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Abstract
Starch constitutes a crucial energy source for animals, and its utilization ef-
ficiency determines the overall energy utilization efficiency in animals. Starch
accounts for a relatively high proportion in diets; however, young animals exhibit
low starch utilization efficiency, which is further compromised by the deficiency
of endogenous amylase in their intestinal tract, leading to energy wastage. Di-
etary supplementation with exogenous amylase can enhance starch utilization
efficiency and improve animal production performance. This review comprehen-
sively examines the classification of starch, its structural properties and their
influence on nutrient digestion and metabolism, the interaction mechanisms be-
tween starch digestion/metabolism and those of other nutrients, and the appli-
cation of exogenous amylase in animal production, with the aim of establishing
a theoretical foundation for the widespread application of amylase.
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Abstract

Starch is a crucial energy source for animals, and its utilization rate directly
determines the efficiency of energy utilization. Starch constitutes a high propor-
tion of animal diets, yet young animals exhibit low starch utilization efficiency.
This inefficiency is compounded by insufficient endogenous amylase secretion in
the intestinal tract of young animals, leading to reduced starch utilization and
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energy waste. Dietary supplementation with amylase can improve starch uti-
lization and enhance animal production performance to a certain extent. This
review synthesizes current research on starch classification, structural proper-
ties and their effects on nutrient digestion and metabolism, the linkage mecha-
nisms between starch digestion and other nutrient metabolic processes, and the
application of exogenous amylase in animal production, aiming to establish a
theoretical foundation for the broader adoption of amylase supplementation.

Keywords: starch; structural properties; digestive characteristics; amylase;
regulatory mechanism
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Energy is a vital nutritional factor for animal health and nutrition, representing
a key focus in feed nutritional value evaluation systems. Starch serves as the
primary form and source of energy, and its utilization efficiency determines the
animal’s overall energy utilization rate. Starch digestion and utilization are
closely related to its structural properties and the activity of starch-digesting
enzymes in the animal’s intestinal tract. Research has demonstrated that young
animals exhibit low starch utilization efficiency, with low ileal digestibility that
does not increase with age. Microscopic examination of digesta reveals numerous
undigested starch particles that enter the hindgut for fermentation, resulting in
energy loss. Numerous studies have also shown that the activity of intestinal
amylase is very low in young livestock and poultry, even showing a declining
trend, which reduces energy utilization efficiency and limits early growth. Sup-
plementing young animal diets with appropriate amounts of exogenous amylase
can compensate for insufficient endogenous enzyme secretion, assist in starch
digestion and utilization, and promote growth. Therefore, adding exogenous
amylase to early-stage animal diets is of significant importance.

1 Classification of Starch
Starch exists widely in plant tissues and cells in granular form and serves as
an important energy source for animals. Based on different glucose polymer-
ization patterns, starch can be divided into amylose and amylopectin. From a
nutritional perspective, starch is classified into rapidly digestible starch (RDS),
slowly digestible starch (SDS), and resistant starch (RS). RS is further cate-
gorized into four types based on source and enzyme resistance: RS1 refers to
physically enclosed starch formed mainly through mechanical processing; RS2
comprises native starch granules with high enzyme resistance due to their spe-
cial conformation; RS3 represents retrograded starch formed after gelatinization
and cooling; and RS4 denotes modified starch with altered molecular structure
obtained through chemical methods or genetic modification. Based on crys-
talline patterns, starch is classified as A-type, B-type, or C-type. A-type starch
granules are relatively large, generally 10–38 �m in diameter, lens-shaped, ac-
counting for 70%–80% of total endosperm starch weight but less than 10% of
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total granule number. B-type granules are smaller than 10 �m, spherical or ir-
regular polyhedral, comprising less than 30% of total endosperm starch weight
but over 90% of total granule number. C-type starch is a mixture of A-type and
B-type granules. Starch granules consist of crystalline and amorphous regions,
with the crystalline regions formed by amylopectin and amorphous regions com-
posed of amylose, alternating to create the granular structure. Some researchers
have found that crystalline regions are actually formed by both amylose and
amylopectin, connected by hydrogen bonds between them.

