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Abstract This study was designed to determine the effect

of ultra-fine Chinese herbal powder as a dietary additive on

serum concentrations and apparent ileal digestibilities

(AID) of amino acids (AA) in young pigs. In Experiment 1,

60 Duroc 9 Landrace 9 Yorkshire piglets weaned at

21 days of age were randomly assigned to one of three

treatments, representing supplementation with 0 or 2 g/kg

of the powder, or 0.2 g/kg of colistin (an antibiotic) to

corn- and soybean meal-based diets (n = 20 per group).

Blood samples from five piglets per group were collected

on days 7, 14, and 28 to determine serum AA concentra-

tions. In Experiment 2, 12 barrows with an average initial

body weight of 7.64 kg were randomly assigned to one

of the three dietary treatments, followed by surgical

placement of a simple T-cannula at the terminal ileum. All

of the diets contained 0.1% titanium oxide as a digestibility

marker. The samples of terminal ileal digesta were col-

lected on day 7 for determining AID of AA. Results show

that dietary supplementation with the herbal powder

increased (P \ 0.05) serum concentrations and AID of

most AA by 10–50% and 10–16%, respectively. As an

indicator of improved intestinal function, AID values of

calcium were also enhanced in piglets supplemented with

the herbal powder. Dietary supplementation of colistin

increased serum concentrations and AID values of some

AA by 8–44% and 10–15%, respectively, in comparison

with the non-supplemented group. These novel findings

demonstrate that the herbal powder can enhance the

digestibility of dietary protein and the intestinal absorption

of AA into the systemic circulation in post-weaning pigs,

therefore providing a new mechanism for its growth- and

immunity-promoting efficacy.
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Abbreviations

AA Amino acids

AID Apparent ileal digestibilities

CP Crude protein

NO Nitric oxide

UCH Ultra-fine Chinese herbal

Introduction

Natural weaning of piglets is a gradual process and

occurs over several weeks or months. However, in modern
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intensive swine production systems, piglets are weaned

earlier, between 15 and 28 days of age to maximize the

whole herd production (Smith et al. 2008). The abrupt

changes in feed composition and environment at weaning

dramatically alter intestinal metabolism and digestive

function, which often results in intestinal malabsorption of

nutrients (Wu 1998). Additionally, reduced provision of

immunologically important factors from sow’s milk (Wu

and Knabe 2004) impairs immune function (Touchette

et al. 2002), therefore increasing the susceptibility of pig-

lets to the gram-negative bacterial infection and disease

incidence. Further, weaning, as a major stress factor in

swine production, reduces feed intake and efficiency and

alters the composition of the gut microbiota (Namkung

et al. 2004). Therefore, weaning is associated with growth

retardation, as well as an increase in both morbidity and

mortality in piglets (Smith et al. 2008).

Antimicrobials have traditionally been used as the first

choice in prevention and treatment of diseases induced by

weaning stress (Shuford and Patel 2005). However, they

potentially impact human health due to the veterinary drug

residues and emergence of antimicrobial resistant strains of

zoonotic microorganisms in food animals (Shuford and

Patel 2005). These public concerns have prompted Euro-

pean Union and other nations to ban the use of dietary

antimicrobials (WHO 2002). Therefore, novel antimicro-

bial alternatives with low residues and low resistance are

now being encouraged and under active investigation in

many countries. Among potential antimicrobial alterna-

tives, traditional Chinese herbal medicine is one of the

most promising candidates (Deng et al. 2007; Ng et al.

2004; Yin et al. 2008a).

Ultra-fine Chinese herbal (UCH) powder with an aver-

age granule diameter of 30 lm, as a phytochemical dietary

additive, was composed of Acanthopanax senticosus (AS),

Astragalus membranaceus (AM), Codonopsis pilosula

(COP), Crataegus pinnatifida (CRP), Salvia miltiorrhiza

(SM), and chitosan (Kong et al. 2007a, b). As one of major

components in the herbal power, AS is highly effective

in treating allergies (Yi et al. 2002), stress-induced

pathophysiologic changes (Fujikawa et al. 1996), and

inflammation (Jung et al. 2003). The AS extract also

enhances immune responses (Kong et al. 2007c) and

physiological development of the gut microflora (Yin et al.

2008b) in weaned piglets. AM is known for its effect on

stimulating energy metabolism, tissue regeneration, and

immunity in the body (Cho et al. 2007). COP possesses

immunomodulatory, antioxidant, free-radical scavenging,

and antiulcer activities, and is commonly employed for

treatment of dyspepsia, poor appetite, and psychoneurosis

(Wang et al. 1996). Traditionally, CRP has a strong anti-

bacterial activity against pathogenic bacteria (Kao et al.

2007), whereas SM is mainly used for treatment of

infectious and inflammatory diseases (Kathrin et al. 2004).

In addition, dietary supplementation of chitosan improves

growth performance, feed efficiency, and the immune

response in weaned piglets (Huang et al. 2007; Tang et al.

2005; Yin et al. 2008c).

Previous studies have demonstrated that the UCH

powder is safe and effective in preventing intestinal dys-

function, improving growth performance (Kong et al.

