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Digestive enzyme activity is involved in the regulation of growth performance because
digestive enzymes function to improve the feed efficiency by digestion and in turn
to modulate the process of nutrient metabolism. The objective of this study was to
investigate the differences of the digestive enzyme activities and expression of nutrient
transporters in the intestinal tract between Jinhua and Landrace pigs and to explore
the potential breed-specificity in digestion and absorption. The pancreas segments and
the digesta and mucosa of the duodenum, jejunum, and ileum were collected from
10 Jinhua pigs and Landrace pigs, respectively. The activities of trypsin, chymotrypsin,
amylase, maltase, sucrase, and lipase were measured and the expression levels of
PepT1, GLUT2, SGLT1, FABP1, FABP2, and FABP4 were examined. Results showed
that the trypsin activity in the pancreas of Jinhua pigs was higher than that in Landrace
pigs, but was lower in the small intestine, except for in the jejunal mucosa. The
chymotrypsin activity in the small intestine of Jinhua pigs was higher than that in
Landrace pigs, except for in jejunal mucosa and contents. Compared with Landrace
pigs, the amylase and maltase activity in the small intestine of Jinhua pigs was lower,
except for in ileal mucosa. The sucrase activity in the small intestine of Jinhua pigs was
also lower than Landrace pigs, except for in jejunal mucosa. Furthermore, the lipase
activity in the small intestine of Jinhua pigs was higher than that in Landrace pigs. The
mRNA levels of PepT1 and GLUT2 in duodenal, jejunal and ileal mucosa showed no
difference between Jinhua and Landrace pigs, whereas SGLT1 in ileal mucosa was
lower in Jinhua pigs. The mRNA levels of FABP1, FABP2 and FABP4 in the small
intestinal mucosa of Jinhua pigs were higher than in Landrace pigs. These findings
indicate that there is a certain difference in the digestibility and absorption of nutrients
in small intestine of Jinhua and Landrace pigs, partially resulting in their differences in
growth development and fat deposition.

Keywords: Jinhua pigs, Landrace pigs, digestive enzyme activities, transporter gene, mRNA levels

Abbreviations: FABP1, fatty acid-binding protein 1; FABP2, fatty acid-binding protein 2; FABP4, fatty acid-binding protein
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glucose cotransporter.
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INTRODUCTION

Pigs is one of the most essential livestock species and serves
as a major food source as well as an ideal animal model
to study human diseases due to the high similarity with
humans in the anatomical structure, physiology, biochemical
index, food structure, and drug metabolism (Miller and Ullrey,
1987; Baker, 2008; Xiao et al., 2018). Nutrient digestion in
animals includes physical digestion, chemical digestion and
microbial fermentation. Chemical digestion involving digestive
enzymes is the main link in the whole digestion process
(Yen et al., 1991). The digestive enzyme activity affects the
digestive efficiency of nutrients, which in turn modulates the
process of nutrient metabolism. Therefore, digestive enzyme
activities play an important role in the growth performance.
Barea et al. (2011) found that different genotypes had different
overall energy use efficiencies and different energy and protein
deposition in tissues due to the differences in the small
intestinal structures and nutrient digestibility. Urriola and
Stein (2012) studied the difference in the digestibility of
fiber diets for different breeds of pigs (Meishan pigs and
Yorkshire pigs). They found that the apparent digestibility
of dry matter, the nutrients in soybean meal diets and dry
distillers’ grains and their soluble diets in Meishan pigs
were higher than Yorkshire pigs. Therefore, different pig
breed gives different digestion rate and nutrient utilization.
However, whether this difference is related to digestive enzyme
activities remains unclear (Beck, 1973; Lindemann et al.,
1986).

After the digestion, nutrients, such as protein, sugar and
fat, are absorbed through transporter proteins. Oligopeptides
(dipeptides/tripeptides) are the main form of the protein
digestion products, which can be transported and absorbed by the
oligopeptide transporter (PepT1). Sodium-glucose cotransporter
1 (SGLT1) and glucose transporter 2 (GLUT2) play an important
role in sugar absorption in the small intestine (Wright
et al., 1991). All members of the fatty acid-binding proteins
(FABPs) family have the most basic function of managing fatty
acid absorption and intracellular transport and regulating fat
metabolism in animals.

