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Three experiments were conducted to investigate the effect of dietary glycine (Gly) supplementation on inflammatory responses in broiler chicks

fed a basal diet using maize and soyabean meal as the primary ingredients. Inflammation-related processes following lipopolysaccharide (LPS)

injection were examined by analysing plasma concentrations of nitrate plus nitrite (NOx) and ceruloplasmin (Cer) in experiments 1 and 2, or

expression of several genes in the spleen and liver including IL-1b and -6, TNF-like ligand (TL)1A, inducible NO synthase, interferon

(IFN)-g and toll-like receptor (TLR) 4 were examined in experiment 3. Growth performance was also determined following immunological stimu-

lation by both LPS and Sephadex injection in experiment 2. In experiment 1, birds fed a diet supplemented with Gly at 10 or 20 g/kg showed lower

responses in plasma NOx and Cer than birds fed the diet supplemented with Gly at 0 or 40 g/kg. In experiment 2, a similar effect of Gly sup-

plementation at 10 g/kg on plasma NOx and Cer was observed when chicks were fed either an isonitrogenous diet with Gly or glutamic acid

(Glu). Gly-supplemented diet-fed birds showed better growth performance than Glu-supplemented diet-fed birds. The splenic expression of

inflammatory response-related genes in birds fed a diet supplemented with Gly at 10 g/kg diet was lower than that of birds fed the basal diet

in experiment 3. These results suggest that dietary Gly supplementation modulates the inflammatory response partly through changes in the

expression of pro-inflammatory cytokines such as IL-1, IL-6, IFN-g and TL1A.

Supplemental glycine: Inflammatory response: Broilers

Stimulation of selected cells related to the immune system by
immune stimulants triggers systemic metabolic changes
including fever, anorexia, skeletal muscle protein deposition,
and consequently affects growth. IL-1b and TNF-a are
major pro-inflammatory cytokines and are regulators of host
responses to infection, immune responses, inflammation and
trauma(1–3). Glycine (Gly) is a non-essential amino acid in
mammals. There is experimental evidence that Gly has a
role in protecting tissue from damage and improves survival
rate in endotoxaemic and ischaemic mice and rats through
modulation of TNF-a, IL-1b and IL-10 secretion(4–13),
although Chambon-Savanobitch et al. (14) observed that diet-
ary supplementation with Gly did not bring about dramatic
changes in metabolic responses in endotoxaemic rats. These
results suggest that traumatic and inflammatory states in mam-
mals may produce specific metabolic changes in which Gly is
an essential nutrient.

Birds, including chickens, are able to biosynthesise Gly;
however, their usual rate is insufficient to meet the bird’s
metabolic demand in the fast growing stage. In chicks,
excess Gly can be converted to serine (Ser) on an equimolar
basis and this reaction is reversible(15,16). Therefore, this diet-
ary requirement is expressed as the ‘Gly þ Ser’ level in stan-
dard poultry feed. It is advantageous to use chicks for

investigating the potential anti-inflammatory properties of
dietary Gly on anti-inflammatory properties, because the
effect of Gly on growth performance has been studied to a
great extent. It is presumed that stimulation of innate
immune-related cells such as macrophages triggers systemic
metabolic changes including fever, anorexia, skeletal
muscle protein deposition, and therefore, affects growth.
These processes are probably mediated by pro-inflammatory
cytokines in chicks as in mammals(2,3). However, molecular
cloning of TNF-a in avian species has proven unsuccessful,
although TNF-like activity has been detected in the super-
natant fraction of chicken macrophages(17). Recently, chicken
TNF-like ligand (TL) 1A facilitated investigation of syner-
getic actions of pro-inflammatory cytokines during inflam-
mation, since chicken TL1A in chickens possibly functions
as an alternative to the TNF-a of mammals(18). It is possible
that inflammatory conditions increase the Gly demand of
birds at a stage of life when they exhibit an inherent require-
ment for this nutrient. It is also presumed that supplemen-
tation of Gly to poultry diets is a possible way to prevent
the catabolic changes induced by immunological stimulation.
However, there is little information available whether
dietary Gly supplementation can modulate inflammatory
responses in chicks.
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The present study was undertaken to determine whether
dietary supplementation with Gly modulates inflammatory
responses and growth performance during immune stimulation
in broiler chicks. As inflammatory response parameters,
plasma ceruloplasmin (Cer) and nitrite plus nitrate (NOx),
and the expression of IL-1b, IL-6, interferon (IFN)-g, induci-
ble NO synthase (iNOS) and toll-like receptor (TLR) 4 in the
liver and spleen were examined.

