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Abstract Arginine plays an important role regulating
nutrient metabolism, but the underlying mechanisms are
largely unknown. This study was conducted to determine the
effect of dietary arginine supplementation on the metabolome
in serum of growing pigs using 'H nuclear magnetic reso-
nance spectroscopy. Sixteen 120-day-old pigs (48 £+ 1 kg)
were randomly assigned to one of two groups, representing
supplementation with 0 or 1.0% L-arginine to corn- and
soybean meal-based diets. Serum was collected after a 46-day
period of treatment. Dietary arginine supplementation
decreased fat deposition and increased protein accretion in
the body. Principal component analysis showed that serum
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concentrations of low density lipoprotein, very low density
lipoprotein, and urea were lower, but concentrations of cre-
atinine, tricarboxylic acid cycle metabolites, ornithine, lysine
and tyrosine were greater in arginine-supplemented than in
control pigs. Additionally, the arginine treatment affected
serum concentrations of nitrogenous and lipid signaling
molecules (glycerophosphorylcholine and myo-inositol) and
intestinal bacterial metabolites (formate, ethanol, methyl-
amine, dimethylamine, acetate, and propionate). These novel
findings suggest that dietary arginine supplementation alters
the catabolism of fat and amino acids in the whole body,
enhances protein synthesis in skeletal muscle, and modulates
intestinal microbial metabolism in growing pigs.

Keywords Arginine - Metabolomics - Serum -
Pigs - Nuclear magnetic resonance spectroscopy

Abbreviations
COSY Correlated spectroscopy

CPMG  Carr—Purcell-Meiboom-Gill
GPC Glycerophosphorylcholine
LDL Low density lipoprotein
NMR Nuclear magnetic resonance
PCA Principal component analysis
TCA Tricarboxylic acid cycle
TMAO  Trimethylamine-N-oxide
TOCSY Total correlation spectroscopy
VLDL Very low density lipoprotein
Introduction

Arginine is not only a building block for proteins but also
an essential precursor for the synthesis of biologically
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important metabolites, including nitric oxide, polyamines,
and creatine (Galli 2007; Grillo and Colombatto 2007; Wu
and Morris 1998). In addition, arginine plays an important
role in regulating nutrient metabolism and immune func-
tion in animals (Fu et al. 2005; Jobgen et al. 2006; Kim and
Wu 2008; Li et al. 2008; Tan et al. 2008a), therefore
enhancing the efficiency of feed utilization for protein
accretion. In support of this notion, muscle protein syn-
thesis (Yao et al. 2008) and body weight gain (Kim and Wu
2004) were enhanced in arginine-supplemented piglets.
Additionally, dietary arginine supplementation reduced fat
accretion and improved the metabolic profile in Zucker
diabetic fatty rats (Fu et al. 2005; Wu et al. 2007c). At
present, the underlying mechanisms for the action of
arginine remain largely unknown.

Metabolomics, defined as the analysis of metabolome
(a complete set of small molecule metabolites in a bio-
logical sample), has emerged as a powerful discovery tool
in nutrition research (Wang et al. 2007; Wang et al. 2008b).
The two widely used detection methods are nuclear
magnetic resonance (NMR) spectroscopy and mass spec-
trometry (Nicholson and Wilson 2003; Nicholson et al.
2004). Metabolic fingerprints can be obtained by NMR to
detect changes in concentrations of metabolites in acces-
sible physiological fluids (e.g., plasma and urine) (Bertram
et al. 2005; Dumas et al. 2006; Lenz et al. 2004; Rezzi et al.
2007b). Alterations in the metabolome can provide an
insight into end points of metabolic fluxes in cells, tissues,
or the whole body (Wang et al. 2007).

In view of the foregoing, we hypothesized that enteral
arginine provision may alter metabolites of amino acids,
glucose and fatty acids in serum. This hypothesis was
tested with the pig [a widely used animal model for
studying human nutrition and metabolism (Ou et al. 2007,
Suryawan et al. 2008; Van Goudoever et al. 2000)] using
high-resolution "H NMR spectroscopy in conjunction with
multivariate data analysis.

