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Abstract
Background : The limited ability of ruminant to digest starch in the small intestine may be attributed to insu�cient digestive
enzyme activity secreted by the pancreas. The purpose of this study was to investigate effects of leucine (Leu), isoleucine (Ile)
and valine (Val) on digestive enzymes secretion from pancreas collected of Holstein dairy cows by tissue incubation in vitro.

Methods: Two experiments were designed in the present study. In experiment 1, Five Holstein dairy cows were slaughtered and
pancreatic tissue was removed immediately, rinsed with ice-cold normal saline (0.9% Nacl) and cut into small segments
(approximately 2 × 2 mm), which were placed in oxygenated Krebs Ringer bicarbonate buffer (KRB) containing no amino acid
(control), leu, Ile or Val (2.62, 5.24 or 10.48 mg/mL). Each treatment was repeated for �ve times and incubated in a 39°C shaker.
KRB and pancreatic tissue samples were collected at 60, 120 and 180 min after the incubation. In experiment 2, Five Holstein
dairy cows were slaughtered and the pancreatic tissue was immediately removed and treated, which were placed in KRB
containing no amino acid (control), leu, Ile or Val (5.24 mg/mL) for incubation 60 min.

Results : In experiment 1, The activity of pancreatic α-amylase were increased by Leu ( P < 0.01), Ile ( P < 0.01) or Val ( P = 0.06).
Compared with the control group, Leu ( P < 0.05) or Ile ( P < 0.05) could linearly increase the activity of trypsin, but Val ( P > 0.05)
had no effect on the trypsin activity. Neither Leu or Val had no in�uence on the activity of chymotrypsin ( P > 0.05). However,
chymotrypsin activity decreased linearly with the increase of the Ile concentration at incubation time 180 min ( P < 0.01). Lipase
activity were reduced linearly by Val ( P < 0.05 ). In experiment 2, Leu and Val markedly increased α-amylase activity ( P <
0.05), decreased lipase activity ( P < 0.05). The activities of trypsin and chymotrypsin were not affected by the three amino acids
( P > 0.05), and there was no interaction among them ( P > 0.05).

Conclusion: This study demonstrated that Leu, Ile and Val can stimulate the secretion of pancreatic enzymes in vitro, especially
α-amylase. There was no interaction between the three amino acids on the activities of α-amylase, trypsin and chymotrypsin.

Background
Negative energy balance of dairy cows in the early stage of lactation is a universal issue during feeding, which is very critical for
the health status, milk production and reproductive performance of animals. Starch is usually the most substantial energy
source in the ration of high-yielding ruminants and the energy utilization e�ciency degraded in the rumen is 75% of that
digested in the small intestine [1]. However, the digestibility of starch in small intestine of dairy cows is limited, ranging from 50–
60% [2]. With the increase of rumen starch content in ruminants, starch digestibility could decrease in small intestine,
subsequently leading to energy waste and potential hindgut acidosis [3]. Thus, improving the digestibility of starch in small
intestine is a breakthrough to solve the negative energy balance and acidosis of lactating cows.

The pancreas is the main sites for the synthesis of digestive enzymes in mammals. The digestion of post-ruminal nutrients in
ruminants mainly depends on digestive enzymes secreted by the pancreas, including α-amylase, lipase, trypsin and
chymotrypsin. Ninety percentage of them exist in pancreatic proteins and are the major secreted proteins for the body. A number
of scholars have shown that insu�cient secretion of α-amylase in the pancreas of ruminants is a key factor limiting the
utilization of starch in the small intestine [4, 5]. Therefore, the improvement of exocrine function from pancreatic plays an
important role in promoting the digestion of small intestinal nutrients in ruminants.

Branched chain amino acids (BCAAs) have various biological functions of energy supply, regulation of glucose metabolism and
synthesis and secretion of hormones [6–8], including Leu, Ile and Val. Swanson [9] reports that increasing diet protein
percentage increased the secretion of α-amylase in the pancreas of beef steers. It has been suggested that duodenal infusion of
Leu increased the secretion of α-amylase in the pancreas of dairy goats and Holstein heifers [10, 11]. Zhao's data [12] showed
that Ile can increase digestive enzyme activities of intestine and hepatopancreas in juvenile Jian crap. It has been proved that
appropriate Val levels can increase signi�cantly the activities of amylase, lipase and protease in grass carp [13]. However, there
are few studies have been done on the interaction of three BCAAs with pancreatic digestive enzymes activity in ruminants.
Therefore, The objective of this study was to investigate three BCAAs and interactive effects on digestive enzymes secretion
from pancreas collected of Holstein dairy cows by tissue incubation in vitro.
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Materials And Methods