2007a), as well as exerting beneficial effects on immune

responses (Kong et al. 2007b) and gut microbiota devel-

opment (He et al. 2008) in weanling piglets. However, the

underlying mechanisms are largely unknown. Considering

that most of composition herbs in the UCH powder are

commonly employed for treatment of dyspepsia and poor

appetite, and because amino acids (AA) are not only

building blocks for protein synthesis but also serve as

regulators of key metabolic pathways (Hu et al. 2008;

Jobgen et al. 2006; Phang et al. 2008) and the immune

response (Li et al. 2007), we hypothesized that the UCH

powder may affect the digestion of dietary protein, the

intestinal absorption of AA, and circulating levels of AA in

weanling piglets. This hypothesis was tested in the present

study using dietary supplementation with the herbal pow-

der, as well as measuring the apparent ileal digestibilities

(AID) and serum concentrations of AA. As another indi-

cator of intestinal function, the AID of dry matter, energy,

crude protein, crude ash, calcium, and phosphorus were

also determined in weanling piglets.

Materials and methods

Preparation of the UCH powder

Herbs of the UCH powder were purchased from Changsha

Pharmaceutical Co. (Hunan, China), and chitosan was

provided by Dalian Institute of Chemical Physics, the

Chinese Academy of Sciences (Dalian, China). The mix-

ture was crumbled to an ultra-fine powder with an average

granule diameter of 30 lm, packed in hermetical plastic

bags, and stored at room temperature before use. Contents

of total polysaccharide, flavone and organic acid in the

powder, which were determined by the vitriol-anthracene

ketone test, rutin test and base titration with 0.1 M NaOH

(Kong et al. 2004, 2007c), were 2.61, 0.71, and 2.00%,

respectively. Contents (%) of AA in the powder, analyzed

by ion-exchange chromatography (Li et al. 2008), were as

follows: alanine 0.309, arginine 0.335, aspartate plus

asparagine 0.670, cysteine 0.162, glutamate plus glutamine

0.817, glycine 0.249, histidine 0.116, isoleucine 0.172,

leucine 0.551, lysine 0.343, phenylalanine 0.425, proline

0.223, serine 0.328, threonine 0.242, tyrosine 0.036, valine

0.077, and total AA, 12.803.
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Animal, housing, and treatment

This study was carried out in accordance with the Chinese

guidelines for animal welfare and experimental protocol

(Yin et al. 2004).

Experiment 1

A total of 60 castrated Duroc 9 Landrace 9 Yorkshire

piglets with an average body weight of 5.64 kg were

weaned at 21 days of age and randomly assigned to one of

three treatments in a randomized complete block design,

representing dietary supplementation with 0 or 2 g/kg of

the UCH powder, or 0.2 g/kg of colistin, on the basis of

body weight and sex, as described by Kong et al. (2007a,

b). Colistin is an antibiotic commonly used for preventing

and treating diarrhea in weanling piglets, and its dose of

0.2 g/kg was chosen according to the manufacturer’s

instructions. There were 20 piglets (10 barrows and 10

gilts) per treatment group, with one pig per pen. Each

0.6 m 9 1.2 m pen was equipped with hard plastic com-

pletely slotted flooring, a single-hole feeder and a water

nipple to allow ad libitum consumption of feed and water.

The temperature and relative humidity were maintained at

28 ± 2�C and 65–75%, respectively, in an air-controlled

nursery room. The ingredients and composition of the diets

are summarized in Tables 1 and 2. On days 7, 14, and 28

after initiation of the dietary supplementation with the

UCH powder, jugular venous blood samples (5 ml per

piglet) were withdrawn randomly from five piglets per

treatment group by venepuncture into plastic uncoated

tubes between 8:00 and 10:00 a.m. Sera were obtained by

centrifugation at 750 9g and 4�C for 20 min and stored at

-20�C until analysis for AA. One milliliter of the serum

sample and 2.5 ml of 7.5% trichloracetic acid solution

were mixed thoroughly and centrifuged at 12,000 9g and

4�C for 15 min. The supernatant fluid was collected and

determined for AA by an ion-exchange AA analyzer

(Hitachi L-8800 Auto-Analyzer, Tokyo, Japan) as descri-

bed by Li et al. (2008).

Experiment 2

Twelve castrated barrows with an average body weight of

7.64 kg were randomly assigned into one of three dietary

treatments, as described in ‘‘Experiment 1’’. Each piglet

was surgically fitted with a simple T-cannula at the ter-

minal ileum according to the procedures of Yin et al.

(1991). A detailed description of pre- and post-operative

care was previously described by Yin et al. (1993). The

Table 1 Dietary ingredients

and nutrient levels in diets

a Providing the following

vitamins per kg diet: 20,000 IU

vitamin A, 400,000 IU vitamin

D3, 3,000 mg vitamin E,

300 mg vitamin K, 700 mg

vitamin B2, 200 mg vitamin B6,

3 mg vitamin B12, 8 mg biotin,

800 mg folic acid, and 2400 mg

nicotinic acid
b Providing the following

minerals per kg diet: 165 mg Zn

(ZnSO4), 165 mg Fe (FeSO4),

33 mg Mn (MnSO4), 16.5 mg

Cu (CuSO4), 297 lg CaI2, and

297 lg Se (Na2SeO3)