Materials and methods
Pigs, diets, housing and experimental design

Sixteen healthy castrated male pigs (Duroc x Land-
race x Large Yorkshire strain) were obtained from a local
commercial swine herd and had free access to the corn- and
soybean meal-based diet (Table 1; Tianke Company, Gu-
angzhou, China) for 1 week before being fed experimental
diets. The basal diet without antibiotics was formulated to
meet or exceed the nutrient recommendations of National
Research Council (1998). At 120 days of age, pigs were
randomly assigned to one of two groups, representing
supplementation with 2.05% L-alanine (isonitrogenous
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Table 1 Composition and nutrient levels of the basal diet (g/kg)

Items Content
Ingredients

Corn 633.2
Soybean meal 253
Wheat bran 50
Soybean oil 34
Salt 3.0
Calcium hydrogen phosphate 7.0
Calcium carbonate 9.8
Vitamin-mineral premix® 10
Nutrients”

Crude protein 172.3
Total phosphorus 52
Total calcium 7.5
L-Arginine 10.7
L-Lysine 9.7
Digestible energy, (kJ/g) 14.28

# Supplying the following (mg/kg diet): Cu (as CuSQy), 15; Zn (as
7ZnSQy,), 104; Fe (as FeSO,), 100; Mn (as MnSQy), 19; vitamin A,
10,000 1U; vitamin D, 1,000 IU; vitamin E, 40 IU; vitamin K, 2.5;
choline, 570; pantothenic acid, 16; riboflavin, 5; folic acid, 2; niacin,
25; thiamine, 1.6; vitamin B6, 1.8; biotin, 0.2; vitamin B12, 0.25;
choline chloride (50%), 1,000; calcium propionate, 1,000; ethoxyq-
uine, 10; and wheat bran, 6,590

® Calculated values according to NRC (National Research Council
1998)

control) or 1.0% L-arginine to the basal diet (n = 8 pigs
per group). L-Alanine and L-arginine were obtained from
Ajinomoto Inc. (Tokyo, Japan) and added to the basal diet
at the expense of wheat bran. At the beginning of amino
acid supplementation, the initial body weights of pigs in
the control and arginine groups were 48.0 = 4.1 and
48.0 £ 3.3 kg (mean +£ SD), respectively. Pigs were housed
individually in an environmentally controlled facility
(23.5°C; 55% relative humidity; 12-h dark and 12-h light
cycle) with hard-plastic completely slotted flooring, and
had free access to diets and drinking water. The experiment
was carried out in accordance with the Chinese guidelines
for animal welfare and experimental protocol and approved
by the Animal Care and Use Committee of The Chinese
Academy of Sciences (Yin et al. 2004).

Serum collection and storage

At the end of a 46-day period of supplementation, blood
samples (10 mL) were collected by venipuncture of the
jugular vein between 08:00 and 10:00 hours following a
12-h period of feed deprivation to avoid a postprandial
effect on serum metabolites (Kong et al. 2008; Yin et al.
2008). Sera were separated from whole blood by
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centrifugation at 1000g and 4°C for 10 min and stored in
2-mL aliquots at —80°C until NMR analysis and other
biochemical analyses.

"H NMR spectroscopic measurement of serum

One hundred microlitres of 0.9% NaCl (saline) in D,O was
mixed with 500 pL. serum (D,O was added for locking
signal). Proton NMR measurements of serum were recor-
ded on a Bruker Avance DRX-600 spectrometer (Bruker
Biospin, Rheinstetten, Germany) at 298 K, operating at a
'H frequency of 600.11 MHz and equipped with a triple-
resonance, high-resolution probe. A total of 10 min was
allowed for the temperature to reach equilibration for each
sample before a spectrum was acquired. The 90° pulse
length (~10.0 ps) was adjusted individually for each
sample. A total of 32 transients were collected into 32k
data points for each spectrum with a spectral width of
20 ppm and a recycle delay (RD) of 2.0 s.

