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ABSTRACT Two experiments (Experiment 1 and 2)
were conducted to evaluate growth performance, ascites
mortality, and concentrations of plasma Arg, urea, and
ornithine in male broilers raised in floor pens (2 × 4 facto-
rial experiment, six pens for treatment) and exposed to
cool temperatures averaging 16 C after 21 d of age. Broil-
ers were fed low- or high-CP diets in both Experiments.
In Experiment 1, Arg treatments consisted of control (no
supplemental Arg); 0.15 or 0.3% supplemental Arg in the
diet (low- and medium-Arg feed, respectively); and 0.3%
supplemental Arg in the drinking water (Arg-water). Ar-
ginine levels were increased in Experiment 2 and con-
sisted of the following: control (no supplemental Arg);
0.3 or 0.85% supplemental Arg in the diet (medium- and
high-Arg feed, respectively); and 0.6% supplemental Arg
in the drinking water (Arg-water). The water treatment
followed a 3-d cyclic regimen, with supplemental Arg
being provided for 24 h, followed by tap water for 48 h.
When the broilers reached 37 d of age and all groups had
consumed tap water for the previous 48 h, blood samples
were collected from one bird per pen (Time 0, 0700 h);
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INTRODUCTION

The pathophysiological progression leading to pulmo-
nary hypertension syndrome (PHS, ascites) in broilers
can be initiated by a variety of conditions that increase
pulmonary vascular resistance or attenuate flow-depen-
dent pulmonary vasodilation during the rapid increments
in cardiac output associated with fast growth and cold
temperature exposure (Peacock et al., 1989, 1990; Wide-
man and Bottje, 1993; Wideman et al., 1996b). Pulmonary
hypertension develops whenever the pulmonary vascular
capacity is anatomically or pathologically inadequate to
accept the normal cardiac output at a low pulmonary
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then supplemental Arg was provided in the Arg-water
group, and additional blood samples were collected from
the control and Arg-water groups at 3, 6, 12, and 36 h
after Time 0. Plasma amino acids were analyzed using
HPLC. Birds fed the high-CP diet were heavier at 49 d
than birds fed the low-CP diet in Experiment 1, but not
in Experiment 2. No differences were found in feed con-
version or ascites mortality due to CP or Arg treatments
in either experiment. In both experiments, plasma Arg
was similar for all groups at Time 0, but increased in the
Arg-water group at 3, 6, and 12 h after Arg was provided
in the water. Within 12 h after returning to tap water,
plasma Arg levels of the Arg-water group did not differ
from the control group. Plasma urea and ornithine were
parallel to plasma Arg concentrations, and the high-CP
diets resulted in higher plasma levels of urea and orni-
thine compared with low-CP diets. These results indicate
that kidney arginase was readily activated by Arg pro-
vided in the water, resulting in an immediate increase in
plasma urea and ornithine. Plasma Arg was increased
significantly, but no effects were observed in ascites mor-
tality.

arterial pressure, or when inappropriate constriction of
the pulmonary vasculature directly elevates the pulmo-
nary vascular resistance (Wideman et al., 1996b). After
the onset of pulmonary hypertension, susceptible broilers
proceed through a characteristic pathophysiological pro-
gression to terminal PHS, including systemic hypoxemia,
vascular congestion, and the onset of right-sided conges-
tive heart failure (Wideman et al., 1996a,b, 1997; Wideman
and Kirby, 1995a, 1996). Accordingly, any treatment that
reduces the cardiac output or pulmonary vascular resis-
tance may reduce the pulmonary arterial pressure and
consequently reduce the incidence of PHS (Wideman et
al., 1995, 1996a).

By reducing pulmonary vascular resistance, pulmo-
nary vasodilators should reduce the pulmonary arterial

Abbreviation Key: NO = nitric oxide; PHS = pulmonary hyperten-
sion syndrome.
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pressure required to propel the requisite cardiac output
through the lungs. In mammals, inhalation of nitric oxide
(NO) reduced pulmonary arterial pressure and improved
blood oxygenation when pulmonary hypertension was
induced with thromboxane analogs or endotoxic shock
models (Frostel et al., 1991; Weitzberg, 1993). Nitric Oxide
is synthesized from L-Arg by the enzyme nitric oxide
synthase, located in the endothelial cells lining all blood
vessels. Nitric oxide diffuses to the adjacent vascular
smooth muscle and mediates pulmonary vasorelaxation
by stimulating cGMP synthesis. The synthesis of NO by
the vascular endothelium is responsible for the vasodila-
tor tone that is essential for the regulation of blood pres-
sure (Moncada and Higgs, 1993; Resta and Walker, 1996).
It has been suggested that Arg levels normally fed to
broiler chickens (NRC, 1994) are adequate for growth but
may be inadequate to fully support the production of
NO by avian macrophages and the pulmonary vascular
endothelium (Taylor et al., 1992; Dietert et al., 1994; Wide-
man et al., 1995, 1996a; Martinez-Lemus et al., 1999). Argi-
nine is an essential amino acid for avian species, because
birds lack the enzyme carbamyl phosphate synthetase,
which aids in the conversion of ornithine to citrulline
and, thus, Arg (Tamir and Ratner, 1963).