Dietary ingredients (%) Dietary supplementation

Ultra-fine Chinese herbal powder Colistin None

Corn (8.24% CP) 66.55 66.55 66.55

Soybean meal (44.72% CP) 24.00 24.00 24.00

Fish meal (CP 65.05%) 6.00 6.00 6.00

Acidifier 1.00 1.00 1.00

Corn starch 0 0.18 0.20

Ca(H2PO4)2 0.60 0.60 0.60

CaCO3 0.74 0.74 0.74

Vitamin premixa 0.04 0.04 0.04

Choline chloride (50%) 0.08 0.08 0.08

Trace element premixb 0.15 0.15 0.15

Salt 0.25 0.25 0.25

Flavor 0.05 0.05 0.05

L-Lysine HCl 0.25 0.25 0.25

L-Methionine 0.06 0.06 0.06

L-Threonine 0.03 0.03 0.03

Ultra-fine Chinese herbal powder 0.20 0 0

Colistin 0 0.02 0

Nutrient levels

Metabolic energy (MJ/kg) 13.91 13.89 13.82

Crude protein 20.77 19.55 20.26

Calcium 0.93 0.72 0.87

Phosphorus 0.54 0.54 0.53
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cannulas were prepared from Tygon tubing (Shao Guang

Plastics, Changsha, Hunan, China). The piglets were

returned to the metabolic crates immediately after surgery.

Additionally, the size of metabolism crates could be

changed by a moveable lateral wall when necessary. Dur-

ing a 7-day recovery period, the piglets had free access to

drinking water and the basal diet (the same control diet as

in ‘‘Experiment 1’’). The temperature and relative humidity

were the same as in ‘‘Experiment 1’’. Following recovery,

the piglets were fed the diets as described in ‘‘Experiment

1’’, except that all of the diets contained 0.1% titanium

oxide as a digestibility marker. During the experi-

mental period, the skin around the cannula was cleaned

with lukewarm water several times daily and dried,

followed by application of a skin protecting paste

(Stomahesive Paste, Convatec, Princeton, USA). Addi-

tionally, foamed material was placed between the retaining

ring and the skin to absorb leaking digesta and prevent

inflammation or ulcer.

Samples of ileal digesta were collected, from 08:00 to

the next 08:00 on day 7, into plastic bags tied to the barrel

of the cannula. The bags were removed and replaced as

soon as they were filled with digesta. Ileal digesta were

stored immediately at 4�C after collection. At the end of

the experiment, ileal digesta were pooled within the same

pig and homogenized. A subsample of each homogenate

was freeze-dried and ground through a 1-mm mesh screen

for analysis. Dry matter, crude ash, energy, crude protein,

calcium, and phosphorus contents of diets and ileal

digesta were analyzed according to AOAC (2003) pro-

cedures. AA compositions of ileal digesta samples were

determined by an ion-exchange AA analyzer after

hydrolysis in 6 N HCl in sealed vacuum tubes at 110�C

for 24 h according to the method of Li et al. (2008).

Titanium oxide contents in the feed and digesta were

determined according to the method described by Yin

et al. (2000). The AID of AA was calculated in the fol-

lowing manner:

AID ¼ AAf � AAdð Þ � TiO2f=TiO2dð Þ=AAf

Where AAf is the AA content in diet (Table 2), AAd is the

AA content in digesta, TiO2f is the analyzed titanium oxide

content in diet, and TiO2d is the analyzed titanium oxide

content in digesta (Fan et al. 2005).

Statistical analysis

Data were expressed as the mean ± SEM. Results were

statistically analyzed using one-way ANOVA (SAS Insti-

tute, Cary, NC). The Duncan’s multiple range test was used

to compare differences among the treatment groups. A

P value of less than 0.05 was taken to indicate statistical

significance.

Results

Serum concentrations of AA in piglets

On day 7 of the feeding trial (‘‘Experiment 1’’), total con-

centrations of serum AA in piglets fed the UCH powder-

supplemented diet were lower (P \ 0.05) than those in

colistin-supplemented piglets but did not differ (P [ 0.05)

from the values in the non-supplemented group (Table 3).

The UCH-powder treatment increased (P \ 0.05) serum

concentrations of asparagine and phenylalanine, while

decreasing (P \ 0.05) those of cysteine, glycine and lysine,

when compared with the non-supplemented group. Serum

concentrations of lysine, phenylalanine and tyrosine in

piglets fed the UCH powder-supplemented diet were higher

(P \ 0.05), but serum concentrations of glutamine and

methionine were lower (P \ 0.05) than those in the

colistin-supplemented group. Interestingly, colistin supple-

mentation decreased (P \ 0.05) serum concentrations of

cysteine, glycine, lysine, and tyrosine but increased

(P \ 0.05) serum concentrations of asparagine and gluta-

mine, compared with the non-supplemented group.