Three 'H NMR spectra were acquired for each sample.
(1) A standard one-dimensional NMR spectrum (NOESY)
which is a general representation of the total biochemical
composition, was acquired using the first increment of the
NOESY pulse sequence to achieve water presaturation
[90°-£,-90°-1,,-90°-acq] (Nicholson et al. 1995). The inter-
pulse delay #; was 3 ps, the mixing time ¢, was 100 ms, and
irradiation of the water resonance was used during ¢, and
RD. (2) A Carr—Purcell-Meiboom-Gill (CPMG) spin-echo
pulse experiment designed to attenuate interfering signals
from macromolecules with short spin—spin relaxation times
was acquired using the CPMG pulse sequence [90°-(7-
180°-7),-acq] (Meiboom and Gill 1958). A total spin—spin
relaxation delay (2nt) of 200 ms and water peak irradiation
was applied during RD. (3) A diffusion-edited NMR spec-
trum, which selectively measures large macromolecules,
was acquired using the bipolar-pair longitudinal-eddy-cur-
rent (BPP-LED) pulse sequence [RD-90°-G-1-180°-G,-t-
90°-A-90°-G3-1-180°-G4-7-90°-T.-90°-acq] (Wu et al.
1995). Duration of 2.5 ms was used for diffusion-edited
spectra, followed by a delay () of 400 ps to allow for the
decay of eddy currents. A diffusion time (A) of 100 ms and
a delay T, of 5 ms were used together with water peak
irradiation during RD. For resonance assignment purposes,
two-dimensional (2D) 'H-'H correlation spectroscopy
(COSY) (Hurd 1990) and total correlation spectroscopy
(TOCSY) (Bax and Davis 1985) were also acquired for
selected serum samples.

Conventional biochemical measurements
Serum biochemical metabolites included glucose, low

density lipoprotein (LDL), very low density lipoprotein
(VLDL), high density lipoprotein (HDL); triglycerides,

total cholesterol, total protein, albumin, and blood urea
nitrogen. All assays were performed using a CX-4 Auto-
Blood Biochemical Analyzer (Beckman Inc., Fullerton,
CA, USA) according to the manufacturer’s instructions
(Beijing Leadman Biochemistry Technology Co. Ltd,
Beijing, China).

Growth performance and carcass composition

Body weights and feed intakes were measured and recor-
ded at the beginning of the trial and weekly thereafter. The
average daily gain and the average daily feed consumption
were calculated for the period of arginine supplementation
(Tan et al. 2008b). On the last day of the feeding trial,
immediately after blood collection was completed, all pigs
were immediately anesthetized with sodium pentobarbital
(50 mg/kg body weight) and killed by jugular puncture and
eviscerated (Tan et al. 2008b). The head and skin were
removed. Then the carcass was split longitudinally. Each
right carcass side was weighed and then physically dis-
sected into muscle, fat and bone.

Data analysis

Free induction decays were multiplied by an exponential
window function of 1.0 Hz prior to Fourier transformation
and corrected for phase and baseline distortions using
TopSpin 2.0 (Bruker). Chemical shift was referenced to the
peak of the methyl proton of L-lactate at 61.33.

Water-suppressed NMR spectra were binned and auto-
matically integrated with TopSpin 2.0 (Bruker). The
integrals of these bins covered the region 60.5-8.5 at
spectra CMPG, NOESY and BPP-LED. The integral data
were input as variables for principal component analysis
(PCA). The region 04.66-5.20 was removed to avoid the
effects of imperfect water suppression. The region §4.08—
4.20 and §1.30-1.40 was also removed due to the presence
of peaks from L-lactate whose serum concentrations
increased in the process of blood collection. Consequently,
the spectra over the range 60.5-1.30, 1.40-4.08, 4.20-4.66
and 05.20-8.5 were selected, and reduced to 3,671 regions
each 0.002 ppm wide. Each integral region was normalized
to the sum of all integral regions for each spectrum prior to
pattern recognition analyzes. PCA was performed on all
NMR spectra of this cohort using mean-centered scaling
with the software Simca-P 10.0 (Umetrics, Sweden). Data
were visualized with the PC scores plots, where each point
represents an individual spectrum of a sample, and loadings
plots, where each point represents a single NMR spectral
region or chemical shifts. From the score and loading plots,
classification of samples and the biochemical components
responsible for the classification, respectively, can be listed
(Yang et al. 2007).
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Relative integrals from some selected metabolites con-
tributing to the classification of control and arginine-
supplemented pigs, as well as data on other serum bio-
chemical metabolites, are presented as mean + SD.
Results were statistically analyzed using one-way ANOVA
(SAS Institute, NC, USA). Duncan’s multiple range test
was used to compare differences among the treatment
groups. Growth performance, carcass measurements and
serum biochemical metabolites measured by conventional
method were evaluated by Student’s ¢ test. A P-value of
less than 0.05 was taken to indicate statistical significance.