Wideman et al. (1995) reported that birds fed diets
supplemented with 1.5% L-Arg HCl had significantly
lower right:total ventricle weight ratios than control birds,
presumably reflecting a reduction in pulmonary arterial
pressure in Arg-supplemented birds. Later, it was re-
ported that supplemental dietary Arg permitted broilers
to exhibit flow-dependent pulmonary vasodilation when
a pulmonary artery snare was tightened to force the entire
cardiac output through one lung. The reduced pulmonary
vascular resistance allowed Arg-supplemented broilers
to maintain a low pulmonary arterial pressure at high
pulmonary blood flow rates (Wideman et al., 1996a),
which resembles the inherent capability of jungle fowl
that are known to be highly resistant to PHS (Wideman
et al., 1998; Kochera-Kirby et al., 1999). The L-Arg-NO
mechanism also facilitates vasorelaxation of pulmonary
artery rings isolated from domestic fowl (Martinez-
Lemus et al., 1999).

The efficacy of supplemental Arg for reducing the inci-
dence of PHS in field trials has been highly variable, and
dose response influences of Arg on PHS have not been
demonstrated (Wideman et al., 1995). The reasons for this
variability are not known, but it is possible that under
some circumstances supplemental dietary Arg is catabo-
lized by kidney arginase instead of providing additional
substrate for NO synthesis, especially when increased
kidney arginase activity is induced by diets high in Lys or
CP (O’Dell and Savage, 1966; Stutz et al., 1972). Arginase
converts Arg into ornithine and urea. It has been reported
that between 40 to 60% of urea excreted by birds is from
Arg metabolism, and, as birds cannot synthesize orni-
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thine, almost all of the plasma ornithine in the birds is
also derived from Arg metabolism (Nesheim, 1968; Austic
and Nesheim, 1970; Stutz et al., 1972; Chu and Nesheim,
1979). Urea production increases with high levels of Arg,
and an excess of urea reportedly inhibited the action of
nitric oxide synthase in a macrophage cell line (Prabhakar
et al., 1997). The present study was conducted to evaluate
the effects of CP and supplemental Arg added to the
drinking water or the grower feed, on growth perfor-
mance and ascites mortality in broilers exposed to cool
temperatures. At the same time, plasma levels of Arg,
Lys, urea, and ornithine were analyzed to assess the avail-
ability of supplemental Arg as a substrate for NO synthe-
sis and as a means to monitor the degradation of Arg by
kidney arginase (Nesheim, 1968; Austic and Nesheim,
1970; Stutz et al., 1972; Chu and Nesheim, 1979).

MATERIALS AND METHODS

Two independent experiments (Experiment 1, Experi-
ment 2) were carried out. In each experiment, two thou-
sand Cobb 5002 male broiler chicks (hatched January 16,
1998, for Experiment 1, and March 24, 1998, for Experi-
ment 2) were reared on fresh wood shavings litter in 48
floor pens (4.88 m2 per pen) in a curtain-sided broiler
house. The experiments were conducted from February
to May of 1998, when average outside environmental
temperatures typically is less than 20 C. The chicks were
brooded at 32, 29, and 27 C during Weeks 1, 2, and 3,
respectively. Beginning on Day 21 and continuing until
the end of the experiment at Day 49, thermostatically
regulated brooders and ventilation fans were adjusted to
maintain house temperatures at an average of approxi-
mately 16 C, as a means of increasing the incidence of
PHS. Temperature extremes were monitored daily with
High-Low thermometers placed at bird level at six loca-
tions, distributed evenly around the house. On Day 21,
small or defective birds were culled, leaving 35 healthy
chicks in each of the 48 pens. Throughout both experi-
ments, feed and water were provided for consumption
ad libitum. From Days 1 to 21, chicks were fed high-CP
(23% CP) or low-CP (20.7% CP) diets formulated to meet
or exceed NRC (1994) requirements.

From Days 21 to 49, CP levels were reduced to 19 and
20.5% (low and high-CP diets, respectively), and each CP
group was subdivided and assigned four Arg treatment
levels (control, two levels of Arg supplementation in the
feed, and Arg supplementation in the drinking water).
Control birds were fed a basal pelleted corn-soybean
meal-based grower diet designed to meet or exceed the
NRC (1994) requirements (Table 1). In Experiment 1, an
additional 0.15 or 0.3% (low- and medium-Arg feed, re-
spectively) L-Arg3 was added to the basal diet at the
expense of corn, and in Experiment 2, supplementation
levels of 0.3 or 0.85% (medium- and high-Arg feed, respec-
tively) were used. For the fourth treatment, supplemental
Arg in the drinking water was provided at levels of 0.3
and 0.6% for Experiments 1 and 2, respectively.
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TABLE 1. Calculated composition of basal diets for both experiments fed to control birds
and birds with supplemental L-Arg in the drinking water

Starter diets Grower diets

LCP1 HCP LCP HCP

ME, kcal/kg 3,136 3,134 3,197 3,196
CP, % 20.7 23 19 20.5
Arg, % 1.27 1.49 1.15 1.29
Lys, % 1.27 1.27 1.15 1.15
Arg:Lys 1.002 1.17 1.003 1.12

1LCP = low-CP diets; HCP = high-CP diets.

Pilot studies indicated that continuous Arg supplemen-
tation in the drinking water caused a sustained increase
in plasma urea, which was detrimental to growth perfor-
mance (personal observations). Consequently, Arg was
not provided continuously in the drinking water in the
present study. Starting on Day 21, birds in the Arg-water
group were provided Arg in the drinking water for a
period of 24 h (from 0700 h of Day 21 to 0700 h of Day
22), then tap water was provided for a period of 48 h
(from 0700 h of Day 22 to 0700 h of Day 24). This cycle
of 24 h Arg-water:48 h tap water was repeated until the
end of the experiment.