On day 14 of the feeding trial, total concentrations of

serum AA in piglets fed the UCH powder-supplemented diet

were higher (P \ 0.05) than those in the non-supplemented

Table 2 Analyzed amino acid composition of experimental diets

(%, as-fed basis)

Item Dietary supplementation

UCH powder Colistin None

Alanine 0.96 1.16 1.07

Arginine 0.85 1.07 1.00

Aspartatea 1.53 2.01 1.82

Cysteine 0.23 0.23 0.26

Glutamateb 2.97 3.82 3.49

Glycine 0.79 0.94 0.85

Histidine 0.41 0.53 0.49

Isoleucine 0.60 0.79 0.70

Leucine 1.73 1.81 1.64

Lysine 0.93 1.41 1.18

Methionine 0.03 0.03 0.07

Phenylalanine 0.98 1.18 1.09

Serine 0.81 1.00 0.92

Proline 1.25 1.32 1.29

Threonine 0.65 0.82 0.75

Tyrosine 0.17 0.20 0.20

Valine 0.71 0.91 0.82

a Including aspartate plus asparagine
b Including glutamate plus glutamine
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group but did not differ (P [ 0.05) from the values for

colistin-supplemented piglets (Table 4). The UCH powder

increased (P \ 0.05) serum concentrations of alanine, glu-

tamine, and serine compared with the non-supplemented

group, as well as serum concentrations of asparagine,

methionine, and threonine compared with the other two

groups. Serum concentration of glutamine in piglets fed the

colistin-supplemented diet was higher (P \ 0.05) than that

in the non-supplemented group (Table 4).

On day 28 of the feeding trial, total concentrations of

AA in piglets fed the UCH powder- and colistin-supple-

mented diets were higher (P \ 0.05) when compared with

piglets in the non-supplemented group, but did not differ

from the value for colistin-supplemented pigs (Table 5).

The UCH powder increased (P \ 0.05) serum concentra-

tions of phenylalanine, leucine, isoleucine, valine, alanine,

lysine, methionine, and histidine, compared with the non-

supplemented group, as well as those of threonine and

histidine compared with the colistin-supplemented pigs.

In addition, the colistin treatment increased (P \ 0.05)

serum concentrations of tyrosine, leucine, isoleucine,

valine, alanine, histidine, and lysine compared with the

non-supplemented group (Table 5). Serum concentrations

of other AA did not differ (P [ 0.05) among the three

treatments.

AID of crude protein, energy, dry matter, minerals,

and AA

The AID of crude protein, energy, dry matter, or total

minerals did not differ (P [ 0.05) among the three groups

of pigs (Table 6). However, the AID of calcium was higher

(P \ 0.05) but the AID of phosphorus was lower

(P \ 0.05) in pigs fed the UCH powder-supplemented diet

than that in the non-supplemented group (Table 6). The

AID of calcium did not differ (P [ 0.05) between the UCH

powder- and colistin-supplemented pigs.

Table 7 summarizes the AID of AA in pigs on day 7

after initiation of UCH powder supplementation. Both of

the UCH powder and colistin enhanced (P \ 0.05) the AID

values of histidine, isoleucine, methionine, phenylalanine

and threonine, when compared with the non-supplemented

group. In addition, the AID of arginine in piglets fed the

UCH powder-supplemented diet was higher (P \ 0.05)

than those in the other two groups. Further, dietary colistin

supplementation increased (P \ 0.05) the AID of leucine

Table 3 Serum concentrations (lg/mL) of amino acids in weaned

piglets on day 7 after initiation of dietary supplementation with ultra-

fine Chinese herbal powder

Item Dietary supplementation

UCH powder Colistin None

Alanine 92.1 ± 5.7 98.2 ± 13.5 98.8 ± 11.5

Arginine 44.3 ± 10.8 46.6 ± 4.5 40.3 ± 3.8

AspartateA 10.2 ± 0.5a 9.7 ± 1.6a 6.9 ± 2.0b

Cysteine 3.8 ± 0.4b 3.5 ± 0.4b 4.9 ± 0.2a

GlutamateB 110 ± 9.0b 136 ± 11.0a 117 ± 14.0b

Glycine 89 ± 6.0b 102 ± 15.0b 129 ± 17.0a

Histidine 17.9 ± 2.2 15.9 ± 2.8 20.6 ± 3.9

Isoleucine 23.3 ± 3.0 23.8 ± 1.6 19.8 ± 2.5

Leucine 40.2 ± 6.7 39.8 ± 0.8 37.5 ± 5.5

Lysine 66.1 ± 4.5b 54.3 ± 6.1c 78.6 ± 8.3a

Methionine 9.9 ± 2.3b 13.0 ± 1.8a 11.6 ± 1.0ab

Phenylalanine 30.3 ± 1.4a 24.3 ± 1.3b 24.7 ± 1.8b

Serine 26.5 ± 4.9 25.4 ± 4.0 26.9 ± 3.1

Threonine 70.2 ± 14.9 49.9 ± 18.8 54.6 ± 6.7

Tyrosine 31.0 ± 2.9a 22.1 ± 4.5b 28.4 ± 2.9a

Valine 35.7 ± 4.5 31.9 ± 5.5 35.4 ± 2.8

Total AA 641 ± 66b 759 ± 61a 729 ± 19ab

Data are expressed as means ± SEM, n = 5. Means with different

superscripts in a row differ (P \ 0.05)

AA amino acids
A Including aspartate plus asparagine
B Including glutamate plus glutamine