Results
"H NMR spectrum of serum samples

Examples of a typical one-dimensional 'H NMR CPMG
(Fig. 1a), NOESY (Fig. 1b) and BPP-LED (Fig. Ic) spec-
trum from a representative control pig fed the basal diet are
illustrated in Fig. 1. From these spectra, 49 metabolites were
unambiguously assigned. Their chemical shifts and peak
multiplicity are given in Table 2 along with the corre-
sponding "H NMR chemical shifts and signal multiplicities.
Assignment of metabolites was made by comparison with
the published literature (Liao et al. 2007; Nicholson and
Wilson 1989; Nicholson et al. 1995) and confirmed by 2D
'"H-'H COSY and TOCSY methods (data not shown).

The spectra from all serum samples contained reso-
nances from amino acids, organic acids, lipoproteins,
lipids, unsaturated lipids, and glycoprotein, as well as
choline, myo-inositol, and urea. Tricarboxylic acid (TCA)

Fig. 1 Typical 600 MHz 'H
NMR CPMG (a), NOESY (b) A 40
and BPP-LED (¢) spectrum of w 8
serum taken from a control pig. \
The spectra in the aromatic
region (05.6-8.5) were
magnified 16 times (a) or four
times (b) compared to the

cycle metabolites, including succinate, citrate and fuma-
rate, were also detected by 'H NMR spectroscopy.

Visual inspection of the "H NMR spectra showed visible
differences in overall composition between control and
arginine-supplemented pigs (data not shown). However,
these qualitative observations were all by visual inspection
and inter-pig variation would make accurate data inter-
pretation difficult. Therefore, a more formal spectral
comparison was performed using PCA.

Principal component analysis

PCA on serum CPMG spectra between control and argi-
nine-supplemented pigs showed clear clustering (Fig. 2a).
PCA on serum NOESY and BPP-LED spectra were not
listed because they had the similar trend with CPMG
spectra. Based on the PCA loadings, a list of metabolites
whose changes in serum led to the clustering is presented in
Table 2.

Figure 2 shows the PCA results as score and loading
plots for the first two principal components from the
CPMG spectra of control and arginine-supplemented pigs.
The clustering is obvious for the two groups of pigs, and
PC 1 and PC 2 explained 72.7% of the total variances
within the data (Fig. 2a). The differences between the
control and arginine-supplemented pigs were clearly
associated with differences in lipid composition. Based on
the assignment of chemical shifts of lipids, the concentra-
tions of LDL, VLDL, lipids, unsaturated lipids,
glycoprotein, choline and glycerophosphorylcholine were
lower in serum from arginine-supplemented pigs compared
with control pigs (Fig. 2b). These changes were associated

23 13 11

aliphatic region (60.6-5.4).
About 49 metabolites were
unambiguously assigned. Their
chemical shifts and peak
multiplicity are given in

Table 2. s, singlet; d, doublet;
t, triplet; g, quartet;

m, multiplet; dd, doublet

of doublets ‘
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Table 2 Changes in relative concentrations of serum metabolites in arginine-supplemented pigs on the basis of chemical shifts relative to the

methyl group of lactate at 61.33

Key Metabolites Moieties 4'H (ppm) and multiplicity Arginine
1 LDL CH;"(CH,),, 0.84 () !
2 VLDL CH;"CH,CH, C= 0.88 () l
3 Lipids (triglycerides and fatty acids) CH;(CH,),,(CH,),, 1.22 (m),1.29 (m), l
CH, CH,CO, CH,~C=C, CH,—C=0, CH-0-CO 1.58 (m), 2.04 (m),
2.24 (m), 2.75 (m)

4 Unsaturated lipids =C-CH,-C=, -CH=CH- 5.19 (m), 5.31 (m) l
5 Isoleucine yCH3, 0CHj3 1.01 (d), 0.94 (t) l
6 Leucine oCH, 6CH3, 0CHj; 3.72 (t), 0.91 (d), 0.96 (d) l
7 Valine oCH, fCH, yCH; 3.61 (d), 2.26 (m), 0.99 (d), 1.04 (d) |
8 Propionate CH,,CH; 2.19 (q), 1.06 (t) l
9 Ethanol CH,,CH; 3.65 (q), 1.18 (t) l
10  S-Hydroxybutyrate yCH;3 1.22 (d) l
11 Lactate oCH, SCHj; 4.11 (q), 1.33 (d)