When the broilers reached 37 d of age and the Arg-
water group had consumed tap water over the previous
48 h, venous blood samples (3 mL each) were collected
into heparinized vacutainers from one clinically healthy
bird in each pen (Time 0, 0700 h). Supplemental Arg
then was provided for 24 h to the Arg-water group, and
additional clinically healthy birds were sampled from
each of the control and Arg-water pens at 3, 6, 12, and
36 h after Time 0. Sampled birds were marked to avoid
sampling the same bird more than once. The blood was
centrifuged, and the plasma was stored at −60 C until
analysis. Plasma samples were analyzed for free amino
acids by HPLC. Briefly, plasma was deproteinized by
mixing equal volumes of plasma and sulfosalicylic acid
(5% wt/vol) in a 1.5-mL microcentrifuge tube. The sam-
ples were vortexed (∼ 30 s) and centrifuged (10 min, 10,000
× g), and 20 µL of the resulting supernatant was injected
into the HPLC column for amino acid analysis. Amino
acids were separated by cation exchange using lithium
buffers4 with ultra violet light detection (570 nm) of indi-
vidual amino acids achieved by postcolumn ninhydrin
derivatization.

Bird mortality was recorded daily, and starting at Day
21, necropsies were performed to identify all PHS-related
mortalities. Birds were included in the PHS mortality only
if fluid accumulation in the abdomen was evident or if
fibrin clots were present on the surface of the liver. Cumu-
lative PHS mortality was recorded as the percentage of
birds that died of ascites in each pen. Feed consumption
per pen was recorded for Days 1 to 21 and for Days 21
to 49. Body weights were recorded by pen on Days 1,

4Pickering Laboratories, Mountain View, CA 94043.

21, and 49. Feed conversion ratios were calculated by
dividing the cumulative feed consumption per pen by
the live body mass per pen at the end of the measurement
period, without adjusting for the body mass of birds that
died. At the end of the experiment, five to six of the largest
clinically healthy birds from each pen were weighed and
killed by CO2 inhalation. The heart was removed, blotted
dry, and dissected to determine the right to total ventricu-
lar weight ratio as an index of pulmonary hypertension
(Burton and Smith, 1967; Burton et al., 1968).

Data were compared during the starter period between
the high-CP and low-CP diet treatments (24-pen replica-
tion per treatment). During the grower period, data were
compared according to a 2 × 4 factorial arrangement of
treatments (six pen replicates per treatment), consisting
of two (low and high) CP levels and four Arg supplemen-
tation treatments: no Arg supplementation (control), sup-
plemented with low or medium Arg level (Experiment
1), and medium or high (Experiment 2) Arg levels in feed,
or with Arg supplemented in the drinking water (Arg-
water group). Data sets were analyzed using the general
linear models procedure of SAS� (SAS Institute, 1991),
and the Student-Newman-Keuls multiple-range test was
used to separate means that differed for growth perfor-
mance parameters and plasma values taken at Time 0.
To compare plasma amino acid values of control versus
Arg-water treatment birds over time, preplanned orthog-
onal contrasts were used, and to compare all four groups
within a sampling period the Student-Newman-Keuls test
was also used. Significance was declared at P ≤ 0.05 unless
otherwise indicated.

RESULTS

High and low house temperatures recorded from Days
22 to 49 during Experiment 1 averaged (±SD) 17.2 ± 2.3
C and 12.5 ± 3.2 C, respectively. For Experiment 2, outside
temperatures were more variable during the 22-to-49-
d period, consequently the high and low temperatures
averaged 21.6 ± 6.8 and 13.8 ± 4.4 C, respectively. The
results of the feed analysis performed at the University
of Arkansas department of Poultry Science Central Ana-
lytical Laboratory are shown in Tables 2 and 3. Crude
protein for starter diets in Experiment 2 was higher than
the calculated values (Table 1) for both the low- and high-
CP diets. Analyzed values for remaining diets are in close
agreement with the calculated values. The analyzed
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TABLE 2. Analyzed composition of basal diets fed to control birds and birds with
supplemental L-Arg in the drinking water

Experiment 1 Experiment 2

Starter diets Grower diets Starter diets Grower diets

LCP HCP LCP HCP LCP HCP LCP HCP

CP, % 21.5 25.0 18.9 21.8 24.1 26.0 20.3 20.9
Arg, % 1.49 1.76 1.27 1.53 1.56 1.79 1.31 1.41
Lys, % 1.38 1.41 1.17 1.27 1.46 1.41 1.22 1.20
Arg:Lys 1.08 1.25 1.085 1.2 1.07 1.27 1.07 1.18

1LCP = low-CP diets; HCP = high-CP diets.

Arg:Lys ratios for the basal low- and high-CP diets are
in close agreement with the calculated values in the starter
and grower diets. The analyzed composition and the
Arg:Lys ratios of diets containing supplemental L-Arg
are shown in Table 3. The Arg:Lys ratios in these diets
ranged from 1.23 (low CP-low Arg feed in Experiment
1) to 1.91 (high CP-high Arg feed in Experiment 2).

No differences in growth performance (Table 4) or mor-
tality (data not shown) were related to the CP levels dur-
ing the starting period of either experiment. The data on
growth and feed performance for the growing period also
are shown in Table 4. In Experiment 1, birds fed the high-
CP diet had a higher initial 21 d weight for the growing
phase than birds fed the low-CP diet, but this response
was caused by culling the smaller and defective birds at
Day 21 rather than by the CP treatment per se. Birds fed
the high-CP diet had higher average final weight and
weight gain, as compared with birds fed the low-CP diet,
although the feed:gain ratio was not different between
the two levels of CP. The Arg treatment did not affect
any of the parameters measured in Experiments 1 or 2,
and no interaction between CP and Arg was detected.

