether the CCK2 receptor is present on the membrane of
pancreatic acinar cells in adult cows requires further investigation.

Insulin is a hormone secreted by islet b cells, which regulates the
body's blood glucose concentration and acts as a signalling mole-
cule to participate in other physiological metabolic processes of the
body, such as promoting themammals' target of rapamycin (mTOR)
signalling pathway to regulate protein synthesis (Tremblay and
Marette, 2001). Insulin regulates blood glucose levels by promot-
ing tissue uptake and glucose utilization and inhibiting glycogen-
olysis and gluconeogenesis (Yea et al., 2009). There may be
differences in the role of insulin in regulating pancreatic exocrine
function inmonogastric and ruminant animals. Insulin can improve
the exocrine function of the pancreas in diabetic mice (Otsuki and
Williams, 1982), but the regulation of pancreatic a-amylase mRNA
expression in the duodenal perfusion of leucine in dairy goats does
not depend on changes in serum insulin (Yu et al., 2014).

4.3. Animal diet

The initiation of digestive enzyme secretion is before feed
intake, which means that when ruminants smell or see feeds, this
could stimulate the release of the digestive enzymes by the
pancreas. Different types of feed can affect the secretion of
pancreatic enzymes.

4.3.1. Carbohydrate
The proportion and type of dietary carbohydrates can affect the

exocrine function of the pancreas, especially the secretion of
amylase. Yu et al. (2013, 2014) reported a significant linear rela-
tionship between starch digestibility and chyme amylase in dairy
goats, which indicated that dietary rumen-protected starch affects
pancreatic amylase secretion. Sheep were fed with different types
of carbohydrates, including hay and crushed corn, and it was found
that the concentration and viability of pancreatic amylase in the



Fig. 2. Factors affecting the exocrine function of the pancreas. Age, neurohumoral properties and diet affected pancreatic secretion. The basic unit of pancreatic exocrine function is
the acinar cell, and the secretion of digestive enzymes in the pancreas is initiated during nutrient intake and digestion.

L. Guo, J. Yao and Y. Cao Animal Nutrition 7 (2021) 1145e1151
smashed corn diet groupwere greater than those in the hay feeding
group (Janes et al., 1985). Secretion of a-amylase of the pancreas in
dairy goats increased with the amount of rumen escape starch,
peaked at 113 g/h, and then decreased (Xu et al., 2010). Dairy goats
fed with a diet containing 20% starch showed lower secretion of
pancreatic a-amylase compared with goats fed with 30%, 40%, and
50% dietary starch; increasing rumen escape starch resulted in a
quadratic increase in pancreatic amylase and lipase secretion (Xu
et al., 2010). However, Holstein steers fed hydrolyzed starch had
reduced pancreatic a-amylase concentration and secretion rate
(Swanson et al., 2002). Those results show that the amount of
starch bypassing the rumen and entering the small intestine was a
key factor that affected the exocrine function of the pancreas and
these responses disappear with time and dose.

4.3.2. Functional AA
Leucine can be used as a nutrient signal to stimulate the

secretion of a-amylase, trypsin, chymotrypsin, and lipase in a dose-
and time-dependent manner. In goats, Yu et al. (2014) found
duodenal leucine perfusion did not affect pancreatic juice secretion,
protein output, trypsin and lipase secretion, and plasma insulin
concentration. While amylase release linearly increased in a 14-
d experimental period, pancreatic juice and a-amylase secretion
responded quadratically with the greatest values being observed in
responses to provisions of 3 and 6 g/d leucine, respectively (Yu
et al., 2014). The research also suggested that duodenal leucine
perfusion dose- and time-dependently regulated pancreatic
enzyme secretion and it was not associated with the change in
plasma insulin concentration. Cao et al. (2018a) used 16 healthy
yearling dairy goats to duodenal infuse leucine and found that an
appropriate amount of leucine can effectively improve the
expression and secretion of pancreatic amylase, which is important
for improving intestinal starch digestion in ruminant animals.
Duodenal perfusion of leucine can also regulate the development of
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the pancreas as well as the expression of digestive enzyme genes in
dairy goats and plays a significant role in the digestion of starch and
other nutrients in the intestinal tract of ruminants (Cao et al.,
2018a). Liu et al. (2015) poured different amounts of leucine into
pancreatic cannulas fitted to 4 Holstein heifers, and found that 10 g
of leucine significantly increased the secretion of pancreatic fluid as
well as the concentration and secretion rate of amylase. Analysis of
the results of a 20 male Holstein calves feeding experiment showed
that leucine tended to increase the concentration of total pancreatic
protein (mg/kg of body weight), serum glucose and essential amino
acids (EAA), body index, and the average daily gainwithout amylase
secretion (Cao et al., 2018b).