12 Alanine oCH, SCH; 3.77 (q), 1.48 (d) l
13 Arginine o«CH, SCH,, yCH,, 6CH, 3.76 (t), 1.89 (m), 1.63 (m), 3.25 (t) |
14 Lysine o«CH, fCH,, yCH,, 6CH, 3.77 (t), 1.89 (m), 1.73 (m), 1.47 (m) 7
15 Acetate CH,-C=0 1.92 (s) l
16  Glycoprotein CH5;-C=0 2.05 (s), 2.08 (s), 2.15 (s) l
17 Threonine oCH, SCH, yCH; 3.58 (d), 4.25 (m), 1.32 (d) 1
18  Proline PCH,, yCH,, 6CH, 2.02-2.33 (m), 2.00 (m), 3.35 (t) -
19  Glutamate aCH, BfCH,, yCH, 3.75 (m), 2.08 (m), 2.37 (m) 1
20  Glutamine oCH, pfCH,, yCH, 3.68 (t), 2.15 (m), 2.45 (m) 1
21 Albumin Lysyl-CH, 3.02 l
22 Methionine oCH, fCH,, yCH,, 6CHj; 3.78 (m), 2.16 (m), 2.6 (dd), 2.14 (s) |
23 Acetoacetate CH;,CH, 2.29 (s), 3.49 (s) 1
24 Pyruvate CH; 2.37 (s) 1
25  Succinate o, PCH, 2.41 (s) 1
26  Citrate CH, 2.52 (d), 2.70 (d) l
27  Methylamine CHj; 2.54 (s) 1
28  Dimethylamine CH; 2.71 (s) l
29 TMAO CH; 3.26 (s) l
30  Aspartic acid oCH, fCH, 3.89 (m), 2.68 (m), 2.82 (m) l
31  Creatine N-CH3, CH, 3.04 (s), 3.93 (s) 1
32 Creatinine CH;,CH, 3.05 (s), 4.05(s) 1
33 Citrulline o«CH,, yCH,, 0CH, 3.70 (m), 1.58 (m), 3.15 (t) -
34  Choline N—(CH3)3, «CH,, fCH, 3.2 (s), 4.05 (1), 3.51 (v) l
35 GPC N—(CH3)3, OCH,, NCH, 3.22 (s), 4.32 (1), 3.68 (1) l
36  Taurine N-CH,, S-CH, 3.26 (1), 3.41 (v 1
37  Glycine CH, 3.56 (s) l
38  Ornithine CH,, oCH 3.80 (s), 3.79 (v 1
39 S-Glucose 2-CH, 1-CH 3.25 (dd), 4.65 (d) 1
40  o-Glucose 1-CH 5.24 (d) 1
41 Betaine CH;,CH, 3.28 (s), 3.90 (s) 1
42  Formate CH 8.45 (s) l
43 Urea NH, 5.78 (s) l
44 Fumarate CH 6.52(s) 1
45  Tyrosine CH,CH 7.19 (m), 6.89 (m) 1
46 1-Methylhistidine 4-CH, 2-CH 7.05 (s), 7.77 (s) l
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Table 2 continued

Key Metabolites Moieties S'H (ppm) and multiplicity Arginine
47  3-Methylhistidine 4-CH, 2-CH 7.00 (s), 7.60 (s) 1

48  Phenylalanine 2,6-CH, 3,5-CH, 4-CH 7.33 (m), 7.38 (m), 7.42 (m) -

49  Myo-Inositol 5-CH, 4,6-CH, 2-CH 3.30 (t), 3.63 (), 4.06 (t) 1

s singlet; d doublet; ¢ triplet; g quartet; m multiplet; dd doublet of doublets;GPC glycerophosphorylcholine; LDL low density lipoprotein; VLDL

very low density lipoprotein; TMAO trimethylamine-N-oxide

1 and |, the metabolite levels are higher or lower, respectively, compared with that of the control. —, the metabolite levels are the same as the
control
A 0010 Table 3 Relative integrals from selected serum metabolites in con-
’ trol and arginine-supplemented pigs
0.005 A A Metabolites Control Arginine P values
o g o
o~ A A | o a-Glucose (95.24) 2.08 +£0.13 234 +031 0.04
g 0.000 o 2 B-Glucose (34.65) 272 4£0.16 296+ 023 0.03
A Creatine (93.04) 0.70 £ 0.21  0.69 £ 021 0091
-0.005 A = Creatinine (54.05) 0.183 + 0.028 0.177 + 0.023 0.67
Urea (05.78) 0.516 + 0.116 0.403 £ 0.082 0.17
-0.010 LDL (50.84) 194 £056 174+ 034 042
0010  -0005 0000 0005 0010 VLDL (50.86) 333+£042  2.65+028 001
B PC1 Lipid (51.30) 657+ 1.14 5144064 001
0.2{ B-glucose Unsaturated lipid (5.30) 1.88 =047 150 023 0.15
a-glupose Glucose | Arginine Normalized integral of metabolites in spectrum (normalized to 100,
chemical shift region over the ranges of §0.5-1.30, 1.40-4.08,
o1 Creatine 420-4.66, and 5.20-8.50
Alanine Data are mean = SD, n = 8
é 0.0l LDL low density lipoprotein; VLDL very low density lipoprotein
Lipids Lipids
Taurine
-01 methylamine, betaine and taurine were observed in the
serum of arginine-supplemented pigs (Table 2).
Glycine