Animals and Experimental Design

Experiment 1
Five Holstein dairy cows were slaughtered. Pancreas tissue was removed immediately, rinsed with ice-cold normal saline (0.9%
Nacl) and transported to the laboratory. Subsequently, the piece was transferred to ice and peeled off, cut into approximately 2 × 
2 mm small segments (approximately 100 mg) were blotted dry with paper towels, weighed using a glass weigh funnel.
Incubation of pancreatic tissue ussing methods described by Swanson et al. [14]. Tissue patches were placed in oxygenated
KRB buffer containing no amino acid (control, 0 mg/mL), leu, Ile or Val (2.62, 5.24 or 10.48 mg/mL). Each treatment was
repeated for �ve times and incubated in a 39 °C shaking water bath at 90 oscillations/min for 60 min, 120 min or 180 min,
respectively. The pH of all buffers was adjusted to 7.4 so that pH would not in�uence enzyme release. Substrates were present
the entire incubation period.

Experiment 2
Five Holstein dairy cows were slaughtered and the pancreas tissues were removed immediately, which treatment method was
the same as experiment 1. Concentration of three amino acids in the control group was 0 mg/mL, and that in the treatment
group was 5.24 mg/mL. The incubation time was 60 minutes.

Sample collection and analysis
At the end of incubation time, amino acid culture plates with different concentration of substrates were taken out and placed on
ice. Then 700 µL KRB solution was extracted from each hole of the culture plate with a pipette gun and stored in labeled freezing
tube at -20℃ until analysis for enzyme activities release. A separate aliquot of tissue was homogenized in saline and stored and
stored in labeled freezing tube at -20 °C until analysis of enzyme activities.

KRB and homogenate samples were used to determine α-amylas activity [15]. The activitis of trypsin and lipase were analysed
by using the method of Geiger et al. [16] and Xu et al. [17]. Detection kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) was used to analyse chymotrypsin activities within one week. Enzyme activities were expressed in units (one unit is
de�ned as 1 µmol product released α-amylase, trypsin and chymotrypsin per minute at 39℃).

Statistical analysis
The data for the digesta enzyme activities were analyzed using the general linear model procedure of SAS 9.2 (SAS Institute,
Cary, NC, USA) to determine the effects of BCAAs (Leu, Ile and Val). One-way analysis of variance was done for all groups within
an experiment, and the Duncan multiple-range test was used to compare the signi�cance among group means. Differences were
considered signi�cant at P < 0.05 and and as tendencies toward signi�cance at 0.05 < P < 0.10.

Results

The effects of three BCAAs on the activities of trypsin and chymotrypsin in the pancreatic tissue from dairy

cows were not significantly different. Val had no significant influence on digestive enzyme activity in pancreatic

tissue and incubation in KRB for 120 or 180 min had the same significant effect on enzyme activity as

incubation for 60 min, therefore, not presented in tables.

Experiment 1

Leu
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A quadratic response (P < 0.01) was observed for the α-amylase activity increasing in KRB buffer (U/mL)

and pancreatic tissue (U/g prot) with the increase of Leu concentration and reaching the highest value at 5.24

mg/mL for incubation time of 60 min (Table 1). The results obtained from the preliminary analysis of the

trypsin and chymotrypsin activities of KRB are summarised in Table 2. The figures show that the activity of

trypsin (U/mL) increased linearly (P < 0.05 ). However, activity of the chymotrypsin (U/mL) was not affected

(P > 0.05) by Leu compared with the control group (0 mg/mL). It was concluded that the optimum

concentration of Leu to promote pancreatic enzyme secretion was 5.24mg/mL.

 

Table 1

Effects of Leu on α-amylase activity at different incubating time in vitro

Incubating time(min) Levels of Leu (mg/mL) SEM1 P value2

0 2.62 5.24 10.48 Linear Quadratic

KRB              

60 1644.7 2312.8 2823.4 2112.7 81.12 0.286 < 0.01

120 1178.6 2140.6 2432.8 2182.4 94.20 0.402 < 0.01

180 1415.5 1088.9 1203.4 1088.5 76.04 0.253 0.548

Tissue              

60 2641.0b 2542.7b 3758.1a 2869.1b 92.33 0.647 < 0.01

120 2782.8 2993.4 3113.9 2356.3 222.21 0.281 0.962

180 1726.4 1838.9 2282.2 1763.3 185.83 0.429 0.733

Total              

60 4418.5c 5002.0b 6486.0a 5119.8b 68.42 0.515 < 0.01

120 3812.6 4918.5 5530.1 4519.0 333.48 0.823 0.384

180 3075.8 2920.6 3685.0 2893.2 135.15 0.521 0.602

1 Pooled standard error of mean , n = 5.

2 Linear relationship between Leu level and α-amylase activity.

a,b,c Means in a row with different superscript letters differ (p < 0.05).