Table 4 Serum concentrations (lg/mL) of amino acids in weaned

piglets on day 14 after initiation of dietary supplementation with

ultra-fine Chinese herbal powder

Item Dietary supplementation

UCH powder Colistin None

Alanine 99.2 ± 10.3a 88.2 ± 8.2ab 76.3 ± 9.2b

Arginine 42.7 ± 2.4 38.9 ± 10.6 35.0 ± 4.9

AspartateA 10.0 ± 0.5a 8.0 ± 1.2b 7.1 ± 1.0b

Cysteine 4.5 ± 0.6 4.9 ± 0.7 3.9 ± 0.8

GlutamateB 115 ± 14a 111 ± 14a 77.0 ± 4.0b

Glycine 113 ± 13 96 ± 10 100 ± 13

Histidine 11.7 ± 1.7 13.1 ± 2.5 14.4 ± 0.9

Isoleucine 22.3 ± 2.2 21.5 ± 3.3 18.6 ± 3.5

Leucine 31.8 ± 3.1 35.0 ± 3.5 30.5 ± 8.2

Lysine 44.5 ± 3.6 50.1 ± 8.8 43.4 ± 1.4

Methionine 11.9 ± 0.8a 7.7 ± 0.7b 8.4 ± 2.5b

Phenylalanine 25.1 ± 1.8 24.8 ± 4.6 24.2 ± 2.7

Serine 27.7 ± 2.7a 25.1 ± 2.7ab 22.8 ± 2.7b

Threonine 55.7 ± 3.3a 39.7 ± 4.6b 44.0 ± 4.9b

Tyrosine 27.1 ± 2.6 29.3 ± 4.3 31.9 ± 6.8

Valine 28.8 ± 3.3 29.9 ± 4.0 27.0 ± 2.6

Total amino acid 693 ± 28a 623 ± 93ab 575 ± 89b

Data are expressed as means ± SEM, n = 5. Means with different

superscripts in a row differ (P \ 0.05)
A Including aspartate plus asparagine
B Including glutamate plus glutamine
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and tyrosine, in comparison with the non-supplemented

group. The AID values of other AA did not differ

(P [ 0.05) among the three groups of pigs.

The AID values of AA in pigs on day 14 are shown in

Table 8. Dietary supplementation with the UCH powder or

colistin increased (P \ 0.05) the AID of arginine, gluta-

mate plus glutamine, lysine, and valine, compared with the

non-supplemented group. In addition, the UCH powder

enhanced (P \ 0.05) the AID of leucine and serine, as well

as colistin enhancing phenylalanine and histidine, in

comparison with the non-supplemented pigs.

On day 28 after initiation of dietary supplementation,

both the UCH powder and colistin increased (P \ 0.05)

the AID values of most AA, including aspartate plus

asparagines, cysteine, glycine, histidine, leucine, lysine,

phenylalanine, serine, threonine, and valine compared with

the non-supplemented group (Table 9). In addition, the

AID of arginine was higher (P \ 0.05) in the UCH

powder-supplemented pigs than in the other two groups.

The AID values of other AA did not differ (P [ 0.05)

among the three groups of pigs.

Discussion

There has been growing interest in recent years in the use

of Chinese herbal medicines or their ingredients as new,

alternative growth promoters for livestock and poultry

(Guo et al. 2004; Kong et al. 2007a; Yin et al. 2008a). This

study determines serum concentrations of AA, as well as

the AID of AA, other organic nutrients (including crude

protein and energy) and minerals (including crude ash,

calcium and phosphorus) in weaned piglets supplemented

with either a UCH powder or an antibiotic (colistin). The

Table 5 Serum concentrations (lg/mL) of amino acids in weaned

piglets on day 28 after initiation of dietary supplementation with

ultra-fine Chinese herbal powder

Item Dietary supplementation

UCH powder Colistin None

Alanine 97.5 ± 14.3a 91.1 ± 8.4a 65.5 ± 7.2b

Arginine 46.7 ± 14.5 47.4 ± 5.9 42.2 ± 4.7

AspartateA 11.9 ± 2.7 11.8 ± 0.8 9.8 ± 1.5

Cysteine 3.9 ± 0.7 3.4 ± 0.3 3.7 ± 0.9

GlutamateB 122 ± 22 116 ± 13 107 ± 13

Glycine 108 ± 17 120 ± 11 97 ± 19

Histidine 18.8 ± 0.6a 16.1 ± 1.2b 13.1 ± 2.2c

Isoleucine 22.9 ± 2.3a 22.9 ± 2.6a 16.5 ± 1.6b

Leucine 39.6 ± 2.9a 39.0 ± 4.1a 27.1 ± 2.6b

Lysine 56.4 ± 7.3a 48.8 ± 5.5a 37.6 ± 3.6b

Methionine 12.0 ± 1.6a 10.4 ± 1.1ab 8.1 ± 2.0b

Phenylalanine 26.2 ± 4.9a 23.9 ± 2.5ab 20.7 ± 2.2b

Serine 24.7 ± 2.7ab 25.5 ± 3.4a 20.0 ± 3.4b

Threonine 67.1 ± 14.4a 38.7 ± 5.5b 51.5 ± 15.9ab

Tyrosine 30.6 ± 9.2ab 37.9 ± 4.5a 27.8 ± 4.9b

Valine 33.0 ± 4.2a 31.9 ± 4.9a 24.1 ± 3.4b

Total AA 746 ± 39a 731 ± 68a 545 ± 35b

Data are expressed as mean ± SEM, n = 5. Means with different

superscripts in a row differ (P \ 0.05)