Fig. 2 PCA to compare the metabolome of the control (open
triangle) and arginine-supplemented (open square) pig groups based
on the CPMG spectra. Panel a is scores plot for pig sera from the PC1
and PC2 (R* = 72.7%), which shows a separate clustering of profiles
from PC1. Panel b is complementary PCA loading plot, which shows
the metabolites with large intensities contributed to the clustering

with the decreases in concentrations of citrate, f-
hydroxybutyrate, dimethylamine, TMAO, ethanol, for-
mate, acetate, propionate, albumin, urea, some amino acids
(including alanine, leucine, valine, glutamate, glutamine,
aspartic acid, glycine, 1-methylhistidine and methionine).
The loadings plot (Fig. 2b) also showed that concentrations
of arginine, lysine, threonine, tyrosine, 3-methylhistidine,
ornithine, acetoacetate, and myo-inositol were greater in
the serum of arginine-supplemented pigs, compared with
the control group. In addition, elevation of a-glucose, f-
glucose, pyruvate, succinate, fumarate, creatine, creatinine,

@ Springer

Relative signal integrals of metabolites

Table 3 summarizes relative signal integrals for some
metabolites that contributed to the clustering of serum from
control and arginine-supplemented pigs as noted above.
Both serum o-glucose and f-glucose in arginine-supple-
mented pigs were higher when compared with control pigs
(P < 0.05). However, VLDL and lipid of serum from
arginine-supplemented pigs were lower than those from
control pigs (P < 0.01).

Conventional biochemical assays for metabolites
in serum

Serum biochemical metabolites in control and arginine-
supplemented pigs are shown in Table 4. Concentrations of
glucose were greater, but concentrations of urea were lower
in the serum of arginine-supplemented pigs than in the
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Table 4 Serum biochemical metabolites of pigs analyzed using
conventional methods

Parameters Control Arginine P values
Glucose (mmol/L) 8.07 £ 1.41 8.62 £ 159 047
LDL (mmol/L) 1.69 £ 027 152 +035 0.29

VLDL (mmol/L) 0.212 £+ 0.023 0.181 = 0.018 0.03

HDL (mmol/L) 1.27 + 0.09 1.38 +£ 0.14 0.09

Triglycerides (mmol/L) 0.65 £ 0.13  0.54 £ 0.07 0.04

Total cholesterol (mmol/ 2.94 £+ 0.43 2.62 £039 0.15
L)

Total protein (g/L) 82.1 £59 763 £ 7.7 0.11

Albumin (g/L) 33.8 £ 4.3 319+ 22 029

Urea (mmol/L) 273 £ 031 242 +024 0.04

Data are mean &= SD, n = 8

LDL low density lipoprotein; VLDL very low density lipoprotein;
HDL high density lipoprotein

control group. These data were consistent to those on the
relative signal integrals of glucose. In addition, concen-
trations of VLDL and triglycerides were reduced in
arginine-supplemented pigs compared with control pigs
(P < 0.05).

Growth performance and carcass measurements

Feed intakes during the 46-day experimental period did not
differ between control and arginine-supplemented pigs
(2,403 + 165 vs 2,460 £ 172 g/day). At the end of amino
acid supplementation, the final body weights of pigs in the
control and arginine groups were 85.6 4.9 and
86.4 £ 3.1 kg, respectively. Average daily gain was
817 £ 71 and 834 £ 64 g/day (P = 0.06) for control and
arginine-supplemented pigs, respectively. The content of
skeletal muscle in the carcass was 8.1% greater
(63.1 £ 2.8 vs 58.4 & 2.09%, n = 8/group; P = 0.002),
but the content of fat mass in the carcass was 8.0% lower
(20.8 £ 1.1 vs 22.6 + 1.4%, n = 8/group; P = 0.013), in
arginine-supplemented pigs than in control pigs.