2.1 Structural Properties of Starch
Starch structure changes with increasing amylose content, altering its properties
accordingly. Zhang et al. found that as amylose content increased, the molecu-
lar weight of corn starch gradually decreased, along with its root-mean-square
radius of gyration. Li et al. reported that with increasing amylose content,
A-type granules transformed from full, smooth, waxy spheres or polyhedrons
into shrunken, dull, irregular polyhedrons, while B-type granules changed from
full, smooth small spheres to non-waxy oval shapes, eventually distorting into
irregular particles. Zhang et al. discovered that waxy and normal corn starches
belong to A-type, while high-amylose corn starches (Hylon V and Hylon VII) are
B-type. Normal and waxy corn starches contain higher SDS content, whereas
high-amylose corn starch contains significantly higher RS content than high-
amylopectin starch. Yin et al. found that both A-type and B-type starches
contain more amylopectin than amylose, though this difference is greater in
A-type than in B-type starch. Amylose content in starch granules affects gela-
tinization temperature and viscosity properties due to the restraining effect of
amylose molecules on the granule surface against amylopectin molecules. Amy-
lose and amylopectin molecules intertwine and bind together throughout the
starch molecule, inhibiting gelatinization and swelling. When amylose content
is low, this restraining effect is relatively small, allowing starch to swell and
gelatinize at lower temperatures while amylopectin molecules easily extend, re-
sulting in higher viscosity. As amylose content increases, this restraining effect
becomes more pronounced, and the crystalline structure formed by amylopectin
raises gelatinization temperature. Additionally, amylose-lipid complexes exhibit
enzyme resistance, making starch granules difficult to gelatinize.

2.2.1 Digestive Characteristics of Starch
Starch structure influences its properties and affects animal digestion. Huang
et al. measured the in vitro digestive characteristics of cooked corn starch and
found that as amylose content increased, RDS content gradually decreased. Ex-
cept for normal corn with relatively high SDS content, overall SDS content
decreased progressively, while high-amylose corn starch showed higher RS con-
tent. Zhang et al. reported that native cereal starch hydrolysis begins with the
enlargement of surface pores and channels, hydrolyzing from the pore region
outward in a so-called“inside-out”digestion pattern. This pattern results from
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the uneven distribution of starch granules from a low-density center to a denser
matrix and applies only to porous A-type starches. For non-porous B-type
starches, enzymes digest from the resistant surface in an “outside-in”pattern,
which is one reason for the difficulty in digesting B-type starches.

2.2.2 Effects of Different Amylose/Amylopectin Ratios on
Nutrient Digestion and Metabolism
The amylose/amylopectin ratio affects animal nutrient digestion and
metabolism. In vitro experiments show that the amylose/amylopectin ra-
tio in corn is extremely significantly positively correlated with RS content
and extremely significantly negatively correlated with digestible starch (DS)
content. In vivo experiments demonstrate that this ratio significantly affects
ileal starch digestibility, digestible energy, and energy digestibility in piglets.
Dai et al. found that different dietary amylose/amylopectin ratios significantly
affect amino acid digestibility and energy utilization in broilers, thereby
influencing production performance, with 0.23 identified as the optimal ratio.
Subsequent research revealed that when broilers consumed diets with a 0.11
amylose/amylopectin ratio, blood glucose and insulin concentrations fluctuated
dramatically, reducing carcass quality. As the dietary amylose/amylopectin
ratio increased, blood glucose and insulin concentrations remained more
stable, significantly increasing beneficial microorganisms such as lactobacilli,
bifidobacteria, and enterococci in the hindgut. This may occur because
increased amylose/amylopectin ratio slows starch digestion and glucose release,
resulting in smaller blood glucose fluctuations while increasing fermentable car-
bohydrates reaching the hindgut, promoting beneficial microbial growth. The
increased abdominal fat rate in broilers may be related to glucose regulation of
fatty acid synthase expression.