Cumulative percentage mortality due to PHS, other
causes, and total mortality for both experiments are
shown in Table 5. Most of the non-PHS mortality was
due to sudden death syndrome. No differences in mortal-
ity were found in either experiment within any of the
three categories. Total mortality was higher in Experi-
ment 1 for all treatments than in Experiment 2. The right to
total ventricular weight ratio values of clinically healthy
birds sampled at the end of each experiment were not
affected by CP level or by Arg treatment (data not shown).

Plasma levels of Arg, ornithine, urea, and Lys in blood
samples collected at 0700 h (Time 0) from both Experi-

TABLE 3. Analyzed composition of low (LAF) and medium (MAF) Arg grower diets used in Experiment 1
and medium (MAF) and high (HAF) grower diets used in Experiment 2

Experiment 11 Experiment 2

LCP HCP LCP HCP

LAF MAF LAF MAF MAF HAF MAF HAF

CP, % 19.4 20.0 21.2 21.5 20.5 21.0 22.1 22.1
Arg, % 1.51 1.69 1.61 1.87 1.58 2.20 1.81 2.20
Lys, % 1.23 1.25 1.22 1.27 1.19 1.22 1.25 1.15
Arg:Lys 1.23 1.35 1.32 1.47 1.33 1.80 1.45 1.91

1LCP = low-CP diets; HCP = high-CP diets.

ments are shown in Table 6. In Experiment 1, plasma
levels of Arg were not affected by CP levels or Arg supple-
mentation. The control and Arg-water groups did not
differ. Plasma ornithine was higher in birds fed the high-
CP diets than in those fed the low CP-diets and was
higher in birds fed the medium-Arg feed than in those
fed the control feed. Plasma urea and Lys levels were not
affected by CP or supplemental Arg. In Experiment 2,
plasma Arg levels were higher in birds fed the high-CP
diets than in those fed the low-CP diets. Birds fed diets
with supplemental Arg had higher levels of plasma Arg
than birds in the control and Arg-water groups. Increased
plasma Arg levels were associated with increases in orni-
thine levels. Broilers fed high-CP diets had higher orni-
thine levels than those fed the low-CP diets, and birds
fed the high-Arg feed had higher levels of ornithine than
birds in the control, Arg-water, and medium-Arg feed
groups. Plasma urea level in the high-Arg feed group
was higher than in the Arg-water and medium-Arg feed
groups but was not different from the control group.
Plasma levels of Lys were not affected by CP or Arg
treatment. Interactions between CP level and Arg supple-
mentation treatment were not detected in either ex-
periment.

Plasma Arg, ornithine, and urea levels for the control
and Arg-water groups for both Experiments are shown
in Figures 1 through 6. Samples subsequent to Time 0
were taken, 3, 6, and 12 h after water containing supple-
mental L-Arg was offered to the Arg-water (but not con-
trol) group. Note that the 36-h samples were collected 12
h after the birds in the Arg-water group were switched
back to tap water. The birds in the control group were
fed the basal ration (same as Arg-water birds) and re-
ceived tap water throughout the sampling intervals. The
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TABLE 4. Average initial weight (IW, g) average final weight (FW, g), live weight gain (WG, kg per pen),
and feed-to-gain ratio (F:G per pen) of broilers fed two levels of crude protein (Days 1 to 21, starting

phase) and four levels of L-Arg in the feed or drinking water and exposed to cool temperatures
(Days 21 to 49, growing phase)

Experiment 1 Experiment 2

Factor IW FW WG F:G IW FW WG F:G

Starting phase
LCP1 42.5 818 28.2 1.34 43.9 633 21.5 1.50
HCP1 42.3 790 27.3 1.39 43.3 648 22.1 1.46
SE 0.3 12 0.4 0.03 0.4 9.2 0.3 0.01

Growing phase
CP

LCP 806b 3,110b 47.7b 2.81 641 3,102 68.2 2.13
HCP 842a 3,277a 54.0a 2.65 657 3,150 70.0 2.09
SE 6 24 1.8 0.09 10 26 1.8 0.05

Arg2

CTL 828 3,207 53.1 2.67 646 3,073 71.7 2.08
ARW 821 3,188 47.0 2.87 648 3,146 70.1 2.07
LAF 831 3,199 51.1 2.74 644 3,159 66.0 2.16
HAF 815 3,180 52.1 2.65 656 3,126 68.6 2.14
SE 9 34 2.5 0.12 13 36 2.6 0.07

a–bValues in the same column and in the same factor category with a different letter are different (P < 0.05).
1LCP = low-CP diets; HCP = high-CP diets. Values are means of 24 observations.
2CTL = basal ration without further L-Arg supplementation; ARW = L-Arg in the drinking water (0.3 and

0.6% for Experiments 1 and 2, respectively); LAF = low (0.15% Exp. 1) or medium (0.3%, Exp. 2) level of L-Arg
in the feed; and HAF = medium (0.3%, Exp. 1) or high (0.85%, Exp. 2) level of L-Arg in the feed. Values are
means of 12 observations.

initial (Time 0) plasma Arg, ornithine, and urea levels for
the Arg-water and control groups were not different at
any CP level in either experiment.