The Jinhua pig, one of the most important Chinese indigenous
pig breeds, exhibits an earlier sexual maturity, lower growth
rate, higher fat content and lower lean meat content than
western pig breeds such as Landrace pigs (Miao et al., 2009;
Wu et al., 2013; Huang et al., 2019). To date, most studies
related to pigs have focused on porcine growth performance
and meat quality, whereas the underlying digestive mechanism
has not been fully studied and few comprehensive studies on
metabolites have been published (Gan et al., 2020; Martins
et al., 2020; Wang et al., 2021). Our study compared and
analyzed the activities of digestive enzymes and the mRNA
expression levels of related transporter genes in the pancreas
and small intestine of Jinhua and Landrace pigs under the
same feeding conditions and explored the possible relationship
of the digestive enzyme activity and transporter genes in
Jinhua and Landrace pigs, which might lead to their different
characteristics.

MATERIALS AND METHODS

Animals and Sample Collection
All animal procedures were approved by the Institutional
Animal Care and Use Committee of the Zhejiang Academy
of Agricultural Sciences, and all methods were performed in
accordance with the relevant guidelines and regulations.

Our test animals were the same as described in our
previous report (Xiao et al., 2018). Briefly, 36 weanling
piglets, including Jinhua and Landrace pigs, were housed
in six pens in an environmentally controlled room and fed
a commercial diet ad libitum under standard management,
with six pigs housed in a single pen. Five healthy male
and five female pigs of similar weight were selected from
each breed and slaughtered on day 240. The digesta and
mucosa from the middle of the pancreas, duodenum,
jejunum, cecum, and ileum were collected (except for
the duodenal digesta), snap frozen in liquid nitrogen, and
stored at −80◦C.

Digestive Enzyme Activity Analysis
The pancreatic tissue, small intestinal mucosa and digesta
samples were thawed and homogenized in 0.9% ice-cold NaCl
solution which was nine times larger in volume than the
determining samples. Then the homogenates were centrifuged
at 4◦C for 10 min at 2,500 rpm to obtain the supernatants.
The activities of trypsin, chymotrypsin, amylase, maltase,
sucrase, and lipase were measured by commercial assay kits
(Nanjing Jiancheng Bio-Engineering Institute, Nanjing, China)
according to the instructions of manufacturer (Deng et al.,
2020). In addition, the protein concentration was assessed using
commercial kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) following the manufacturer’s guidelines.
Enzyme activities were expressed in units per milligram or
gram of protein.

RNA Extraction
RNA was extracted and purified from each intestinal
mucosa using the RNase-Free DNase Set (Qiagen,
Germany) and the TRIzol R© Plus RNA Purification Kit
(Thermo Fisher Scientific, United States) according to the
manufacturer’s instructions. Then, the extracted RNA was
reverse transcribed into cDNA using the SuperScriptTM

III First-Strand Synthesis SuperMix for qRT-PCR kit
(Thermo Fisher Scientific, United States) according to the
manufacturer’s instructions.

Real-Time Quantitative PCR (RT-PCR)
The mRNA expression levels of PepT1, GLUT2, SGLT1,
FABP1, FABP2, and FABP4 in the small intestinal mucosa
were measured by the Power SYBR R© Green PCR Master
Mix (Thermo Fisher Scientific, United States) and a CFX384
multiplex real-time fluorescence quantitative PCR system (Bio-
Rad, United States). The reaction conditions were as follows:
predenaturation at 95◦C for 1 min, denaturation at 95◦C
for 15 s, annealing at 63◦C for 25 s and fluorescence

Frontiers in Physiology | www.frontiersin.org 2 June 2021 | Volume 12 | Article 669238

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-669238 June 8, 2021 Time: 16:43 # 3

Liu et al. Digestive Enzyme Activities and Expression

TABLE 1 | Primer information for genes chosen for confirmation of
expression using RT-PCR.