Different starch sources and compositions in diets affect the amylose/amylopectin
ratio, leading to varying degrees of digestion and energy utilization efficiency
in animals, consequently affecting production performance. Using corn, brown
rice, glutinous rice, and RS as starch sources, experimental results showed
that the RS group reduced pig performance, while the corn group achieved the
best performance. The RS diet group exhibited relatively stable blood glucose,
insulin concentrations, and insulin/glucose ratios compared to other groups,
but also showed lower protein deposition rates.

3 Linkage Mechanisms Between Starch Digestion/Metabolism
and Other Nutrient Digestion/Metabolism
After dietary starch enters the intestine, amylase degrades it into glucose. A
small portion of glucose enters the bloodstream through glucose transporters—
sodium-dependent glucose transporter 1 (SGLT1) and facilitative glucose trans-
porter 2 (GLUT2)—while most is converted to lactate. Lactate content is related
to starch digestion speed. Elevated blood glucose stimulates pancreatic insulin
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secretion, which regulates cells to increase glucose and amino acid absorption,
promoting protein synthesis and reducing blood glucose and amino acid concen-
trations. When blood glucose is low, pancreatic glucagon secretion is stimulated.
The body first mobilizes hepatic glycogen for energy, but glycogen reserves are
limited. When hepatic glycogen is insufficient, glucagon promotes protein con-
version to glucose and fat conversion to glycerol and fatty acids. This functional
mode requires a series of synthesis and decomposition processes far less efficient
than direct intestinal glucose absorption. Therefore, efficient energy supply
requires continuous glucose delivery from the intestine to achieve amino acid
sparing.

Starch structure and digestive properties affect glucose absorption and utiliza-
tion, thereby influencing energy efficiency. RDS releases large amounts of glu-
cose rapidly, causing dramatic increases in blood glucose and insulin concentra-
tions with short insulin peak duration, leading to blood glucose dropping below
normal ranges, which is unfavorable for glucose utilization and promotes fat
production. SDS releases glucose slowly, maintaining blood glucose and insulin
concentrations within normal ranges, allowing continuous glucose utilization,
reducing fat conversion, decreasing amino acid use for energy supply and gluco-
neogenesis, and increasing protein deposition. Starch digestive properties also
affect amino acid absorption. Glucose and amino acid absorption in the intes-
tine share similar mechanisms, both requiring Na+-coupled transport, so their
absorption may compete. Consequently, high intestinal glucose absorption can
inhibit amino acid absorption.

4 Application of Exogenous Amylase in Animals
Young animals have underdeveloped digestive tracts and pancreases, resulting
in insufficient intestinal amylase secretion, reduced starch utilization efficiency,
and considerable starch entering the hindgut for fermentation, causing energy
waste. Exogenous amylase supplementation can compensate for this deficiency,
promote endogenous amylase secretion, assist starch digestion, increase apparent
metabolizable energy and nutrient digestibility, reduce digestive organ indices,
and improve animal production performance.

4.1 Classification and Function of Exogenous Amylase

Amylases are active substances secreted by animals to aid digestion, representing
a class of enzymes that act on various starch glycosidic bonds. Major starch-
degrading enzymes include �-amylase, �-amylase, glucoamylase, pullulanase, and
isoamylase. �-Amylase acts on �-1,4-glycosidic bonds, hydrolyzing starch into dis-
accharides, oligosaccharides, and dextrins, and can only decompose the linear
portions of amylose and amylopectin. �-Amylase acts on �-1,4-glycosidic bonds
(branch points in amylopectin), hydrolyzing starch into disaccharides, oligosac-
charides, and dextrins. Glucoamylase hydrolyzes linear disaccharides, oligosac-
charides, and dextrins to produce glucose and fructose, sequentially hydrolyzing
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�-1,4-glycosidic bonds from the non-reducing end of starch to generate glucose.
Isoamylase acts on �-1,6-glycosidic bonds, producing amylose and dextrins.