The plasma Arg levels of Arg-water groups were higher
than those of control groups at 3, 6, and 12 h after Arg
water was provided at both CP levels, and the trend
was similar in Experiments 1 and 2 (Figures 1 and 2,
respectively). By 36 h after Arg water was provided to
the Arg-water group (12 h after switching from Arg sup-
plemented water to tap water), plasma Arg levels were
similar between both groups for both CP levels in both
experiments. In Experiment 1, birds in the low-CP-Arg-
water diet group had higher plasma Arg levels than those
of high-CP-Arg-water diets 3 h after Arg-water was pro-

TABLE 5. Cumulative percentage mortality due to ascites or other causes, and total mortality for broilers
fed two levels of CP and no supplemental (CTL) or supplemental (L-Arg in the feed (LAF and HAF)

or drinking water (ARW) during exposure to cool temperatures from Days 21 to 49

Experiment 1 mortality, % Experiment 2 mortality, %

Factor Ascites Other Total Ascites Other Total

CP1

LCP 20.8 8.4 30.0 9.7 4.4 15.5
HCP 17.4 8.2 26.9 9.3 3.9 15.0
SE 1.1 1.2 1.0 1.4 1.8 1.6

Arg2

CTL 20.2 5.5 26.8 7.0 2.6 11.4
ARW 21.0 10.1 32.6 10.3 3.4 15.3
LAF 17.8 8.9 27.9 10.0 8.7 19.6
HAF 17.4 9.1 27.2 10.8 3.0 15.1
SE 1.5 1.7 1.4 2.0 2.6 2.3

1LCP = low-CP diets (19%); HCP = high-CP diets (20.5%). Values are means of 24 observations.
2CTL = basal ration without further L-Arg supplementation; ARW = L-Arg in the drinking water (0.3, and

0.6% for Experiments 1 and 2, respectively); LAF = low (0.15%, Experiment 1) or medium (0.3%, Experiment
2) level of L-Arg in the feed; and HAF = medium (0.3%, Experiment 1) or high (0.85%, Experiment 2) level of
L-Arg in the feed. Values are means of 12 observations.

vided. For the rest of the sampling periods, no differences
due to CP levels were detected between Arg-water or
between control groups.

Plasma ornithine levels of Arg-water groups were
higher than those of control groups from 3 to 12 h after
Arg water was provided to the Arg-water group, for both
experiments and both CP levels (Figures 3 and 4). Plasma
ornithine levels of birds in the high-CP-Arg-water group
were higher than those in the low-CP-Arg-water groups
at 3 h in Experiment 1, and 6 h in Experiment 2, and
lower only in Experiment 1, 12 h after Arg water was
provided. At Time 36, plasma ornithine levels were simi-
lar between Arg-water and control groups at both CP
levels in both experiments.
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TABLE 6. Plasma L-Arg, ornithine, urea, and Lys levels (nmol/mL) of broilers fed two levels of CP and
no supplemental (CTL) or supplemental L-Arg in the feed (LAF and HAF) or drinking water (ARW)

at 0700 h (just before starting to provide L-Arg HCl in the drinking water) on Day 39

Experiment 1 Experiment 2

Factor Arg Ornithine Urea Lys Arg Ornithine Urea Lys

CP1

LCP 478.0 49.5b 362.3 375.5 529.7b 93.3b 387.8 409.9
HCP 482.0 67.9a 395.4 352.2 589.1a 140.5a 407.8 386.3
SE 17.4 1.2 28.1 19.1 17.5 11.9 41.7 25.2

Arg2

CTL 472.8 42.3b 329.4 358.0 471.3b 44.0b 395.7ab 373.1
ARW 465.4 55.2ab 403.1 389.9 491.1b 57.0b 319.0b 400.5
LAF 469.8 57.6ab 458.9 363.0 619.1a 104.0b 312.4b 354.3
HAF 513.8 79.6a 324.1 344.5 656.3a 262.0a 564.0a 464.6
SE 24.6 7.5 39.7 27.0 24.7 16.8 58.9 35.6

a–bValues in the same column and in the same factor category with a different letter are different (P < 0.05).
1LCP = low-CP diets (19%); HCP = high-CP diets (20.5%). Values are means of 24 observations.
2CTL = basal ration without further L-Arg supplementation; ARW = L-Arg in the drinking water (0.3, and

0.6% for Experiments 1 and 2, respectively); LAF = low (0.15%, Experiment 1) or medium (0.3%, Experiment
2) level of L-Arg in the feed; and HAF = medium (0.3%, Experiment 1) or high (0.85%, Experiment 2) level of
L-Arg in the feed. Values are means of 12 observations.

Plasma urea levels of Arg-water birds were higher than
those of control birds at Times 6 and 12 for low-CP diets,
and at Times 3, 6, and 12 h for high-CP diets in Experiment
1 (Figure 5). In Experiment 2 (Figure 6), plasma levels of
urea were higher for the Arg-water group at Time 6 for
low-CP diets, and at Times 12 and 36 for high-CP diets.
Plasma urea levels were not different between Arg-water
groups at different CP levels at any time in either experi-
ment. Plasma levels of L-lysine were not affected by CP
level or Arg treatment at Time 0, and no differences were
found between Arg-water and control groups at any level
of CP during the samples collected over time (Table 7).

DISCUSSION

Crude protein levels have important effects on growth,
feed efficiency, and carcass composition of broilers of
different ages and genotypes (Summers et al., 1992; Smith
and Pesti, 1998). In the present study, the absence of a
CP effect on growth performance and feed efficiency dur-
ing the starting period (Days 1 to 21) may be attributed
to the relatively small differences between the low- and
high-CP formulations used (Tables 2 and 3). These results
also indicate that the broilers used in these experiments
are capable of performing well when provided 21% CP
during the starting period, if all the other nutrients are
adequate. During the growing period from Days 21 to 49
in Experiment 1, birds fed high-CP diets had higher final
body weights and weight gains compared with birds fed
low-CP diets; however, birds fed high-CP diets consumed
more feed than birds on the low-CP diets, consequently
the feed:gain ratio did not differ. In Experiment 2, the
level of CP did not affect growth or feed:gain ratio. In
general, when higher CP levels are used at the same
energy levels, there is an improvement in growth and feed
efficiency when birds are grown under thermoneutral
conditions (Pesti and Fletcher, 1983, 1984; Summers et al.,
1992; Smith and Pesti, 1998). In the present study, all