 

Table 2

Effects of Leu on trypsin and chymotrypsin activities at different incubating time in vitro
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Items Incubating

time (min)

Levels of Leu (mg/mL) SEM1 P value2

0 2.62 5.24 10.48 Linear Quadratic

Trypsin 60 1365b 1421b 1562a 1583a 75.24 0.032 0.710

120 1624b 2035ab 2206ab 2683a 54.69 0.016 0.262

180 2454b 2578b 3037a 3258a 57.35 0.035 0.429

Chymotrypsin 60 2045.8 3673.2 2955.5 3336.2 168.58 0.425 0.501

120 1938.2 2534.7 2183.4 2596.4 231.56 0.398 0.724

180 2680.5 3053.5 2812.3 3274.6 185.37 0.546 0.632

1 Pooled standard error of mean , n = 5.

2 Linear relationship between Leu level and trypsin and chymotrypsin activities.

a,b Means in a row with different superscript letters differ (p < 0.05).

 

Ile

As shown in Table 3, The α-amylase activity in KRB buffer (U/mL) and total α-amylase (U/g tissue)

increased (P < 0.01) linearly with the increase of Ile levels, but there was no significant difference (P > 0.05) at

the concentration of 5.24 mg/mL and 10.48 mg/mL. α-amylase activity (U/g prot) in pancreatic tissue was not

affected (P > 0.05) by Ile concentration. Table 4 presents the results obtained from the preliminary analysis of

trypsin and chymotrypsin activities in KRB solution. It can be seen that the activity of trypsin (U/mL) increased

linearly with the increase of Ile concentration (P < 0.05) when the incubation time was 120 or 180 min.

However, there was no significant difference (P > 0.05) at the concentration of 5.24 mg/mL and 10.48 mg/mL.

The chymotrypsin activity (U/mL) was not affected by the levels of Ile at 60 or 120 min (P > 0.05), but

decreased linearly with the increase of the levels of Ile at 180 min (P < 0.01). Based on the above results, we

selected 5.24 mg/mL as the incubation concentration of Ile in subsequent experiments.

 

Table 3

Effects of Ile on α-amylase activity in KRB solution and pancreatic tissues at different incubating time in vitro
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Incubating time (min) Levels of Ile (mg/mL) SEM1 P value2

0 2.62 5.24 10.48 Linear Quadratic

KRB      

 

       

60 364.1b 464.9b 8588.3a 7374.1a 253.03 < 0.01 0.256

120 990.4b 822.8b 5666.6a 7398.0a 335.23 < 0.01 0.081

180 1212.3b 1467.5b 10106.4a 8412.0a 244.79 < 0.01 0.327

Tissues              

60 2589.0 2622.0 3590.3 2902.9 209.35 0.436 0.458

120 2120.2 2459.2 2497.5 3526.9 247.80 0.502 0.280

180 1897.3 1854.8 2059.6 2224.9 96.16 0.769 0.316

Total              

60 2953.1b 3077.2b 12273.9a 10529.5a 529.29 < 0.01 0.482

120 3165.1b 3251.3b 7827.9a 11991.9a 487.06 < 0.01 0.065

180 3119.0b 3353.7b 11711.0a 9828.6a 114.66 < 0.01 0.513

1 Pooled standard error of mean , n = 5.

2 Linear relationship between Ile level and α-amylase activity.

a,b Means in a row with different superscript letters differ (p < 0.05).

 

Table 4

Effects of Ile on trypsin and chymotrypsin activities at different incubating time in vitro

Items Incubating

time (min)

Levels of Leu (mg/mL) SEM1 P value2

0 2.62 5.24 10.48 Linear Quadratic

Trypsin 60 1378 1321 1285 1407 34.12 0.962 0.161

120 1475b 1725a 1853a 1883a 45.83 0.035 0.540

180 2064b 2319b 2960a 3238a 49.62 0.047 0.823

Chymotrypsin 60 2497.1 4112.1 5919.9 4634.4 324.62 0.672 0.095

120 1508.0 2732.7 2481.3 3598.0 309.80 0.259 0.413

180 6010.5a 2563.7b 1731.1bc 1433.2c 143.17 < 0.01 0.586
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1 Pooled standard error of mean , n = 5.