Gene
name

Gene library
sequence number

Primer sequence (5′ to 3′) (F:
former primer, R:reverse primer)

Size (bp)

PepT1 NM_214347.1 F:GCAGACCGTCAACGCCATCCT 125

R:GGAACATCCCAACTGTCATCTTCCT

SGLT1 NM_001164021.1 F:CCCAGCAACTGTCCCACAATT 135

R:GCGGTAGAGATGCACATCTGGAA

GLUT2 NM_001097417.1 F:CGGTGGGACTTGTGCTACTGGA 146

R:GCGTGGTCCTTGACTGAAAAACT

FABP1 NM_001004046.2 F:TGAACTCAACGGTGACATA 75

R:ATTCTCTTGCTGATTCTCTTG

FABP2 NM_001031780.1 F:CTCGCAGACGGAACTGAACTCA 127

R:CCATTTCATCCCCGATAATTTCT

FABP4 NM_001002817.1 F:TGGAAACTTGTCTCCAGTG 147

R:GGTACTTTCTGATCTAATGGTG

GAPDH AF017079 F:GGCAAATTCCACGGCACAGTCA 82

R:CTCGCTCCTGGAAGATGGTGAT

collection. The primers were designed by Primer Premier
6.0 software, and synthesized by Bioengineering Biotechnology
(Shanghai) Co., Ltd. Primer information for genes chosen
for confirmation of expression using RT-PCR are shown in
Table 1. In the present study, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) gene was selected as a reference,
whose expression level did not differ in different tissues. The
relative expression levels were normalized to the GAPDH gene
and expressed as fold change (Wang et al., 2021). The 2−1

1 Ct method was used to calculate relative expression levels
(Livak and Schmittgen, 2001).

Statistical Analyses
The experiment data were analyzed using unpaired Students’
two-tailed t-test in SPSS 20.0. P < 0.05 was considered significant
while P < 0.01 was considered extremely significant when. The
charts were drawn with GraphPad Prism version 7.0. Results are
expressed as mean ± SEM.

RESULTS

Comparison of Protease Activities in
Jinhua and Landrace Pigs
As shown in Figures 1, 2, the trypsin activity in the pancreas of
Jinhua pigs was higher than that in Landrace pigs (P < 0.05) but
was lower in the duodenal mucosa, jejunal content, ileal mucosa,
and ileal content of Jinhua pigs (P < 0.05), with no significant
difference in the jejunal mucosa (P > 0.05). The chymotrypsin
activity in the duodenal mucosa, ileum mucosa and content of
Jinhua pigs was higher than those in Landrace pigs (P < 0.05).
However, there was no difference in the chymotrypsin activity in
the pancreas, jejunal mucosa and contents between Jinhua and
Landrace pigs (P > 0.05).

Comparison of the Activities of
Carbohydrate Digestive Enzymes in
Jinhua and Landrace Pigs
There were no differences in the amylase, sucrase and
maltase activities in the pancreas of Jinhua and Landrace
pigs (P > 0.05; Figures 1, 3). In the duodenal mucosa,
the amylase, maltase and sucrase activities of Jinhua pigs
were lower than those of Landrace pigs (P < 0.05). In the
jejunal mucosa, the amylase and maltase activities of Jinhua
pigs was lower than Landrace pigs (P < 0.05) while the
sucrase activity showed no difference (P > 0.05). In the
jejunal content, the amylase, sucrase and maltase activities
of Jinhua pigs were lower than Landrace pigs (P < 0.05).
In the ileal mucosa, the maltase and sucrase activities of
Jinhua pigs were lower than Landrace pigs (P < 0.05),
whereas the amylase activity showed no difference (P > 0.05).
In the ileal contents, the activities of amylase, sucrase and
maltase in Jinhua pigs were lower than Landrace pigs
(P < 0.05).