broilers were exposed to subthermoneutral conditions
during the growing period, although consistently cooler
temperatures were maintained in Experiment 1 than in
Experiment 2. The better growth performance of birds
fed high-CP diets compared to birds fed low-CP diets in
Experiment 1 may be due to the higher caloric increment
of proteins, which may benefit birds fed high-CP diets
under cold conditions. Under these conditions, more en-
ergy is utilized to generate heat, consequently the feed
efficiency is reduced, explaining the lack of improvement
in feed:gain ratio between low- and high-CP treatments.
The lack of difference in growth performance between
low- and high-CP fed birds in Experiment 2 may reflect
the milder cold challenge in Experiment 2 compared with
Experiment 1 or may be attributed to the relatively small
difference in assayed CP content between the low- and
high-CP grower diets in Experiment 2 (Table 2). Ascites
mortality was amplified by the cold temperatures at
which the birds were exposed; however, the broilers ex-
posed to a milder cold temperature challenge in Experi-
ment 2 averaged half the ascites mortality exhibited by
the broilers exposed to consistently cooler temperatures
in Experiment 1. These observations concur with world-
wide experience that fast growth and cool temperatures
are the primary triggers for ascites under conditions of
commercial broiler grow out (Peacock et al., 1989, 1990;
Wideman et al., 1998).

Arginine supplementation did not appreciably affect
final body weight, weight gain, or feed:gain ratio in either
experiment, although Arg levels in the feed ranged from
1.27 (low CP-control diets) to 1.87% (high CP-medium
Arg feed) in Experiment 1 and from 1.31 (low CP-control
diets) to 2.2% (high CP-high Arg feed) in Experiment 2.
Mendes et al. (1997) reported that increased Arg:Lys ra-
tios did not affect growth rate but did reduce feed con-
sumption and improve feed conversion. Taylor et al.
(1992) did not find any difference in growth when birds
were fed 0.92 or 2.4% Arg in the diet. Carew et al. (1998)
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FIGURE 1. Experiment 1. Plasma Arg levels of broilers fed low- or
high-CP diets and supplemented (Arg-water group, squares) or not
supplemented (control group, circles) with 3% L-arginine in the drinking
water for 24 h. Time zero samples were taken just before Arg-supple-
mented water was offered to the Arg-water (but not control) group.
The Arg-water group remained on arginine-supplemented water for 24
h, and then had been returned to tap water for 12 h by the time the
36-h sample was collected. Asterisks denote values that differed between
control and Arg-water in a given sampling period (*P ≤ 0.05, **P ≤ 0.01).
Values with different letters denote differences among all treatments
within a given sampling period (P ≤ 0.05). Each data point represents
the mean (± SEM) of six observations.

reported that excessive Arg at 2.84-fold above the NRC
(1994) recommendations depressed growth and gain:feed
ratio of chickens from 10 to 24 d of age. O’Dell and Savage
(1966) reported that when the diet is adequate with re-
spect to Lys, excess Arg was not detrimental. In the pres-
ent study, dietary Arg levels were below the level associ-
ated with growth depression, and because Lys and all
other amino acids were maintained at recommended lev-
els, the moderated excesses of Arg did not affect broiler
growth performance.

Previously it was reported that providing supplemen-
tal Arg above the NRC (1984) requirements reduced PHS
mortality and facilitated flow-dependent pulmonary va-

FIGURE 2. Experiment 2. Plasma Arg levels of broilers fed low- or
high-CP diets and supplemented (Arg-water group, squares) or not
supplemented (control group, circles) with 6% L-Arg in the drinking
water for 24 h. Time zero samples were taken just before Arg supple-
mented water was offered to the Arg-water (but not control) group.
The Arg-water group remained on Arg-supplemented water for 24 h,
and then had been returned to tap water for 12 h by the time the 36-
h sample was collected. Asterisks denote values that differed between
control and Arg-water in a given sampling period (*P ≤ 0.05, **P ≤ 0.01).
Values with different letters denote differences among all treatments
within a given sampling period (P ≤ 0.05). Each data point represents
the mean (± SEM) of six observations.

sodilation in broilers (Wideman et al., 1995, 1996a; Marti-
nez-Lemus et al., 1999). The hypothesis was proposed
that the NRC (1984) recommended levels of dietary Arg
may not elevate plasma Arg levels sufficiently to fully
support maximal NO production (Wideman et al., 1995,
1996a; Martinez-Lemus et al., 1999). The present study
demonstrates that plasma Arg levels can be increased by
manipulating the CP and by providing supplemental Arg
in the feed or drinking water. However, in spite of the
demonstrated increase in plasma Arg levels, there were
no corresponding reductions in the cumulative PHS mor-
tality from Days 21 to 49. The reasons for the inconsistency
in the effects of supplemental Arg on reducing PHS mor-
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FIGURE 3. Experiment 1. Plasma ornithine levels of broilers fed low-
or high-CP diets and supplemented (Arg-water group, squares) or not
supplemented (control group, circles) with 3% L-Arg in the drinking
water for 24 h. Time zero samples were taken just before Arg-supple-
mented water was offered to the Arg-water (but not control) group.
The Arg-water group remained on Arg-supplemented water for 24 h,
and then had been returned to tap water for 12 h by the time the 36-
h sample was collected. Asterisks denote values that differed between
control and Arg-water in a given sampling period (*P ≤ 0.05, **P ≤ 0.01).
Values with different letters denote differences among all treatments
within a given sampling period (P ≤ 0.05). Each data point represents
the mean (± SEM) of six observations.

tality are not clear. Non-ascites mortality, in large propor-
tion due to sudden death syndrome, also was not influ-
enced by Arg supplementation or CP level.