AA amino acids
A Including aspartate plus asparagine
B Including glutamate plus glutamine

Table 6 Apparent ileal digestibilities (%) of nutrients in weaned

piglets after initiation of dietary supplementation with ultra-fine

Chinese herbal powder

Apparent ileal digestibility Dietary supplementation

UCH powder Colistin None

Dry matter 87.7 ± 0.47 86.7 ± 0.90 87.8 ± 0.38

Crude ash 97.8 ± 0.21 97.7 ± 0.14 97.6 ± 0.18

Energy 87.5 ± 1.0 87.9 ± 0.43 87.0 ± 1.7

Crude protein 86.1 ± 3.8 87.3 ± 1.6 87.0 ± 1.1

Calcium 71.6 ± 4.2a 71.4 ± 4.0a 65.1 ± 6.1b

Phosphorus 47.1 ± 5.8b 55.6 ± 5.0a 54.6 ± 3.6a

Data are expressed as means ± SEM, n = 4. Means with different

superscripts in a row differ (P \ 0.05)

Table 7 Apparent ileal digestibilitis (%) of amino acids in weaned

piglets on day 7 after initiation of dietary supplementation with ultra-

fine Chinese herbal powder

Item Dietary supplementation

UCH powder Colistin None

Alanine 70 ± 2.4 73 ± 1.2 71 ± 1.4

Arginine 70 ± 2.0a 65 ± 1.3b 64 ± 2.0b

AspartateA 72 ± 2.6 73 ± 2.0 70 ± 3.7

Cysteine 63 ± 0.0 65 ± 2.1 62 ± 2.0

GlutamateB 75 ± 1.9 75 ± 1.6 73 ± 1.9

Glycine 71 ± 2.4 71 ± 2.3 72 ± 2.4

Histidine 64 ± 1.3a 65 ± 1.1a 60 ± 1.1b

Isoleucine 70 ± 2.2a 70 ± 1.1a 65 ± 1.5b

Leucine 75 ± 1.1ab 79 ± 2.2a 70 ± 3.4b

Lysine 66 ± 1.4 67 ± 2.0 65 ± 2.3

Methionine 68 ± 2.0a 70 ± 2.8a 61 ± 2.0b

Phenylalanine 72 ± 1.2a 72 ± 1.1a 70 ± 0.9b

Serine 66 ± 1.9 67 ± 2.9 65 ± 3.0

Threonine 65 ± 2.1a 65 ± 2.0a 59 ± 2.3b

Tyrosine 65 ± 2.2ab 68 ± 2.0a 60 ± 2.1b

Valine 65 ± 3.3 62 ± 2.1 64 ± 2.3

Data were expressed as means ± SEM, n = 4. Means with different

superscripts in a row differ (P \ 0.05)
A Including aspartate plus asparagine
B Including glutamate plus glutamine
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results show that dietary supplementation with the UCH

powder increased the circulating levels (Tables 3, 4, 5) and

AID values (Tables 7, 8, 9) of most AA by 15–25% in

piglets weaned at 21 days of age. Further, supplementing

the UCH powder to the piglet diet improved the AID of

calcium by *10% in the animals (Table 6). In addition,

dietary supplementation with colistin enhanced serum

concentrations and AID values of some AA by 8–44% and

10–15%, respectively, as well as the AID of calcium by

*10%. These findings are novel and important because

they indicate that the bioavailabilities of dietary AA were

greater in UCH powder-supplemented pigs, an agricultur-

ally important species and an established animal model for

studying human nutrition and metabolism (Ou et al. 2007;

Suryawan et al. 2008). The results are consistent with our

previous report that dietary supplementation with the UCH

powder increased daily weight gain in weaned pigs by 18%

(Kong et al. 2007a).

AA regulate key metabolic pathways that are crucial for

maintenance, health, and growth of animals (Hu et al.

2008; Jobgen et al. 2006; Wu et al. 2004). An increase in

the amounts of nutrients (particularly AA) that enter the

portal vein from the small intestine can be sufficient to

promote tissue protein synthesis in piglets (Wu et al. 2007).

Consistent with this view, dietary supplementation with the

UCH powder-enhanced serum concentrations and AID of

most AA in 21- to 49-day-old weaned piglets, which

resulted in the growth- promoting efficacy of the UCH

powder in weanling piglets (Kong et al. 2007a). Addi-

tionally, the UCH-powder treatment increased ADG and

ADFI, and improved the gain: feed ratio by 11% on day 21

after the supplementation compared with the non-supple-

mented group (Kong et al. 2007a). At the end of the 28-day

trial, the body weight of the powder-supplemented

piglets was 13% greater than the non-supplemented

group (Kong et al. 2007a). Therefore, the Chinese herbs

can stimulate the digestion and absorption of dietary

nutrients (particularly protein or AA), and may also

directly regulate the metabolism of absorbed nutrients

through signal transduction mechanisms, including AA,

nitric oxide (NO) and pyrroline-5-carboxylate signaling

(Galli 2007; Grillo and Colombatto 2007; Hu et al. 2007;

Jobgen et al. 2006).

A deficiency of dietary protein or AA has long been

known to impair immune function and increase the suscep-

tibility of animals to infectious disease (Li et al. 2007).