4.2 Effects of Exogenous Amylase on Nutrient Digestibility and Pro-
duction Performance

Supplementing early-stage animal diets with exogenous amylase can improve
energy utilization efficiency, apparent metabolizable energy, and nutrient
digestibility. Gracia et al. demonstrated that adding 47.5 U/kg �-amylase
to broiler diets significantly improved performance in 1–4-day-old broilers
and increased intestinal villus height, consistent with earlier findings that
�-amylase supplementation improved nutrient digestibility and performance in
corn-soybean meal diets. Tang et al. also reported that adding 2,500 U/kg
�-amylase to cassava-based diets promoted average daily feed intake and average
daily gain in broilers aged 1–21 days, improved apparent starch digestibility
and nitrogen retention, and enhanced dietary energy utilization. Gencoglu
et al. found in dairy cows that feeding low-starch diets supplemented with
amylase improved feed conversion efficiency and potential economic benefits,
with an optimal amylase level of 300 U/kg. Li et al. showed in pigs that
adding compound amylase to corn-based or corn-wheat diets extremely signifi-
cantly improved dry matter and organic matter digestibility, and significantly
increased nitrogen apparent digestibility, biological value, and net utilization.

4.3 Effects of Exogenous Amylase on Digestive Organ Indices

Research has found that appropriate dietary amylase levels can promote starch
digestion, reduce digestive burden, and lower digestive organ indices. Zhang et
al. discovered that adding 1,500 U/kg amylase to corn-soybean meal diets sig-
nificantly reduced jejunal and pancreatic organ indices. Zhu et al. also reported
that adding enzyme preparations containing amylase to corn-soybean meal diets
reduced the relative weight of the pancreas in 7–21-day-old broilers, indirectly
decreasing digestive organ indices, consistent with findings by Jiang et al. How-
ever, some studies have reported that dietary amylase supplementation does not
significantly affect digestive organ indices.

4.4 Mechanisms of Exogenous Amylase Regulating Endogenous Amy-
lase Secretion

Insufficient endogenous amylase secretion in young animals impedes starch di-
gestion and absorption, reduces energy utilization efficiency, and decreases pro-
duction performance. Exogenous amylase can synergistically act with endoge-
nous amylase to degrade dietary starch, increasing substrate concentration in
the digestive tract. This signal is transmitted to the pancreas via the digestive
tract, regulating endogenous amylase secretion. Additionally, exogenous amy-
lase acts at slightly different sites than endogenous amylase, altering dietary
structure and transmitting this signal to regulate pancreatic secretion. Further-
more, exogenous amylase can accelerate glucose release, affecting blood glucose
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and insulin concentrations, which stimulates the pancreas through blood glucose
levels to regulate pancreatic amylase mRNA expression and influence protein
deposition. Jiang et al. found that adding exogenous amylase to corn-soybean
meal diets increased intestinal amylase activity, but high doses downregulated
pancreatic amylase mRNA expression, suggesting possible negative feedback
regulation. Shen et al. reported that amylase supplementation in corn-cooked
full-fat soybean meal diets promoted pancreatic and jejunal amylase activity
in piglets. Yu et al. demonstrated that adding amylase to weaned piglet diets
increased jejunal pancreatic amylase activity after two weeks. However, some
scholars have reported that amylase supplementation had no significant effect
on small intestinal pancreatic amylase activity in silky fowl.

5 Summary
As understanding of starch and amylase deepens, amylase has been widely ap-
plied in animal diets. Research indicates that appropriate dietary amylase sup-
plementation can improve animal starch utilization and production performance
to some extent. However, excessive amylase supplementation may inhibit en-
dogenous amylase secretion, impair starch utilization, and reduce energy effi-
ciency, suggesting a quadratic relationship between starch utilization efficiency
and amylase supplementation level. Further research is needed to determine
whether amylase supplementation is necessary when animal digestive function
is fully developed.
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