Kidney arginase activity is readily upregulated when
excess Arg is provided in the diet (Stutz et al., 1971),
causing an increased rate of Arg degradation to urea and
ornithine. If this degradation of Arg proceeds too rapidly,
the availability of Arg to serve as a substrate for the
production of NO may be compromised. In order to deter-
mine the availability of Arg in the plasma amino acid
pool when Arg is supplemented above NRC (1994) re-
quirements, plasma levels of Arg, and the metabolites
derived of Arg degradation, urea and ornithine, were

FIGURE 4. Experiment 2. Plasma ornithine levels of broilers fed low-
or high-CP diets and supplemented (Arg-water group, squares) or not
supplemented (control group, circles) with 6% L-Arg in the drinking
water during 24 h. Time zero samples were taken just before Arg-
supplemented water was offered to the Arg-water (but not control)
group. The Arg-water group remained on Arg-supplemented water for
24 h, and then had been returned to tap water for 12 h by the time the
36-h sample was collected. Asterisks denote values that differed between
control and Arg-water in a given sampling period (*P ≤ 0.05, **P ≤ 0.01).
Values with different letters denote differences among all treatments
within a given sampling period (P ≤ 0.05). Each data point represents
the mean (± SEM) of six observations.

measured. During the initial (Time 0) blood sample inter-
val in Experiment 1, plasma Arg levels did not differ
between CP levels or among Arg treatments. In all cases,
plasma Arg levels were higher than the 250 nmol/mL
required for maximal growth and the 400 nmol/mL re-
quired to maximize NO production by mammalian and
avian macrophages (Taylor et al., 1992, Dietert et al., 1994).
In the present experiment, plasma ornithine level was
higher in birds fed high-CP diets than in birds fed low-
CP diets, and birds fed the higher level of supplemental
Arg had higher levels of ornithine compared with control
birds. These observations indicate that at the higher di-
etary CP and high supplemental Arg, kidney arginase
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FIGURE 5. Experiment 1. Plasma urea levels of broilers fed low- or
high-CP diets and supplemented (Arg-water group, squares) or not
supplemented (control group, circles) with 3% L-Arg in the drinking
water for 24 h. Time zero samples were taken just before Arg-supple-
mented water was offered to the Arg-water (but not control) group.
The Arg-water group remained on Arg-supplemented water for 24 h,
and then had been returned to tap water for 12 h by the time the 36-
h sample was collected. Asterisks denote values that differed between
control and Arg-water in a given sampling period (*P ≤ 0.05, **P ≤ 0.01).
Values with different letters denote differences among all treatments
within a given sampling period (P ≤ 0.05). Each data point represents
the mean (± SEM) of six observations.

activity was upregulated. However, these elevated
plasma levels of ornithine (42.3 to 79.6 nmol/mL) re-
mained well below those reported for diets supplemented
with high levels of Lys and 3% Arg, in which plasma
ornithine levels were 510 nmol/mL (Shao and Hill, 1969).
Plasma levels of urea were not affected by CP or Arg
treatments in Experiment 1, presumably because the kid-
neys were able to clear the modest excess of urea from
the plasma. Plasma urea levels in Experiment 1 were
comparable to the values reported by Emmanuel and
Howard (1978) in broilers fed diets with 20% CP (416
nmol/mL), and lower than the values reported by Chu

FIGURE 6. Experiment 2. Plasma urea levels of broilers fed low- or
high-CP diets and supplemented (Arg-water group, squares) or not
supplemented (control group, circles) with 6% L-Arg in the drinking
water for 24 h. Time zero samples were taken just before Arg-supple-
mented water was offered to the Arg-water (but not control) group.
The Arg-water group remained on Arg-supplemented water for 24 h,
and then had been returned to tap water for 12 h by the time the 36-
h sample was collected. Asterisks denote values that differed between
control and Arg-water in a given sampling period (*P ≤ 0.05, **P ≤ 0.01).
Values with different letters denote differences among all treatments
within a given sampling period (P ≤ 0.05). Each data point represents
the mean (± SEM) of six observations.

and Nesheim (1979) in White Leghorn hens fed a diet
with 3.07% Arg (1,200 nmol/mL).

For the initial blood sample in Experiment 2, with
higher levels of Arg supplementation in feed, birds fed
high-CP diets had higher plasma levels of Arg than birds
fed low-CP diets, and birds fed Arg-supplemented diets
had higher levels of plasma Arg than control and Arg-
water groups. The increase in plasma Arg levels with
higher levels of CP was associated with an increase in
plasma ornithine. Birds fed the high-Arg feed also had
higher levels of ornithine than any of the other Arg treat-
ments. The increased plasma levels of ornithine with
high-CP diets presumably reflect an upregulation of kid-
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ney arginase. However, plasma urea levels did not differ
among birds fed the two CP levels, indicating an adequate
ability of the kidneys to excrete urea at this level of argi-
nase activity. However, when birds were fed the high-
Arg feed, plasma urea was higher than in Arg-water and
medium-Arg feed. Apparently feed supplementation at
0.85% Arg above the NRC (1994) requirements over-
whelmed the avian excretory capacity for urea and re-
sulted in the accumulation of urea in the plasma, although
with no deleterious effects on bird performance. Overall,
the results of these experiments indicate that, regardless
of the CP level or level of Arg supplementation, plasma
Arg availability was high enough as to provide substrate
for the production of NO, considering the 400 nmol/mL
reported by Taylor et al. (1992) for maximal NO produc-
tion by macrophages. Although plasma ornithine levels
were increased with Arg supplementation in the feed,
indicating an elevated activity of kidney arginase, Arg
levels in plasma were not diminished, indicating that Arg
degradation by kidney arginase might not be limiting
Arg availability for NO synthesis. Plasma urea levels did
not accumulate to the extent of affecting the bird perfor-
mance, which may be explained by the ability of the birds
to excrete moderated quantities of filtered urea when
water availability is not a problem (Skadhauge and
Schmidt-Nielsen, 1967).