Discussion

Metabolomics provides a useful systems approach to
understanding global changes of metabolites in animals in
response to alterations in nutrition, genetics, environments,
and gut microbiota (Nicholson and Wilson 2003; Nichol-
son et al. 2004; Wang et al. 2007). The NMR spectroscopy
is sensitive to simultaneously detect changes in concen-
trations of low-molecular weight substances in physio-
logical fluids (Nicholson and Wilson 2003; Nicholson et al.
2004; Van Dorsten et al. 2006). Importantly, the analysis of
serum is a noninvasive technology that can aid in

elucidating the mechanisms responsible for the actions of
dietary nutrients (Wang et al. 2008b). Results of the present
study demonstrate for the first time that dietary arginine
supplementation reduced concentrations of VLDL and
lipids in the serum of growing pigs, which was associated
with reduced fat accretion in the carcass. The arginine
treatment also decreased serum concentrations of intestinal
microbial metabolites (formate, ethanol, short-chain fatty
acids, dimethylamine, and trimethylamine-N-oxide), but
increasing serum concentrations of f-glucose (Tables 2, 3),
which indicate altered metabolism of both amino acids and
carbohydrates in the gut microflora. Furthermore, skeletal
muscle content in the carcass was enhanced in arginine-
supplemented pigs. Thus, arginine favorably modulates the
metabolism of fat and protein for lean tissue gain in
growing pigs.

Arginine can be synthesized from glutamine and proline
in humans (Hu et al. 2008) and pigs (Wu et al. 2007b).
Previous studies have shown that dietary supplementation
with arginine reduced plasma concentrations of urea in pigs
(Kim and Wu 2004) and obese rats (Fu et al. 2005; Wu
et al. 2007c), while increasing plasma levels of arginine,
ornithine, and creatine in pigs (Kim and Wu 2004; Wu and
Morris 1998). Such effects of arginine were confirmed in
the present study, indicating the robust of the NMR-based
metabolomic analysis. Although the half-life of arginine in
plasma of 8- to 180-day-old pigs was 1.6—1.8 h (Wu et al.
2007a), long-term dietary supplementation with arginine
was effective in increasing its concentration in the serum of
growing pigs after 12-h food deprivation. Additionally, we
found that dietary supplementation with arginine reduced
serum concentrations of VLDL, triglycerides, glycero-
phosphorylcholine, choline, citrate, 1-methylhistidine,
glycoprotein, dimethylamine, and trimethylamine-N-oxide,
but increased serum concentrations of 3-methylhistidine,
betaine, methylamine, pyruvate, ketone bodies, and succi-
nate (Tables 2, 3). The changes in serum lipids and related
metabolites further support the notion that arginine and its
products play an important role in the metabolism of
energy substrates (Jobgen et al. 2006; Montanez et al.
2008; Shantz and Levin 2007). On the basis of current
knowledge about the role for arginine in regulating nutrient
utilization in pigs (Wu et al. 2007b), changes in these
serum metabolites could not be expected. However, these
novel data from the metabolomic study provide crucial
insight into cellular metabolic changes in response to die-
tary arginine supplementation and the underlying possible
mechanisms.

Data on serum metabolites and body compositions
suggest coordinate regulation of nutrient metabolism that
favors oxidation of fatty acids and net protein synthesis in
growing pigs. Both acetoacetate and f-hydroxybutyrate are
products of fatty acid oxidation in liver, and their ratios are
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useful indicators of the mitochondrial redox state (Wu et al.
1991). Interestingly, arginine supplementation increased
concentrations of acetoacetate but decreased concentra-
tions of f-hydroxybutyrate in serum (Table 2), therefore
enhancing the ratio of acetoacetate to f-hydroxybutyrate.
This suggests a more oxidized state in cells, which could be
brought about by intensive oxidation of fatty acids. In
support of this view, we found that serum concentrations of
succinate, an intermediate of the TCA cycle, were elevated
in arginine-supplemented pigs (Table 2). An outcome
would be a reduced availability of fatty acids for the tissue-
specific synthesis of triglycerides, LDL and VLDL in the
body (Fu et al. 2005).