Materials and methods

Animals, diet, blood sampling and lipopolysaccharide
treatment

Unvaccinated 1-d-old male broiler chicks (Ross 308 strain)
obtained from a local hatchery were used in all experiments.
Birds were housed in electrically heated battery brooders
and fed on a commercial starter diet (220 g crude protein/kg
and 12·55MJ metabolisable energy/kg) ad libitum for 7 d.
For all experiments, 7-d-old chicks were selected to closest
mean body weight to ensure body-weight uniformity and
were reared in stainless-steel wire cages with two birds per
cage in a temperature (258C) and light (24 h/d) controlled
room in all experiments.
In experiment 1, the effect of graded supplementation of the

basal diet with Gly on plasma acute-phase substances follow-
ing lipopolysaccharide (LPS) injection was determined. Forty
chicks (7 d of age) were divided into four groups of ten chicks
(five cages of two birds in each dietary group) and were pro-
vided with one of four experimental diets for 14 d ad libitum.
The experimental diets were prepared by supplementation
with crystalline Gly (Wako Pure Chemical Industries, Ltd,
Osaka, Japan) at 10, 20 or 40 g/kg added to a basal diet.
The basal diet contained 9·1 g Gly and 194 g Gly þ Ser/kg
diet as the calculated content. The composition of the
basal and Gly-supplemental diets is shown in Table 1. Diets
were formulated using maize and soyabean meal as the
primary ingredients so as to ensure that all essential nutrients
met (or exceeded) recommended levels as specified in the
Japanese Feeding Standards for Poultry(19). At age 21 d,
chicks were intraperitoneally injected with Escherichia coli
LPS (serotype 0127:B8) at 1·5mg/kg body weight. LPS was
dissolved in sterile saline at a concentration of 500mg/ml.
A blood sample was taken from the brachial vein with a
heparinised syringe just before, and 9 and 24 h following
LPS injection; the sample was then centrifuged at 2500 rpm
for 15min at 48C. Plasma was stored at 2808C until further
analysed. Previously published experiments performed under
similar conditions(18,20) show that plasma NOx and Cer
concentrations after LPS injection were near maximum at 9
and 24 h, respectively. A blood sample from each bird
before LPS injection was used as its own individual control
to permit calculation of changes in parameters for blood
acute-phase inflammatory substances after LPS injection.
We have previously shown that repeated blood sampling
from the brachial vein does not significantly affect plasma
concentrations of Cer(20) and NOx(18).
In experiment 2, the effect of dietary supplementation with

Gly on growth performance during immunological stimulation
and plasma acute-phase substances following the first LPS
injection was investigated under the condition of using

isonitrogenous diets. Thirty-six chicks (age 7 d) were divided
into three groups of twelve chicks (six cages of two birds in
each dietary group) and were given the basal diet ad libitum,
or the diet supplemented with Gly or supplemented with crys-
talline L-glutamic acid (Glu; Wako Pure Chemical Industries,
Ltd, Osaka, Japan) for 14 d. The Gly- and Glu-supplemented
diets were formulated to be isonitrogenous by supplementation
of Gly (10 g/kg) plus cellulose (9·6 g/kg) or Glu (19·6 g/kg) to
the basal diet. The crude protein equivalent of Gly and Glu
was calculated as 119·8 and 59·5 g/100 g amino acid, respecti-
vely from National Research Council requirements of
poultry(21). The composition of the experimental diets in
experiment 2 is shown in Table 2. Chicks were intraperitone-
ally injected with LPS (0·5mg/kg body weight) at 21, 23 and
25 d of age, or with Sephadex-G50 (250mg/kg body weight;
Pharmacia, Piscataway, NJ, USA) at age 22 and 24 d to stimu-
late monocytes/macrophages. Sephadex G-50 superfine (5 g)
was dissolved in 100ml in sterile saline. A blood sample
was taken from the brachial vein with a heparinised syringe
just before and after 9 and 24 h of the first LPS injection
(i.e. 21 d). After blood sampling following the first LPS injec-
tion, Sephadex was then injected. Plasma was collected and
stored in a manner similar to experiment 1. A blood sample
from each bird before the first LPS injection (i.e. 21 d) was
used as its own control to calculate changes in parameters
for blood acute-phase substances.

In experiment 3, the effect of dietary Gly supplementation
on the mRNA expression of inflammation-related substances
by the liver and spleen following LPS injection was investi-
gated. Forty chicks (age 7 d) were divided into two groups
and were provided with the basal diet or diet supplemented
with Gly (10 g/kg) for 14 d. The composition of the exper-
imental diets was the same as that in experiment 1. At 21 d
of age, chicks were intraperitoneally injected with LPS
(1·5mg/kg body weight). Liver and spleen samples were