Comparing plasma amino acid levels of control versus
Arg-water birds, initial (Time 0) plasma values for the
Arg-water group did not differ from those of control
groups because these samples were taken after the birds
had been consuming tap water for 48 h. In both experi-
ments plasma Arg increased within 3 h after the water
was supplemented with Arg. The increment in plasma
Arg recorded 3 h after water supplementation was more
pronounced in low-CP diets than in high-CP diets only
in Experiment 1. Plasma ornithine values exhibited trends
similar to the plasma Arg values, with higher levels of

TABLE 7. Plasma Lys levels (nmol/ml) of broilers fed two levels of CP and no supplemental (CTL) or
supplemental L-Arg in the drinking water (ARW). Time 0 samples were taken just before Arg

supplemented water was offered to the Arg-water (but not control) group. The Arg-water
group remained on Arg-supplemented water for 24 h and then returned to tap water

for 12 h by the time the 36-h sample was collected

Time 01 Time 3 Time 6 Time 12 Time 36

Experiment 1
LCP-CTL2 365.5 490.5 413.0 469.0 464.1
LCP-ARW 368.3 416.0 416.0 432.8 512.7
HCP-CTL 350.5 366.2 366.2 395.5 385.1
HCP-ARW 411.5 341.5 341.5 388.1 414.0
SE 40.0 40.0 40.0 40.0 40.0

Experiment 2
LCP-CTL 365.7 437.6 377.8 352.0 363.7
LCP-ARW 429.4 461.3 413.8 361.9 444.8
HCP-CTL 380.6 395.8 311.6 429.5 355.0
HCP-ARW 371.5 301.2 390.5 372.0 426.0
SE 43.4 43.4 43.4 43.4 43.4

1Times 3, 6, 12, and 36, correspond to 3, 6, 12, and 36 h after the ARW groups started to receive water with
supplemental L-Arg.

2LCP = low-CP diets (19%); HCP = high-CP diets (20.5%); CTL = birds fed the basal ration without further
L-Arg supplementation; ARW = birds fed supplemental L-Arg HCl in the drinking water (0.3, and 0.6% for
Experiments 1 and 2, respectively). Values are means of six observations.

ornithine in the Arg-water birds than in control birds 3
to 12 h after the water was supplemented with Arg but
no differences when the group was consuming tap water
(Time 0 and 36 h after Arg water supplementation).
Plasma urea also increased in the Arg-water group when
Arg was provided in the water. These results indicate
that plasma Arg was available at higher levels (up to 760
nmol/mL and 1,200 nmol/mL in Experiments 1 and 2,
respectively) than those reported to optimize growth and
NO production (Taylor et al., 1992, Dietert et al., 1994)
while Arg supplementation in the water lasted, sug-
gesting that Arg availability in the plasma may not be a
limiting factor for the production of NO to attenuate asci-
tes mortality. Overall, we achieved an effective increase
in plasma Arg with supplemental Arg in feed or drinking
water in both experiments, despite the increased Arg deg-
radation as reflected by acute increases in plasma orni-
thine. Therefore, it appears that Arg uptake by the pulmo-
nary endothelium cells and limitation in the intracellular
pools of Arg, rather than extracellular availability of Arg,
may be limiting the production of NO in broilers, which
agrees with the reports of Martinez-Lemus et al. (1999)
in birds and McQueston et al. (1993) in fetal lambs.

Plasma urea levels were increased with supplemental
L-Arg, however, even the highest concentrations re-
corded (730 nmol/mL, high CP-Arg water in Experiment
2) were lower than the urea concentration (50 mM) re-
quired to inhibit the production of NO by macrophages
in cell culture (Prabhakar et al., 1997). It therefore appears
that urea accumulation, under these circumstances, may
not be an important factor limiting the production of NO
by the pulmonary endothelium. Plasma levels of Lys were
not affected by CP or Arg supplementation in either ex-
periment, which confirms reports that excess Arg does
not have important effects on Lys metabolism, whereas
excess Lys strongly antagonizes Arg metabolism (O’Dell
and Savage, 1966; Nesheim, 1968).
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The lack of consistency in the efficacy of supplemental
Arg on reducing the incidence of PHS may be explained
by the multiple independent components that affect PHS
susceptibility in addition to the maintenance of an inap-
propriately elevated vascular tone. These factors include a
low anatomical pulmonary vascular capacity, inadequate
surface area available for gas exchange, and a cardiac
output that steadily increases in support of metabolic
requirements (Wideman and Bottje, 1993, Wideman and
Kirby, 1995a, b). Additionally, kidney arginase activity
may differ among strains of birds or among individual
birds within a population (Nesheim, 1968; Chu and Nes-
heim, 1979). If so, birds with high kidney arginase activity
(high rate of Arg degradation) may benefit from supple-
mental Arg, whereas birds with a low kidney arginase
activity may not respond to increased levels of Arg. The
production of NO is modulated and affected by a wide
variety of factors, making it difficult to achieve the pre-
dictable results solely by increasing substrate availability
in vivo.
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