Comparison of Lipase Activity in Jinhua
and Landrace Pigs
The lipase activity in the duodenal mucosa, jejunal mucosa,
jejunal content, and ileal content of the Jinhua pigs was higher
than those in Landrace pigs (P < 0.05), whereas no difference
in the lipase activity was observed in the pancreas of Jinhua and
Landrace pigs (Figures 1, 4).

Comparison of the Expression Levels of
PepT1, GLUT2, SGLT1, FABP1, FABP2,
and FABP4 in the Intestinal Mucosa of
Jinhua and Landrace Pigs
The mRNA expression levels of PepT1 and GLUT2 in the
duodenal, jejunal and ileal mucosa showed no difference between
Jinhua and Landrace pigs (P > 0.05; Figure 5), whereas the
expression of SGLT1 in the ileal mucosa was lower in Jinhua pigs
than in Landrace pigs (P < 0.01; Figure 5). The mRNA levels of
FABP1, FABP2, and FABP4 in all of the small intestinal mucosa of
Jinhua pigs were higher than those in Landrace. In detail, FABP1
expression in the jejunal and ileal mucosa of Jinhua and Landrace
pigs showed an extremely significant difference (P < 0.01).
The expression of FABP2 showed a significant difference in
the duodenal mucosa (P < 0.05) and an extremely significant
difference in the ileal mucosa (P < 0.01) between Jinhua and
Landrace pigs. FABP4 expressed in the jejunal and ileal mucosa of
Jinhua and Landrace pigs gave an extremely significant difference
(P < 0.01).

DISCUSSION

Various digestive enzymes secreted by the small intestine and
pancreas play a catalytic and regulatory role in the process of
digesting various nutrients in the diet. Digestive enzymes mainly
include protease, amylase, and lipase. Trypsin and chymotrypsin
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FIGURE 1 | Comparison of the activities of trypsin, chymotrypsin, amylase, maltase, sucrase, and lipase in the pancreas of Jinhua and Landrace pigs. The pancreas
was collected from 10 Jinhua pigs and 10 Landrace pigs for the determination of the trypsin, chymotrypsin, amylase, maltase, sucrase, and lipase activities. Data
were expressed as mean ± SEM. The statistics was performed using unpaired Students’ two-tailed t-test.

FIGURE 2 | Comparison of the activities of trypsin and chymotrypsin in the small intestine of Jinhua and Landrace pigs. The mucosa and digesta of duodenum,
Jejunum, and ileum were collected from 10 Jinhua pigs and 10 Landrace pigs for the determination of the trypsin (A,B) and chymotrypsin (C,D) activities. Data were
expressed as mean ± SEM. The statistics was performed using unpaired Students’ two-tailed t-test.
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FIGURE 3 | Comparison of the activities of amylase, maltase, and sucrase in the small intestine of Jinhua and Landrace pigs. The mucosa and digesta of
duodenum, Jejunum, and ileum were collected from 10 Jinhua pigs and 10 Landrace pigs for the determination of the amylase (A,B), maltase (C,D), and sucrase
(E,F) activities. Data were expressed as mean ± SEM. The statistics was performed using unpaired Students’ two-tailed t-test.

are the most important protein digestive enzymes in the animal
intestine. Their activities are important indexes to reflect the
protein digestive capacity in animals (Kluge et al., 2006). Amylase
is involved in carbohydrate catabolism and affects the digestion
and absorption of carbohydrates (Courtois et al., 2002). The
digestive enzyme activity in the gastrointestinal tract is closely
related to the digestive ability of the different nutrients and
production performance in pigs (Lindemann et al., 1986; Jensen
et al., 1997; Urriola and Stein, 2012; Deng et al., 2020). The
results of this study found that most digestive enzyme activities
in the pancreatic tissue of Jinhua and Landrace pigs showed

no significant difference, except for the trypsin. Previous studies
showed that the digestive enzyme activities in the pancreas of
different pig breeds in the early stage were very low and that
there were no significant differences among the breeds (Owsley,
1982; Lindemann et al., 1986). Lindemann et al. (1986) found
the trypsin activity in the pancreas was significantly reduced in
piglets at 30 days old. Nevertheless, studies by Jensen et al. (1997)
and Makkink et al. (1994) found pancreatic digestive enzyme
activities did not differ before and after weaning in long × large
binary pigs. Therefore, the digestive enzyme activities in the
pancreas may have differences among species and developmental
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FIGURE 4 | Comparison of the lipase activity in the small intestine of Jinhua and Landrace pigs. The mucosa (A) and digesta (B) of duodenum, Jejunum, and ileum
were collected from 10 Jinhua pigs and 10 Landrace pigs for the determination of the lipase activity. Data were expressed as mean ± SEM. The statistics was
performed using unpaired Students’ two-tailed t-test.