Increasing evidence shows that dietary supplementation of

specific AA to animals with malnutrition, infectious disease,

or weaning-associated stress enhances the immune status,

thereby reducing morbidity and mortality (Li et al. 2007; Tan

Table 8 Apparent ileal digestibilities (%) of amino acids in weaned

piglets on day 14 after initiation of dietary supplementation with

ultra-fine Chinese herbal powder

Item Dietary supplementation

UCH powder Colistin None

Alanine 78 ± 2.4 77 ± 3.4 77 ± 2.4

Arginine 82 ± 3.1a 83 ± 2.1a 76 ± 2.1b

AspartateA 80 ± 3.5 81 ± 3.4 80 ± 3.3

Cysteine 77 ± 3.1 76 ± 3.0 74 ± 3.1

GlutamateB 85 ± 2.7a 84 ± 2.5a 79 ± 2.4b

Glycine 78 ± 2.5 80 ± 3.3 77 ± 4.4

Histidine 74 ± 2.2ab 78 ± 2.2a 70 ± 2.1b

Isoleucine 79 ± 3.1 81 ± 3.3 78 ± 2.4

Leucine 81 ± 3.4a 78 ± 2.4ab 76 ± 2.2b

Lysine 73 ± 2.3a 74 ± 3.3a 67 ± 1.5b

Methionine 76 ± 3.3 75 ± 4.1 74 ± 3.5

Phenylalanine 78 ± 2.9ab 81 ± 1.7a 74 ± 1.9b

Serine 81 ± 2.3a 79 ± 2.4ab 75 ± 2.3b

Threonine 77 ± 2.4 80 ± 2.3 78 ± 3.7

Tyrosine 80 ± 3.1 79 ± 2.3 81 ± 2.4

Valine 83 ± 2.2a 84 ± 3.4a 78 ± 2.2b

Data are expressed as means ± SEM, n = 4. Means with different

superscripts in a row differ (P \ 0.05)
A Including aspartate plus asparagine
B Including glutamate plus glutamine

Table 9 Apparent ileal digestibilities (%) of amino acids in weaned

piglets on day 28 after initiation of dietary supplementation with

ultra-fine Chinese herbal powder

Item Dietary supplementation

UCH powder Colistin None

Alanine 82 ± 3.1 82 ± 3.9 80 ± 4.0

Arginine 88 ± 2.2a 80 ± 2.1b 81 ± 3.1b

AspartateA 88 ± 1.2a 87 ± 2.0a 76 ± 2.2b

Cysteine 80 ± 2.2a 82 ± 2.3a 75 ± 2.3b

GlutamateB 90 ± 1.6 89 ± 3.2 90 ± 3.4

Glycine 82 ± 1.9a 83 ± 2.2a 75 ± 2.0b

Histidine 81 ± 2.0a 83 ± 2.1a 72 ± 2.0b

Isoleucine 83 ± 3.2 86 ± 3.1 84 ± 4.0

Leucine 88 ± 2.5a 89 ± 2.4a 82 ± 2.9b

Lysine 82 ± 2.1a 82 ± 2.1a 75 ± 2.1b

Methionine 80 ± 2.2 81 ± 3.2 82 ± 2.3

Phenylalanine 83 ± 2.2a 84 ± 2.3a 76 ± 2.4b

Serine 89 ± 3.2a 90 ± 2.2a 83 ± 2.1b

Threonine 80 ± 2.1a 83 ± 2.2a 75 ± 2.3b

Tyrosine 79 ± 2.3 80 ± 3.1 77 ± 3.1

Valine 79 ± 3.1a 80 ± 3.2a 74 ± 2.3b

Note: Data were expressed as means ± SEM, n = 4. Means with

different superscripts in a row differ (P \ 0.05)
A Including aspartate plus asparagine
B Including glutamate plus glutamine
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et al. 2008). In the present study, we found that the UCH-

powder treatment consistently increased serum concentra-

tions of arginine on days 7, 14, and 28 after initiation of the

dietary supplementation (Tables 3, 4, 5). Our finding raised a

possibility that both protein digestion and endogenous

arginine synthesis may be up-regulated by certain phyto-

chemicals. Arginine is one of the most versatile AA in

metabolism and is utilized by multiple pathways (Wu and

Morris 1998). Of particular interest, this AA is the common

substrate for the synthesis of NO and polyamines, which

have enormous biological importance (Wu and Meininger

2002). Also, arginine may activate the mTOR signaling

pathway for protein synthesis (Yao et al. 2008), therefore

promoting the proliferation and differentiation of cells in the

immune and other systems. Early in vitro studies have

identified that arginine is required for the proliferation of

rodent and human T lymphocytes in response to mitogens

and the killing of tumor cells by activated macrophages

(Hibbs et al. 1987). The mediating molecules are now known

to be polyamines and NO, respectively (Li et al. 2007). In our

previous study, dietary supplementation with 0.2% UCH

powder to weaned piglets enhanced the production of cyto-

kines and antibodies, as well as lymphocyte proliferating

activity (Kong et al. 2007b). Its immunity-enhancing effi-

cacy may be contributable to the increased NO production,

because the UCH-powder treatment increased serum levels

of NO metabolites (nitrite and nitrate) in young pigs (Kong

unpublished data). Therefore, AA (especial arginine) and

NO production by iNOS are of most relevance to the stim-

ulatory effect of the UCH powder on the immune response in

piglets. An improvement in immune function brought about

by dietary supplementation with the UCH powder can also

play an important role in minimizing the use of glucose and

AA by cells of the immune system (Field et al. 2002),

therefore directing these nutrients towards tissue protein

synthesis.