A novel and unexpected finding from this work is that
serum concentrations of formate, ethanol, and short-chain
fatty acids (acetate and propionate), as well as nitrogenous
products (dimethylamine and TMAQO) were decreased in
arginine-supplemented pigs (Table 2). Notably, they are
microbial metabolites of carbohydrates and amino acids
(Rezzi et al. 2007a; Sugita et al. 2007; Tannock 2004),
which are likely produced in the lumen of the small
intestine and large intestine. Changes in these metabolites
may result from a reduced number and/or altered activity of
intestinal microorganisms (Cornell and Stelmasiak 2007;
Li et al. 2007). The findings raise an important question
regarding a role for arginine in regulating nutrient metab-
olism and the ecology of the gut microbiota. Increased
concentrations of luminal arginine are expected to enhance
nitric oxide generation by both intestinal epithelial cells
and luminal bacteria (Wu and Meininger 2002; Wu et al.
2008). Nitric oxide, in turn, can kill microorganisms (Han
et al. 2008), therefore reducing their number and metabolic
activity. This action of arginine would be analogous to that
of antibiotics that have been used as feed additives for over
a half century to improve the growth performance of pigs
(Yen et al. 1985). Intestinal bacteria have been suggested to
play a quantitatively important role in degrading dietary
amino acids, particularly essential amino acids (Chen et al.
2007; Van Goudoever et al. 2000; Li et al. 2008). A
decrease in the number of intestinal bacteria may limit the
catabolism of luminal amino acids, therefore contributing
to an increase in the entry of dietary amino acids into the
portal vein (Wang et al. 2008a). In support of this notion,
plasma concentrations of lysine were greater in arginine-
supplemented than in control pigs (Table 2). Additionally,
intestinal microbes convert dietary nondigestible fibers into
short-chain fatty acids, ethanol, and other nutrients that can
be used by the mammalian host as energy sources and as
precursors for fatty acid synthesis (Backhed et al. 2004;
Fang et al. 2008; Ley et al. 2006). Interestingly, a reduction
in the number of intestinal bacteria is expected to be
associated with decreased fat accretion (Turnbaugh et al.
2006), although the underlying mechanisms are not known.

@ Springer

Alternatively, arginine itself can modulate metabolic
pathways in intestinal microorganisms, as recently reported
for mammalian cells (Fu et al. 2005; Orlando et al. 2008;
Satriano 2007; Suenaga et al. 2008). Further studies are
warranted to test these novel hypotheses.

Another new and intriguing observation from the pres-
ent study is that dietary arginine supplementation altered
concentrations of lipid signaling molecules in pig serum
(Table 2). Glycerophosphorylcholine (GPC) is synthesized
from choline by both mammalian and bacterial cells (Burt
and Ribolow 1994). Accordingly, a reduction in serum
concentrations of choline was associated with a decrease in
circulating levels of GPC in arginine-supplemented pigs
(Table 2). GPC is an inhibitor of lysophospholipase (Burt
and Ribolow 1994), which catalyzes the hydrolysis of
physiologically important lysophospholipids (including
lysophosphatidic acid and sphingosine 1-phosphate). These
lipids play an important role in cellular signaling and,
therefore, the regulation of nutrient metabolism (Tokumura
2004). In addition, serum concentrations of myo-inositol
were elevated in response to dietary arginine supplemen-
tation. This carbocyclic polyol provides the structural basis
for a number of secondary messengers (including inositol
phosphates, phosphatidylinositol, and phosphatidylinositol
phosphate) in eukaryotic cells (Di Paolo and De Camilli
2006). Therefore, inositol is involved in the regulation of
intracellular calcium concentrations, insulin signal trans-
duction, gene expression, and oxidation of fatty acids (Di
Paolo and De Camilli 2006; Siddiqui et al. 2008). Collec-
tively, we suggest that GPC and myo-inositol may mediate
the beneficial action of dietary arginine supplementation on
enhancing protein accretion and reducing fat deposition in
growing pigs.

In conclusion, results of this study indicate that dietary
arginine supplementation affected the serum metabolome
in growing pigs. A novel and unexpected observation was
that serum concentrations of intestinal microbial nitroge-
nous metabolites were lower in arginine-supplemented
than in control pigs. Additionally, concentrations of
nitrogenous and lipid signaling molecules in serum were
altered in response to the arginine treatment, in association
with enhanced protein accretion and reduced fat deposition
in the body. The findings indicate that a NMR-based
metabolomic approach was useful to comprehensively
investigate the changes of serum metabolites in pigs.
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