Table 1. Composition of the experimental diets in experiments 1 and 3

Supplemented Gly level

0 10 20 40

Ingredients (g/kg)
Glycine 0 10 20 40
Maize 534·5 528·8 523·8 512·6
Soyabean meal 373·5 370·0 366·0 359·0
Soyabean oil 50·0 49·5 49·0 48·1
CaCO3 10·3 10·2 10·1 9·9
CaHPO4·2H2O 17·5 17·3 17·2 16·8
NaCl 3·3 3·3 3·2 3·2
DL-Methionine 2·5 2·5 2·5 2·4
L-Lysine 0·4 0·4 0·4 0·4
Vitamin mixture* 4·0 4·0 3·9 3·8
Mineral mixture* 4·0 4·0 3·9 3·8

Calculated (g/kg)
Crude protein 220 229 239 258
Glycine 9·1 19·0 28·9 48·8
Glycine þ serine 19·4 29·2 39·0 58·7
Methionine þ cystine 9·4 9·3 9·2 9·0
Lysine 12·3 12·2 12·1 11·8
Ca 9·3 9·2 9·1 9·0
Available P 4·5 4·5 4·4 4·3

Metabolisable
energy (MJ/kg)

12·97 12·91 12·84 12·73

* See Akiba & Matsumoto(43).
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collected and frozen in liquid N2 from five chicks in each diet-
ary group at 0, 2, 3 and 4 h after LPS injection. Spleen and
liver samples were stored at 2808C until analysed.

All experimental procedures were approved by the ‘The
Animal Care and Use Committee’ of the Graduate School of
Agriculture of Tohoku University.

Determination of plasma ceruloplasmin and nitrate plus
nitrite concentrations

Plasma was separated and stored at 2808C until assayed.
Plasma Cer concentration was determined by the procedure
of Sunderman & Nomoto(22) using p-phenylenediamine.
Acetate buffer (2ml, 0·1 M; pH 5·4) was added to 0·1ml
plasma sample and pre-incubated for 5min at 378C. There-
after, 1ml of 27mM-p-phenylenediamine was added as the
substrate for the reaction. The reaction was stopped by
adding 50ml of 1·5 M-sodium azide exactly 30min later. The
resulting colour change was spectrophotometrically measured
at 530 nm (Shimazu UVmini1240; Shimazu, Kyoto, Japan).
Absorbance of the blank was measured immediately after
adding 50ml of 1·5 M-sodium azide to a mixture of 1ml of
27mM-p-phenylenediamine and 0·1ml plasma. Cer concen-
tration was calculated by the following equation:

Cer concentration ðmg=lÞ ¼ 752 £ ðabsorbance of sample

2 absorbance of blankÞ;

where 752 is the molar absorbance coefficient. Plasma NOx
concentration, as an indicator of NO production, was esti-
mated by the method of Misko et al. (23). Briefly, plasma
was filtered through a 10 000Da molecular weight cut-off

filter at 48C and the resultant filtrate incubated with nitrate
reductase. The resulting nitrite was reacted with the 2,3-diami-
nonaphthalene (Dan reagent). Formation of 2,3-diamino-
napththotriazole was measured by fluorescence spectrometry
(Labsystems Fluoroskan Ascent FL, Osaka, Japan) with exci-
tation at 365 nm and emission read at 450 nm. Plasma par-
ameters, such as Cer and NOx, were expressed as the fold
increase following LPS injection compared with their concen-
trations before the injection.

Quantification of mRNA by real-time-PCR

Total RNA from liver and spleen samples (about 50–100mg)
was extracted by addition of 1ml of TRIzol-regents (Invitro-
gen Corp., Carlsbad, CA, USA) according to the manufac-
turer’s instructions. RNA pellets were washed once with
75% ethanol, air-dried and dissolved in 20ml of RNase-free
water. RNA concentrations were determined spectrophotome-
trically at an absorbance of 260 nm, and their integrity
checked by electrophoresis (100V; 20min) through 0·8%
agarose gels containing ethidium bromide. Total RNA (5mg)
was reverse-transcribed by M-MLV (Invitrogen Corp.,
Carlsbad, CA, USA) in a 20ml reaction volume using the
oligo-deoxythymidine (dT) 15 primer according to the manu-
facturer’s instructions. cDNA fragments were generated by
RT-PCR using the primers as shown in Table 3, and amplifi-
cation of the genes performed as mentioned below.