Another novel and important finding from this study is

that serum concentration and AID of glutamine were

increased on day 14 after initiation of the UCH-powder

supplementation (Table 4). Glutamine plays a vital role in

the homeostasis of the immune system, acid–base balance,

intestinal function, redox status, and muscle protein

accretion (Li et al. 2007; Wang et al. 2008; Wu et al. 2007).

Interestingly, plasma and muscular concentrations of glu-

tamine exhibit a marked decline in response to catabolic

states (e.g., fasting, inflammation, and early stage of lac-

tation) and intensive exercise (Newsholme and Calder

1997). As an essential precursor for the synthesis of purine

and pyrimidine nucleotides, glutamine is required for

proliferation of lymphocytes, and as a major energy sub-

strate for cells of the immune system (Field et al. 2002),

glutamine is necessary for mounting a successful immune

response to an immunological challenge. The UCH-powder

treatment also increased serum concentrations of alanine

and asparagine [two metabolites of glutamine (Wu et al.

2007)] in pigs, compared with the non-supplemented group

(Tables 4 and 5). These two AA also regulate T lympho-

cyte proliferation and antibody production by B cells

(Li et al. 2007). Additionally, alanine is a major substrate

for the hepatic synthesis of glucose (a significant energy

substrate for lymphocytes and macrophages), which in turn

influences immune function (Li et al. 2007).

It is noteworthy that dietary UCH-powder supplementation

enhanced the circulating levels of many essential AA

(Tables 3, 4, 5) whose carbon skeletons cannot be synthesized

in pigs but which must be adequately provided from the diet to

support maximal growth (Wu et al. 2007). For example, serum

concentrations of phenylalanine on days 7 and 28 after initi-

ation of the UCH-powder supplementation were increased

(Tables 3, 5) and its AID values on days 7, 14, and 28 were

also enhanced (Tables 7, 8, 9) in response to the herbal

treatment, compared with the non-supplemented group.

Besides serving as an substrate for protein synthesis, an

important function of phenylalanine is to up-regulate GTP

cyclohydrolase I activity, which is the first and rate-control-

ling enzyme for the synthesis of tetrahydrobiopterin (an

essential cofactor for NO synthase) (Shi et al. 2004). In

addition, the UCH powder-supplemented treatment increased

serum concentrations of serine on days 14 and 28 after initi-

ation of the supplementation, as well as the AID of serine on

days 14 and 28 (Tables 8, 9). The multiple pathways for serine

utilization include one-carbon unit metabolism, the hepatic

and renal synthesis of glucose, and the synthesis of glycine,

ceramide, and phosphatidylserine as structural components

and signaling molecules of cells, including T and B lympho-

cytes (Jones et al. 1999). Indeed, phosphatidylserine has been

implicated in the regulation of IL-2 production and T lym-

phocyte activation in response to immunological challenge

(Pelassy et al. 1991). Further, on both days 14 and 28, the AID

and circulating levels of threonine (a major component of

intestinal mucosal protein) were approximately 10 and 30%

higher in UCH powder-supplemented pigs than in the non-

supplemented pigs. Moreover, on day 28, serum concentra-

tions of leucine [an AA that can activate the mTOR signaling

pathway (Liao et al. 2008)] were enhanced in response to

dietary UCH-powder supplementation (Table 5). Collec-

tively, these novel findings help explain why the UCH powder

can promote the growth performance and immunity in weaned

piglets.

At present, it is not clear how dietary UCH-powder

supplementation can improve AA digestibilities in pigs.

However, it is known that the UCH powder increased the

growth of beneficial lactobacillus (e.g., bifidobacteria and

lactobacilli) and suppressed of bacterial pathogens (E. coli)

(He et al. 2008), which suggested that the UCH powder

could effectively promote the development of the normal

580 X. F. Kong et al.

123



gut microbiota and healthy intestinal environment in the

weaned piglets. These lactobacillus are also beneficial for

maintaining the integrity and function of the small intestine

(Yang et al. 2007), which then promotes the absorption and

transport of glucose, AA, calcium and other nutrients across

the intestinal epithelium into the portal vein (Wu 1998).

Furthermore, the UCH powder may affect the metabolism

of nutrients (particularly AA) in the lumen of the small

intestine by altering the growth and metabolism of gut

microbiota, therefore resulting in changes in the amounts of

AA (free and protein-bound) in the ileal digesta. The vari-

ation of AID values for different AA may be explained by

the different actions of microbes on metabolism in the

lumen of the small intestine (Fuller and Redes 1998).

In summary, dietary supplementation with the UCH

powder enhances the AID and absorption of dietary AA in

weaned piglets. The efficacy of the herbal powder is more

potent than colistin, a widely used antibiotic. These find-

ings aid in explaining the growth- and immunity-promoting

effect of the UCH powder. Because the underlying mech-

anisms are likely to be complex and multifactorial, future

studies are warranted to determine the effects of active

components of the UCH powder on the digestion and

absorption of dietary nutrients.
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