2 Linear relationship between Ile level and trypsin and chymotrypsin activities.

a,b,c Means in a row with different superscript letters differ (p < 0.05).

 

Val

The α-amylase activity (U/mL) in KRB solution changed quadratically with the increase of Val

concentration (P = 0.055), reaching the peak value at 5.24 mg/mL. The activity of lipase (U/mL) decreased

linearly (P < 0.05). However, Val had no influence on trypsin (U/mL) and chymotrypsin (U/mL) activities (P >

0.05) (Table 5).

 

Table 5

Effects of Val on enzyme activity at different incubating time in vitro

Items Levels of Val (mg/mL) SEM1 P value2

0 2.62 5.24 10.48 Linear Quadratic

α-amylase 756b 1007ab 1527a 1122ab 120.2 0.082 0.055

Lipase 342a 260ab 281ab 172b 27.3 0.042 0.129

Trypsin 48.6 37.8 38.4 47.4 6.0 0.957 0.730

Chymotrypsin 3.29 3.69 2.90 4.23 0.392 0.578 0.729

1 Pooled standard error of mean , n = 5.

2 Linear relationship between Val level and enzyme activity.

a,b,c Means in a row with different superscript letters differ (p < 0.05).

 

Experiment 1 showed that the optimum concentration and incubation time of promoting pancreatic enzyme

secretion in dairy cows were 5.24 mg/mL and 60 min, respectively, so it was used as the incubation condition of

experiment 2.

Experiment 2
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The interaction influence of three amino acids on pancreatic digestive enzymes (U/mL) was shown in Table

6. Leu and Val markedly increased α-amylase activity (P < 0.05), Ile had no effect on α-amylase (P > 0.05), and

there was no interaction among the three amino acids (P > 0.05). Leu and Val decreased significantly lipase

activity in KRB buffer (P < 0.05), but Ile had no effect (P > 0.05). There was significant interaction among the

three amino acids (P < 0.05). It is apparent from this table that the activities of trypsin and chymotrypsin were

not affected by the three amino acids (P > 0.05), and there was no interaction among them (P > 0.05).

 

Table 6

Interaction of BCAAs on pancreatic enzyme activities from dairy cows in vitro

Leu (mg/mL) 0 5.24 SEM P value

Ile (mg/mL) 0 5.24 0 5.24

Val (mg/mL) 0 5.24 0 5.24 0 5.24 0 5.24 Leu Ile Val Interaction

α-amylase 756 1327 1056 1381 1265 1618 1345 1734 80.0 0.018 0.350 0.008 0.971

Lipase 342b 281b 651a 224b 319b 247b 177b 199b 30.7 0.005 0.740 0.006 <0.01

Trypsin 49 38 22 37 34 53 46 36 3.9 0.479 0.322 0.654 0.483

Chymotrypsin 3.3 2.9 4.0 4.6 3.5 8.2 7.8 4.7 0.7 0.088 0.554 0.762 0.379

1 Pooled standard error of mean , n = 5.

2 Linear relationship between BCAAs level and enzyme activity.

a,b Means in a row with different superscript letters differ (p < 0.05).

Discussion
With the increasing of milk production, a huge challege facing researchers and breeders is how to meet the nutritional needs of
dairy cows more effectively [18]. In order to solve this problem, high-concentrate diets with cereal starch as the major energy
feed are increased continuously in production to satisfy the energy needs of ruminants, resulting in a large number of starch
entering the small intestine. However, the ability of small intestine to digest starch is limited. Inadequate activity of digestive
enzymes secreted by pancreas may be one of the reasons for this limitation. Based on this, we need to determine whether
nutrients affect the production and secretion of pancreatic enzymes. Interaction experiments conducted in vivo complicate the
interpretation of data. As a result, understanding of the direct interaction of pancreatic exocrine enzymes can be aided by means
of using tissue incubation method in vitro[14] .