Quantification of selected mRNA species was performed
using the cDNA external calibration curve method based on
Pfaffl & Hageleit(24) and Overbergh et al. (25) in real-time
PCR. cDNA standards of selected mRNA species were pre-
pared by the method based on that of Overbergh et al. (25)

including b-actin as a housekeeping gene. Standard curves
were generated using log10-diluted cDNA from pooled total
RNA of spleen samples. To normalise the data, the logarith-
mic-scaled raw data unit cycle threshold was transformed
into the linear unit of normalised expression. Real-time PCR
was performed using a fluorescence temperature cycler
(iCycler Real Time Detection System; Bio-Rad Laboratories,
Hercules, CA, USA) and SYBR Green I as a double-stranded
DNA-specific binding dye, according to the manufacturer’s
instructions. Amplifications were carried out using 1·25U
TaKaRa Taqe or 1·25U TaKaRa Ex Taqe (Takara Shuzo,
Kyoto, Japan), 0·5mM of IL-1b, IL-6, TL1A, IFN-g, iNOS,
TLR4 and b-actin primer, 10 £ TaKaRa Taqe buffer
(100mM-2-amino-2-hydroxymethyl-1,3-propanediol-HCl (pH
8·3), 500mM-KCl, 1·5mM-MgCl2) or 10 £ TaKaRa Ex
Taqe buffer (2·0mM-MgCl2), 0·05ml 1:100 diluted SYBR
Green I nucleic acid gel stain (BioWhittaker, Inc. Molecular
Applications, Rockland, ME, USA), and 1ml cDNA was
used in a total volume of 50ml. The real-time PCR conditions
were: preheat denature at 948C for 3min, annealing at 608C
(IL-1b and TL1A), 638C (IFN-g), 648C (iNOS and b-actin)
and 658C (IL-6 and TLR4) for 1min, and extension at 728C
(IL-6, TL1A, iNOS, IFN-g and TLR4) and 688C (IL-1b) for
1min. SYBR Green I fluorescence was detected at 68 or
728C at the end of each cycle to monitor the amount of
PCR product formed during that cycle. A melting curve
analysis of the amplification products was performed at the
end of the PCR run, determined by a gradual increase in
temperature to 958C at a rate of 0·058C/s with continuous

Table 2. Composition of the experimental diets in experiment 2

Diet. . . Basal
Glycine-

supplemented
Glutamic acid-
supplemented

Ingredients (g/kg)
Glycine 0 10 0
L-Glutamic acid 0 0 19·6
Cellulose 0 9·6 0
Maize 534·5 523·3 523·3
Soyabean meal 373·5 366·3 366·3
Soyabean oil 50·0 49·6 49·6
CaCO3 10·3 10·1 10·1
CaHPO4·2H2O 17·5 17·2 17·2
NaCl 3·3 3·2 3·2
DL-Methionine 2·5 2·5 2·5
L-Lysine 0·4 0·4 0·4
Vitamin mixture* 4·0 3·9 3·9
Mineral mixture* 4·0 3·9 3·9

Calculated (g/kg)
Crude protein 220 227 227
Glycine 9·1 8·9 8·9
Glycine þ serine 19·4 29·4 19·0
Methionine þ cystine 9·4 9·2 9·2
Lysine 12·3 12·1 12·1
Ca 9·3 9·1 9·1
Available P 4·5 4·5 4·5

Metabolisable
energy (MJ/kg)

12·97 12·72 12·74

* See Akiba & Matsumoto(43).
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measurement of fluorescence to confirm single product gener-
ation profiles appropriate to melting temperature. Results are
presented as the ratios of IL-1b, IL-6, TL1A, IFN-g, iNOS
and TLR4 to b-actin to correct for differences in the amounts
of template DNA used. The abundance of b-actin mRNA as
the housekeeping gene was not affected by diet and/or LPS
injection in the liver or spleen, as determined in experiment
3 (data not shown).

Statistical analysis

For the analyses, cage replications were considered as the
experimental unit. Data were subjected to one-way ANOVA
of SAS (1998; SAS Institute, Inc., Cary, NC, USA)(26) and
mean values were compared using Duncan’s multiple-range
test in experiments 1 and 2. The threshold of significance
was 0·05. In experiment 1, linear and quadratic contrasts
were also employed to identify a possible Gly dose–response
effect. In experiment 3, the normal distribution of data was
confirmed by the x2 goodness of fit test. Data were subjected
to repeated-measures ANOVA using the MIXED model
including Gly treatment, time after LPS injection and the
interaction. Data in the same blood sampling time were also
compared using Student’s t test. The threshold of significance
was 0·05.

Results

In experiment 1, the effect of graded supplementation of Gly
to the basal diet on plasma acute-phase substances following
LPS injection was determined. Results of plasma parameters
were expressed as the fold increase induced by LPS injection
compared with their value before injection and are summar-
ised in Table 4. Chicks fed the diet supplemented with Gly
at 40 g/kg generally showed poor growth performance com-
pared with chicks fed the other diets. Chicks fed the basal
diet showed less feed intake for 24 h following LPS injection
than chicks fed the diets supplemented with Gly, regardless of

the level of Gly supplementation. Increases observed in
plasma Cer 24 h after LPS injection in chicks fed the diet sup-
plemented with Gly at 10 or 20 g/kg were lower than those in
chicks fed the diet supplemented with Gly at 40 g/kg.
Increases in plasma NOx concentrations 9 h after LPS injec-
tion in chicks fed the diet supplemented with Gly at 10 g/kg
were lower than those in chicks fed the diets supplemented
with Gly at 0 or 40 g/kg.