FIGURE 5 | Relative expression levels of PepT1, GLUT2, SGLT1, FABP1, FABP2, and FABP4 in the duodenum, jejunum, and ileum. The segments of duodenum,
Jejunum, and ileum were collected from 10 Jinhua pigs and 10 Landrace pigs to examine the expression levels of PepT1 (A), GLUT2 (B), SGLT1 (C), FABP1 (D),
FABP2 (E), and FABP4 (F) by using RT-PCR analysis. GAPDH was used as the reference gene. Data were expressed as mean ± SEM. The statistics was performed
using unpaired Students’ two-tailed t-test.

stages, which might result from dietary nutrition levels, feeding
management methods, age, sampling, and other factors.

The small intestine plays a key role in animal digestion
and absorption of dietary nutrients (King et al., 2000; Adeola
and King, 2006). Most nutrients reach the small intestine and
are eventually broken down into small molecules that can be
directly absorbed by the body (Smoot and Findlay, 2000). Trypsin
and chymotrypsin belong to the serine protease family and
exist in the digestive system. Trypsin decomposes proteins into
peptides by specifically identifying peptide bonds formed by
arginine and lysine carboxyl segments. Chymotrypsin mainly
decomposes the protein or polypeptide into small peptides and
amino acids (Kemp et al., 1991; Deng et al., 2020). Chymotrypsin
acts mostly on the peptide bond composed of the carboxyl

group of the aromatic amino acid, with a small amount of
activity on the peptide bond formed by leucine, glutamine, and
methionine. Jensen et al. (1997) found that the chymotrypsin
activity decreased in the small intestine after weaning without
changes in trypsin activity. The earlier the weaning time, the
longer the time required for chymotrypsin activity to return
to normal levels in the gastrointestinal tract of weaned piglets,
suggesting that chymotrypsin activity may be affected by diet
and stress (Lindemann et al., 1986). In our study, the trypsin
activity in the small intestine of Jinhua pigs was significantly
lower than that in Landrace pigs except for the jejunal mucosa,
which indicates that the Jinhua pig, as a local fat-type pig
(Xiao et al., 2018; Wu et al., 2021), may have a weaker ability
to digest protein than the exotic lean-type pig such as the
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Landrace. The chymotrypsin activity of Jinhua pigs was higher
than that in Landrace pigs, indicating that there was a difference
in chymotrypsin activity among different species, which may be
related to the degree of protein decomposition.

The key step in the sugar digestion may be the decomposition
on the brush border of the intestinal epithelium (Uni et al.,
1998). The starch can be only absorbed through the intestinal
wall after being decomposed into monosaccharides (Riby and
Kretchmer, 1985; Semenza, 1986). Therefore, disaccharidase
plays an important role in the decomposition and absorption of
carbohydrates. The disaccharidase on the intestinal brush border
of mammals functions to digest 80% of the maltose in a combined
manner from the diet (Swallow et al., 2001; Nichols et al., 2003),
and its activity was related to carbohydrate intake (Shinohara
et al., 1986; Samulitis-dos Santos et al., 1992). The amylase activity
determines the concentration of the disaccharidase reaction
substrate in the intestine, with higher activity resulting in a
higher the substrate concentration. We found that the amylase
and maltase activities in the small intestine except for the ileal
mucosa in Jinhua pigs were lower than those in Landrace pigs,
and the sucrase activity in the small intestine except for the
jejunal mucosa was also lower. The Jinhua pig, may have a lower
digestion capacity for carbohydrates than lean-type pigs such
as the Landrace.