Isoleucine is a branched-chain amino acid (BCAA) and has a
similar structure and function to leucine (Nair and Short, 2005). In
Holstein heifers, duodenal isoleucine perfusion increased pancre-
atic exocrine function, especially a-amylase, and the increases
appeared to be dose- and time-dependent. Also, the protein con-
centration in the pancreatic secretions (mg/mL), the pancreatic
secretion rate (mg/h), and the CCK concentration were all
increased. However, the pH of pancreatic secretions, the activity of
chymotrypsin and lipase, the concentrations of plasma glucose and
insulin were not affected (Liu et al., 2017b).

Phenylalanine belongs to the aromatic AA and has a complex
metabolic process in animal organisms (Wu et al., 2014). Studies
have shown that this AA regulates the exocrine secretion of the
pancreas through the CCK pathway (Liddle et al., 1986). The
continuous perfusion of phenylalanine into the duodenum of dairy
goats for 14 days increased the amount of pancreatic bile secretion,
amylase secretion, and serum CCK concentration quadratically,
with the greatest values at 2 g/d; the trypsin secretion also showed
a quadratic curvewith a maximum at 4 g/d; however, the release of
lipase decreased by phenylalanine addition (Yu et al., 2013).
Phenylalanine increased amylase, trypsin synthesis, secretion, and
mRNA expression in cow pancreas cultured in vitro (Guo et al.,
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2018a). It has been reported that phenylalanine could inhibit the
effects of leucine in promoting intestinal development and affects
pancreas growth (Cao et al., 2018c).

Ruminal proteins and other AA also affect the exocrine ability of
the ruminant pancreas. Richards et al. (2002) noted that starch
digestibility and pancreatic enzyme secretion are linearly related to
casein content infused into the small intestine of steers. There is a
dynamic relationship between the amount of ruminal protein and
the secretion of amylase. The ratio of EAA to starch in the small
intestine could influence pancreatic amylase secretion of ruminants
(Swanson et al., 2004). Swanson et al. (2008) also speculated that
the higher the protein content in the small intestine, the greater
would be the secretion of pancreatic enzymes. Dairy cows with a
duodenal infusion of non-essential amino acids (NEAA) and
glutamate also show increased intestinal digestibility (Brake et al.,
2014; Blom et al., 2016).

5. Mechanism of pancreatic exocrine regulation

5.1. Intracellular calcium signal

Calcium ions are principally deposited in the endoplasmic re-
ticulum in acinar cells (Van de Put and Elliott 1997). Within the
cytoplasm, calcium ions act as a coupling center from stimulation to
secretion. When intracellular CCK or acetylcholine hormones reach
physiological stimulating concentrations, the cells produce 2 sec-
ondary messengers, IP3 and nicotinic acid adenine dinucleotide
phosphate. These 2 secondary messengers combine with the re-
ceptors of ryanodine and inositol 1,4,5-trisphosphate, which re-
leases the calcium ions stored in the endoplasmic reticulum
(Petersen and Tepikin, 2008). The concentration of calcium ions in
the cytoplasm is slightly oscillated, thereby increasing the release
of zymogen particles from intracellular to extracellular (Petersen,
2005).

5.2. Proteasome

The proteasome is an essential protein complex that functions to
degrade proteins in cells. The ubiquitin-proteasome is a crucial
regulator of cell life processes and has received intensive attention
Fig. 3. Amino acid regulation signalling network for digestive enzyme secretion in pancreat
line represents the inhibition. IRS ¼ insulin receptor; P ¼ phosphorylation; PI3K ¼ phospha
threonine-protein kinase; mTOR1 ¼ mammalian target of rapamycin complex 1; TCA ¼ tr
S6 kinase; 4E-BP1 ¼ eukaryotic translation initiation factor 4E-binding protein 1; AF ¼ act
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in disease model cells due to its function and role. However, further
research is needed on secretory cells with dynamic protein meta-
bolism activities (Ristic et al., 2014). Some studies have shown that
the anti-factor 4 of the 26S proteasome in the mouse pancreas can
significantly regulate the secretion of digestive enzymes (Coux
et al., 1996). The super-physiological concentration of leucine
(1.35 mmol/L) significantly inhibited proteasome activity and the
secretion of amylase, which indicated that the proteasome is a
possible key factor in digestive enzyme secretion in the pancreatic
acinar cells of the cow. After using the specific inhibitor of pro-
teasome MG132, the results also showed that the proteasome plays
a critical role in the secretion of amylase (Guo et al., 2018b). Using
label-free proteomics analysis technology, we also found that
leucine significantly affects the expression of proteasome-
associated protein subunits in acinar cells (Guo et al., 2020). In
pancreatic b-type cells, insulin secretion is affected by proteasome
activity (Liu et al., 2017a).