In experiment 2, the effect of dietary supplementation with
Gly on plasma acute-phase substances following LPS injection
and growth performance during immunological stimulation
was determined under the condition of using isonitrogenous
diets. As summarised in Table 5, no significant differences
in growth performance among dietary groups were observed
before immune stimulation. However, when chicks received
immune stimulation, chicks fed the diet supplemented with
Gly showed greater body-weight gain and body-weight gain:
feed intake ratio than chicks fed the basal diet or the basal
diet supplemented with Glu. Plasma concentrations of Cer
and NOx were increased by injection of LPS, regardless of
dietary treatments. Increases in plasma Cer at 24 h and NOx
9 h after LPS injection in chicks fed the diet supplemented
with Gly were lower than those in chicks fed the basal diet
or the diet supplemented with Glu.

Fig. 1 summarises the data on mRNA expression of sub-
stances related to inflammatory responses in the liver in exper-
iment 3. The highest expression of IL-1b, IL-6 and IFN-g was
observed 2 h after LPS injection and that of iNOS 3 h after
LPS injection. Expression of TLR4 mRNA was decreased
by LPS injection and this reduction was observed even 4 h
after LPS injection. Generally, mRNA expression of these
substances in chicks fed the diet supplemented with Gly was
lower than those in chicks fed the basal diet after LPS injec-
tion. In chicks fed Gly-supplemented diets, a significant
reduction was observed in mRNA expression of iNOS at 2
and 4 h, IFN-g at 4 h and TLR4 at 2 and 4 h following LPS
injection.

Fig. 2 summarises the data on mRNA expression of sub-
stances related to inflammatory responses in the spleen in
experiment 3. Expression of splenic IL-1b, IL-6, TL1A,

Table 3. Primer sequences of selected substances for real-time PCR*

Gene Primer sequence Accession number† Product size (bp)

b-Actin Sense 50-TTTGTTGTGCAGGGTGTGATGGTT-30 X00182 798
Anti-sense 50-ATTTTCATTGTGCTAGGTGCCAGG-30

IL-1b Sense 50-ATGGCG TTCGTTCCC GACCTGGACGTGCTG-3 Y15006 795
Anti-sense 50-ACTTAGCTTGTAGGTGGCGATGTTGACCTG-30

IL-6 Sense 50-CAGCTGCAGGACGAGATGTGCAA-30 AJ309540 238
Anti-sense 50-GCACAG GACTCGACGTTCTG CT-30

Interferon-g Sense 50-ACTGAGCCAGATTGTTTCGATGT-30 X99774 288
Anti-sense 50-TGCCATTAGCAATTGCATCTCCT-30

iNOS Sense 5-CTCAATGGTCAAGAAGAAGCCT-30 U46504 819
Anti-sense 5-CTTGTCCATCTCTTGTCCTGTA-30

TLR4 Sense 50-TTCAGAACGGACTCTTGAGTGG-30 AY064697 131
Anti-sense 50-CAACCGAATAGTGGTGACGTTG-30

TL1A Sense 50-CCTGAGTTATTCCAGCAACGCA-3 AB194710 292
Anti-sense 50-CTTGTCCATCTCTTGTCCTGTA-30

iNOS, inducible NO synthase; TLR, toll-like receptor; TL, TNF-like ligand.
* The specificity of the amplification product was verified by electrophoresis on a 0·8 % agarose-gel following a check of the DNA sequence. cDNA concen-

tration was measured by a spectrophotometer (ND-1000 Spectrophotometer; NanoDrop Technologies, Wilmington, DE, USA).
† National Center for Biotechnology Information accession numbers.
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Table 4. Effect of graded supplementation of glycine (Gly; 0, 10, 20 and 40 g/kg) on growth performance, change in feed intake, changes in plasma concentrations of ceruloplasmin (Cer) at 24 h and
nitrate plus nitrite (NOx) at 9 h following a single injection of lipopolysaccharide (LPS; 1·5 mg/kg body weight)*

(Mean values with their standard errors for five cages of two birds per dietary group)

Added Gly
(g/kg)

Feed intake
(g/14 d)

Body-weight
gain (g/14 d)

Gain:feed
intake ratio

Feed intake for 24 h after
LPS injection (g/24 h)