Digestion and absorption of fat is mainly carried out in the
small intestine and is associated with lipase activity (Ville et al.,
2002). The fat utilization efficiency in different breeds of piglets
mainly depends on the lipase activity from the small intestine
(Cera et al., 1990; Jensen et al., 1997), and after weaning, the
Meishan pig’s stronger ability to utilize fat in the diet is due to
the stronger lipase activity in the pancreas (Kemp et al., 1991).
Our study found that the lipase activity in small intestine was
higher than that in Landrace pigs, suggesting that Jinhua pigs
might have a higher fat digestion capacity than Landrace pigs.
The results were positively related to our previous study which
found that the average backfat thickness and intramuscular fat in
the longissimus muscle of Jinhua pigs was much higher than that
of Landrace pigs (2.7 cm vs. 1.7 cm, P < 0.01; 3.74% vs. 2.55%,
P < 0.01) (Xiao et al., 2018).

Oligopeptide transporter 1 is predominantly expressed in the
intestinal epithelium and functions in the absorption of dietary
nutrients (Fei et al., 1994; Liang et al., 1995). The small (oligo)
peptide transport system of PepT1 has a higher efficiency, faster
absorption and other absorption advantages compared with the
amino acid transport system (Vincenzini et al., 1989) so that
the lack of amino acids cannot influence the mRNA levels
of small peptide transporters. The regulation of PepT1 in the
small intestine is affected by the nutritional status of the body,
endocrine hormones, and intestinal microecology (Adibi, 2003).
Our study showed there was no difference in the expression level
of PepT1 between Jinhua pigs and Landrace pigs.

The starchy polysaccharides in food are mainly absorbed
in the form of monosaccharides by the intestinal mucosa
after decomposition by digestive enzymes, of which 80% are
glucose (Tavakkolizadeh et al., 2005). The monosaccharide binds
to SGLT1 in the brush border of the intestinal mucosa and
is transported into the cell. After accumulating to a certain

concentration in the cell, the monosaccharide binds to GLUT2
in the cell membrane in a cis concentration gradient and
facilitates diffusion through the tissue basement membrane into
the intercellular space (Wright et al., 1991). Freeman (1995) used
in situ hybridization to detect the mRNA abundance of SGLT1
in rabbit intestine and found that it was highest in the ileum,
followed by the jejunum and duodenum. Our study showed
that the mRNA levels of SGLT1 in the ileum of Jinhua pigs
were significantly lower. This may suggest that compared with
Landrace pigs, the transcription levels of the glucose transporter
genes in Jinhua pigs maybe lower.

Fatty acid-binding proteins are found to be closely related to
fat absorption, transportation, and metabolism (Besnard et al.,
2002; Tan et al., 2014; Byrne et al., 2015). FABP1 and FABP2
are essential in the β-oxidation of unesterified fatty acids and
long-chain fatty acids, respectively while FABP4 could regulate
intracellular lipid transport in various tissue (Spiegelman et al.,
1983; Hittel and Storey, 2002; Liu et al., 2008; Montoudis et al.,
2008). FABP2 has a high affinity for long-chain fatty acids (Ho
and Storch, 2001). The body weight of mice with a FABP2
deletion was significantly lower than normal mice fed high-fat
diets (Vassileva et al., 2000). Our study showed that the intestinal
lipase activity of Jinhua pigs was higher than that of Landrace
pigs, while the FABP1, FABP2, and FABP4 in all segments of
the small intestinal mucosa of Jinhua pigs were expressed at
higher levels than those in Landrace pigs. These data indicate that
Jinhua pigs may be superior to Landrace pigs in the digestion and
absorption of fatty acids.

CONCLUSION

Collectively, the activities of digestive enzymes and the expression
levels of nutrient transporters were tissue-specific and species-
specific. The difference in the activities of digestive enzymes
and the expression levels of nutrient transporters between
Jinhua and Landrace pigs might partially explain why the
growth performance and fat deposition of Jinhua and Landrace
pigs are different.
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