5.3. Molecular signalling pathway

The translational control of protein synthesis must regulate the
growth and the synthesis of digestive enzymes of the pancreas.
Stimulation of protein synthesis in acinar cells is primarily medi-
ated by mTOR, the phosphatidylinositol-3 kinase (PI3K)-RAC-
alpha serine/threonine-protein kinase (Akt), and the general AA
control repressor 2 (GCN2) signalling pathways (Guo et al., 2018c).
The mTOR signalling pathway is central to regulate intracellular
protein synthesis and degradation, cell growth and proliferation
(Ma and Blenis, 2009). Leucine and phenylalanine can activate Akt-
mTOR and ribosomal protein S6 kinase beta-1 (S6K1), respectively,
to increase the formation of translation initiation complexes and
increase the synthesis of digestive enzymes (Guo et al., 2018a,
2019). We also demonstrated that isoleucine could also phos-
phorylate the mTOR signalling pathway factors, which increases
the efficiency of protein synthesis (Cao et al., 2019). In an experi-
ment incubating pancreatic tissue of dairy goats in vitro, we found
that isoleucine increased the phosphorylation level of eukaryotic
translation initiation factor 4E-binding protein 1g (4EBP1g),
decreased the phosphorylation level of eukaryotic elongation factor
2 (eEF2), increased the tissue concentration of amylase, trypsin, and
ic acinar cells of dairy cows. The green arrow represents the promotion, and the black
tidylinositol 3 kinase; GCN2 ¼ general AA control repressor 2; Akt ¼ RAC-alpha serine/
icarboxylic acid cycle; OXPHOS ¼ oxidative phosphorylation; SEC ¼ secretory; S6K ¼
ion factor.
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chymotrypsin, and increased the concentration of the released
buffer (Cao et al., 2019). AA regulation of signal transduction
pathways in protein turnover and metabolism in acinar cells has
been reviewed in detail by Gallinetti et al. (2013). The specific
regulatory network is shown in Fig. 3.

The general secretory (SEC) signalling pathway regulates pro-
tein export and is widely present in various cell types (Van den Berg
et al., 2004). SEC YEG channel protein and SEC61 complex are the
key protein complexes in the SEC system of prokaryotes and eu-
karyotes, respectively (Park et al., 2012). Our previous study re-
ported that the SEC signalling pathway regulates pancreatic a-
amylase release in pancreatic acinar cells of dairy calves (Guo et al.,
2020). We used the primary pancreatic acinar cells to study the
function of exogenous leucine on protein synthesis and enzyme
secretion. The main effects of leucine supplementation were
increased citrate synthase and ATPase activity, which enlarged the
cytosolic ATP pool, and the upregulation of Sec61 expression.
Further results showed that ATPase mediates this molecular pro-
cess. The detailed mechanism of the Sec signalling pathway that
controls the enzyme release needs further research.

Currently, the study of digestive physiology has focused on the
role of small intestinal microbes, the regulation of intestinal glucose
transporters, and the barrier function of the small intestine. The
regulation of enzymatic digestive ability in the small intestine
should receive more attention, which would allow us to target the
pancreatic exocrine. We should note that the pancreatic exocrine
ability of ruminants is complex and affected by many factors.
Although the application of dietary carbohydrate structure and the
addition of single functional AA have achieved positive effects, the
balance and functionality of AA and the role of AA integration
warrant further research. The addition of dietary digestive enzymes
can also improve the digestion of intestinal nutrients, but the
fundamental indicators such as the type and quantity of enzymes
merit further investigation. Intestinal microorganisms also play a
crucial role in the digestion process of nutrients and may also in-
fluence the secretion of the digestive enzymes. To increase our
knowledge in this complex field, further study must be undertaken
on the colonization and metabolism of microorganisms in the
intestine.
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