Change in plasma Cer after
LPS injection (fold increase at 24 h)†

Change in plasma NOx after LPS
injection (fold increase at 9 h)‡Mean SEM

0 809a,b 589a,b,c 0·72a,b 45b 2·69a,b 4·85a

10 839a,b 635a 0·75a 69a 2·45b 2·76b

20 837a 611a,b 0·73a,b 69a 2·24b 3·91a,b

40 758b 522c 0·69b 60a 6 3·07a 4·38a

SEM 18 16 0·01 3 0·10 0·24
P values

Linear 0·218 0·116 0·013 0·186 0·113 0·639
Quadratic 0·112 0·021 0·006 0·006 0·022 0·046

a,b,c Mean values (five observations) within a column with unlike superscript letters were significantly different (P,0·05).
* For details of diets and procedures, see Table 1 and Materials and methods.
† Plasma Cer concentrations before LPS injection in chicks fed the diets supplemented with Gly at 0, 10, 20 and 40 g/kg diet were 19·6 (SEM 1·3), 18·6 (SEM 1·6), 18·6 (SEM 1·8) and 13·7 (SEM 1·6) mg/l, respectively.
‡ Plasma NOx concentrations before LPS injection in chicks fed the diets supplemented with Gly at 0, 10, 20 and 40 g/kg diet were 11·5 (SEM 0·8), 9·6 (SEM 1·1), 12·6 (SEM 0·5) and 16·8 (SEM 2·2) nmol/ml, respectively.

Table 5. Effect of supplementation with glycine (Gly; 10 g/kg) and glutamic acid (Glu; 19·6 g/kg) on growth performance before and after repeated injections of lipopolysaccharide (LPS) and Sephadex,
and changes in plasma concentrations of ceruloplasmin (Cer) at 24 h and nitrate plus nitrite (NOx) at 9 h following the first LPS injection*

(Mean values with their standard errors for six cages of two birds per dietary group)

Before immune stimulation During immune stimulation

Added
amino acid

Feed intake
(g/14 d)

Body-weight
gain (g/14 d)

Gain:feed
intake ratio

Feed intake
(g/5 d)

Body-weight
gain (g/5 d)

Gain:feed
intake ratio

Change in plasma Cer after
first LPS injection

(fold increase at 24 h)†

Change in plasma NOx
after first LPS injection
(fold increase at 9 h)‡

None 809 621a,b 0·77 422 233b 0·55b 3·54a 6·94b

Glu 813 618b 0·76 448 238b 0·53b 4·52a 11·46a

Gly 807 637a 0·78 423 264a 0·62a 2·75b 4·83c

SEM 10 9 0·02 7 6 0·02 0·33 0·97
P values 0·987 0·753 0·937 0·957 0·044 0·013 0·034 0·014

a,b,c Mean values (six observations) within a column with unlike superscript letters were significantly different (P,0·05).
* For details of diets and procedures, see Table 2 and Materials and methods.
† Plasma Cer concentrations before LPS injection in chicks fed the basal diet and diets supplemented with Gly and Glu were 19 (SEM 2), 13 (SEM 2) and 11 (SEM 1) mg/l, respectively.
‡ Plasma NOx concentration before LPS injection in chicks fed the basal diet and diets supplemented with Gly and Glu were 6·1 (SEM 0·6), 6·9 (SEM 0·5) and 9·9 (SEM 1·9) nmol/ml, respectively.
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iNOS and IFN-g was markedly enhanced 2 to 3 h after LPS
injection and from then on their expression decreased. How-
ever, the expression of IL-1b, IL-6, and iNOS 4 h after LPS
injection remained higher than those seen before LPS injec-
tion. The highest levels of IL-1b, IL-6 and IFN-g were
observed at 2 h and that of iNOS at 3 h after LPS injection.
Chicks fed the diet supplemented with Gly had lower
mRNA expression of IL-1b at 3 and 4 h, IL-6 at 2 and 3 h,

TL1A and iNOS at 2, 3 and 4 h, IFN-g at 2 and 3 h and of
TLR4 at 4 h following LPS injection compared with chicks
fed the diet without Gly supplementation.

Discussion

TNF-a is an important pro-inflammatory cytokine which is a
regulator of host responses to infection, immune responses,

Fig. 1. Effect of dietary supplementation of glycine (Gly; 10 g/kg diet) on mRNA expression of inflammatory response-related cytokines and substances in the liver

of broiler chickens in experiment 3. (a) IL-1, (b) IL-6, (c) interferon (IFN)-g, (d) inducible NO synthase (iNOS), (e) toll-like receptor (TLR) 4. (W), Basal diet; (X),

Gly-supplemented diet. Values are the means of five individual chickens, with standard errors represented by vertical bars. * Mean value was significantly different

from that of the chickens fed the basal diet (P,0·05). Data were also subjected to repeated-measures ANOVA using the MIXED model including Gly treatment,

time after LPS injection and the interaction. For IL-1, the effect of Gly treatment was NS (P¼0·460), the effect of time after LPS injection was significant