Leu is not only one of the essential amino acids (EAAs) in mammals but also the substrate for protein synthesis, which plays an
important regulatory role in protein synthesis and metabolic turnover in tissues as an effective nutrient factor [19, 20].When
either administrated orally or injected with Leu, protein synthesis in other tissues such as pancreas, heart, liver and skeletal
muscle is increased [7, 21, 22]. It was identi�ed that Leu stimulates milk protein synthesis in dairy cows through the mTOR
signaling pathway [23, 24, 25]. Swanson et al. [26] observed that casein infusion in abomasum stimulated the activity of
pancreatic α-amylase, but did not affect the trypsin and chymotrypsin activity. Yu et al. and Liu et al. [10, 11, 27]identi�ed that
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the α-amylase activity was increased by the duodenal infusion of Leu or phenylalanine (Phe). In contrast, a research has shown
that BCAAs (especially Leu) could reduce the activity of α-amylase in rat pancreas for a long time [28]. In this experiment, adding
Leu to KRB improved pancreatic α-amylase activity by quadratic curve and linearly increased the trypsinase activity, but had no
in�uence on the chymotrypsin activity. The differences may be attributed to different experimental animals and regulation way.

Pancreatic exocrine function plays an critical role in digestion and absorption of small intestinal nutrients. The regulatory
mechanism of amino acids on pancreatic digestive enzymes secretion remains not well understood in ruminants. Previous
published studies suggested that casein regulates pancreatic α-amylase secretion at the transcriptional level, and which had
interspeci�c differences in its regulation [9, 29]. Moreover, BCAAs (especially Leu) could affect pancreatic enzyme activity at
translational level through mTOR signaling pathway [30], and also alter expression of gene mRNA to regulate its activity at
transcriptional level. Generally, in nonruminants, Leu decreased the mRNA expression of α-amylase and inhibits the secretion of
α-amylase [28, 29]. It was hypothesized that there were interspeci�c differences in the regulation of pancreatic α-amylase
secretion by Leu. Therefore, The expression of α-amylase may be increased by Leu and promoted α-amylase activity in
ruminants, which was consistent with increasing of α-amylase activity in dairy cows when Leu level was increased in the present
experiment.

Ile and Val are similar to Leu and also substrates for protein synthesis. It has been verti�ed that increasing the level of Ile in the
diet could increase the dry matter, milk protein and milk fat content of lactating sows [31] and increase digestive enzyme
activities of intestine and hepatopancreas in juvenile Jian crap [12]. Liu et al. [32]reported that the activity of pancreatic α-
amylase and trypsin in dairy heifers were increased linearly with the Ile infusion doses. A recent study has shown that the total
concentrations of digestive enzymes in pancreatic tissue of dairy goats were signi�cantly increased by high levels of Ile,
especially α-amylase, but had no effect on lipase [33]. We found different results from previous study by using in vitro system. In
this experiment, the chymotrypsin activity in culture medium decreased linearly with the increase of isoleucine level when the
incubation time was 180 min. This may be attributed to different animal models. In addition, Results of our experiment also
demonstrated that α-amylase activity in the buffer changed quadratically with the concentration of Val, which reached the
highest value when the concentration of Val was 5.24 mg/mL.

BCAAs (Leu, Ile, Val) are EAA which cannot be synthesized in animals and playing an important role in the growth and
development of animals. They account for 35%~40% of the total essential amino acids and 14%~18% of the total amino acids
[34]. At present, comparatively little is known about the interaction of three BCAAs on the secretion of pancreatic digestive
enzymes in ruminants. It was reported that casein increased the pancreatic α-amylase and trypsin activity in Holstein steer
calves by enhancing the size of pancreas [35]. Our results showed that Leu and Val signi�cantly increase the activity of
secreting α-amylase from pancreas and decrease the activity of lipase. It was also found that there was a signi�cant interaction
between the three amino acids on lipase activity. However, this three amino acids did not interact with α-amylase, trypsin and
chymotrypsin and not affect digestive enzyme activities. The difference between this observation and previous results may be
due to the difference in amino acid composition, resulting in different regulation way and effects on pancreas [36].

Conclusions
The present study con�rmed that Leu, Ile and Val can stimulate the secretion of pancreatic enzymes in vitro, especially α-
amylase. There was no interaction between the three BCAAs on the activities of α-amylase, trypsin and chymotrypsin. A better
understanding of the speci�c mechanism of Leu, Ile and Val regulating digestive enzyme secretion should be signi�cant to
improve the digestibility of starch in small intestine of ruminants.

Abbreviations
Leu:Leucine; Ile:Isoleucine; Val:Valine; KRB:Krebs ringer bicarbonate; BCAAs:Branched chain amino acids; EAAs:Essential amino
acids; Phe:Phenylalanine.
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