(P¼0·013) and the interaction was NS (P¼0·961). For IL-6, the effect of Gly treatment was NS (P¼0·245), the effect of time after LPS injection was significant

(P¼0·001) and the interaction was significant (P¼0·011). For IFN-g, the effect of Gly treatment was NS (P¼0·138), the effect of time after LPS injection was sig-

nificant (P¼0·001) and the interaction was NS (P¼0·216). For iNOS, the effect of Gly treatment was NS (P¼0·071), the effect of time after LPS injection was sig-

nificant (P¼0·001) and the interaction was NS (P¼0·434). For TLR4, the effect of Gly treatment was NS (P¼0·563), the effect of time after LPS injection was

significant (P¼0·001) and the interaction was NS (P¼0·062).
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inflammation and trauma(1–3). It is well known that acute-
phase protein production is induced mainly by pro-inflamma-
tory cytokines such as IL-1, IL-6 and/or TNF-a while NO
production is induced by IL-1, TNF-a and/or IFN-g in mam-
mals(1). Thus, pro-inflammatory cytokines are important regu-
lators of metabolic responses in acute-phase inflammation
in mammals. In chickens, Cer and NOx are known as

acute-phase substances following LPS injection(27,28) and
plasma concentrations of Cer and NOx were increased by
LPS injection(18,27,28). Increased plasma Cer and NOx as an
indicator of NO production (Tables 4 and 5) coincided with
the increased levels of IL-1b, IL-6, TL1A, IFN-g and/or
iNOS mRNA expression in the liver and spleen (Figs. 1 and
2) when chicks were challenged with LPS in the present

Fig. 2. Effect of dietary supplementation of glycine (Gly; 10 g/kg diet) on mRNA expression of inflammatory response-related cytokines and substances in the

spleen of broiler chickens in experiment 3. (a) IL-1, (b) IL-6, (c) TNF-like ligand (TL) 1A, (d) inducible NO synthase (iNOS), (e) interferon (IFN)-g, (f) toll-like

receptor (TLR) 4. (W), Basal diet; (X), Gly-supplemented diet. Values are the means of five individual chickens, with standard errors represented by vertical

bars. * Mean value was significantly different from that of the chickens fed the basal diet (P,0·05). Data were also subjected to repeated-measures ANOVA

using the MIXED model including Gly treatment, time after LPS injection and the interaction. For IL-1, the effect of Gly treatment was significant (P¼0·001),

the effect of time after LPS injection was significant (P¼0·001) and the interaction was significant (P¼0·001). For IL-6, the effect of Gly treatment was signifi-

cant (P¼0·006), the effect of time after LPS injection was significant (P¼0·001) and the interaction was significant (P¼0·009). For TL1A, the effect of Gly

treatment was significant (P¼0·001), the effect of time after LPS injection was significant (P¼0·001) and the interaction was significant (P¼0·001). For iNOS,

the effect of Gly treatment was significant (P¼0·001), the effect of time after LPS injection was significant (P¼0·001) and the interaction was significant

(P¼0·019). For IFN-g, the effect of Gly treatment was significant (P¼0·011), the effect of time after LPS injection was significant (P¼0·001) and the inter-

action was NS (P¼0·072). For TLR4, the effect of Gly treatment was NS (P¼0·687), the effect of time after LPS injection was significant (P¼0·005) and the

interaction was NS (P¼0·097).
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experiment. These findings strengthen the awareness that IL-
1b, IL-6, TL1A and/or IFN-g probably function as pro-inflam-
matory cytokines in chickens as well as mammals.
The results presented here showed that dietary supplemen-

tation with Gly also reduced an increase in the mRNA
expression of IL-1b, IL-6, TL1A, IFN-g, and iNOS in the
spleen following LPS injection, and their expression in the
liver in some cases (Figs. 1 and 2). Gly supplementation
also lowered the increased ratio of plasma Cer and/or NOx
that following LPS injection (Tables 4 and 5). It has been pre-
viously reported that inflammatory responses following LPS
injection are modulated by dietary protein concentration in
chickens(29). However, the effect of supplemental Gly as
observed in the present experiment was independent of an
increase in the protein concentration in the diet, since chicks
fed the diet with Gly showed lower increases in plasma Cer
and NOx than chicks fed the diet with Glu (Table 4).
A reduced inflammatory response in birds fed a Gly-
supplemented diet can be explained by the modulation of
TNF-a and IL-1b and IL-10 secretion in mammals(4–13).
The present results suggest that the changes in the mRNA
expression of IL-1b, IL-6, TL1A and/or IFN-g by dietary
supplementation with Gly are related to modulation of the
inflammatory response following LPS injection in chickens.
The inhibitory effect of dietary Gly on pro-inflammatory cyto-
kine production and expression reported in mammals was
demonstrated using animals fed a diet containing Gly at
50 g/kg diet(5,7,9,11,13). However, it seems that the effect of
Gly in chicks occurs with Gly at less than 40 g/kg diet.
TLR are major components of the pattern-recognition

receptor that detect invading micro-organisms by molecular
structures known as its associated molecular patterns(30).
The importance of TLR function is evident by their role in
the mammalian immune system(30). Upon activation with an
appropriate ligand, TLR induce a range of responses including
the production of cytokines. Signalling through TLR leads to
widespread induction of the cellular components of the innate
and adaptive immune system. TLR4 demonstrates a distinct
specificity for the LPS of gram-negative bacteria(30). It has
been reported that administration of LPS decreased the
levels of TLR4 mRNA in mammalian liver and spleen(31).
You et al. (13) observed that attenuation of LPS-induced liver
injury in mice by pretreatment with Gly may be associated
with its role in down-regulating TLR4 expression. In chicks,
it has been reported that TLR4 is present in a broad range
of tissue including the liver and spleen(32). LPS injection
resulted in a 50–70% reduction of mRNA expression of
TLR4 in the liver and spleen relative to non-injected controls.
Reduction in TLR4 mRNA expression was also observed in
chicks fed the diet supplemented with Gly in the present
experiment. Collectively, reduced TLR4 mRNA expression
following LPS injection by dietary supplementation with
Gly may be associated with the modulation of inflammatory
responses, as observed in the present experiment.
Recently, Dahiya et al. (33,34) observed that high levels (over

30·0 g/kg diet) of dietary Gly resulted in high Clostridium per-
fringens colonisation and high intestinal lesion scores when
chicks were orally challenged with C. perfringens. They
concluded that Gly in the diet of chicks is an important deter-
minant of which are nearly ubiquitous gram-positive, spore-
forming, prolific, toxigenic anaerobic bacteria. Gly at less

than 30 g/kg diet partly alleviated enhancement of the sys-
temic inflammatory response induced by LPS injection in
the present study. Therefore, it would appear that the effect
of dietary Gly on systemic inflammation is different from
that on intestinal inflammation. In addition, crystalline Gly
was used as the supplemental Gly source in the present
study, while encapsulated Gly was used in the experiment of
Dahiya et al. (34). Hence, the Gly source used may be another
factor modulating the effect of Gly on inflammation. Further-
more, it has been considered that the availability of dietary
Gly may be limited in early nutrition, if the crude protein con-
centration of a diet is low, and vegetable ingredients are pri-
marily used(35,36). Further experiments are required to
optimise dietary Gly (or Gly þ Ser) level for maximising
animal health and production.

Exposure of animals to infectious or inflammatory agents
induces not only immune responses in the host, but also causes
metabolic changes that lead to decreased rates in body-weight
gain and feed consumption(2,3,37). The combination of sheep
erythrocytes and Sephadex gave mostly an additive change in
chicken growth rates(38,39). We also found a similar effect of
the combination of LPS and Sephadex on changes in chicken
growth performance(23). Therefore, we used this model system
to determine changes in growth performance during immuno-
logical stimulation. It is established that anorexia is a primary
outcome of the acute-phase inflammatory response affecting
performance(38). In the present study, the effect of dietary Gly
supplementation on growth performance was limited to
improved feed utilisation during the inflammatory response
(Table 4, experiment 2) and to improved feed intake for 24 h
following a single injection of LPS (Table 5, experiment 1).
It would appear that dietary Gly supplementation above levels
recommended for growth may be a way to alleviate the
reduction in growth performance observed during the
inflammatory response. However, the results of the growth-per-
formance data obtained in the present experiment are based on
observations of only a small number of animals. Further exper-
iments are required to prove if dietary Gly supplementation
improves growth performance during immunological
stimulation.

Glu was supplemented at relatively high doses to achieve an
isonitrogenous diets in experiment 2. This may have resulted
in detrimental over-supplemented effects of Glu, since exces-
sive intake of a single amino acid above the requirement has
unfavourable effects on chicks performance(40,41). However,
growth performance in chicks fed the Glu diet was comparable
with that seen in chicks fed the control diet both before and
during immune stimulation (Table 4). Our previous exper-
iment indicated that addition of Glu at 2 g/100 g diet did not
affect growth performance in broiler chicks(42). Furthermore,
Baker(41) noted that an excessive intake of Glu seems to be
well tolerated in pigs. Thus, dietary supplementation of Glu
at the level used in the present experiment did not have detri-
mental effect at least upon the growth performance of broiler
chicks.

In conclusion, the present results suggest that dietary Gly
supplementation above levels recommended for growth
reduced the inflammatory response and associated growth
retardation seen in response to systemic challenge. Changes
in TLR4 expression induced by supplemental dietary Gly
may indicate one of its possible mechanisms of action.
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