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ABSTRACT L-Arginine is the only biological sub-
strate of nitric oxide synthase in a reaction yielding NO
and L-citrulline as co-products. The resynthesis of L-
arginine from L-citrulline has been observed in murine
macrophages. However, it is not known whether avian
macrophages have a similar capacity for the synthesis of
arginine. The present studies were carried out to
determine whether L-citrulline can support NO (meas-

ured as nitrite) production in the HD11 cell, a chicken
macrophage cell line. When added to media lacking L-
arginine, L-citrulline supported a low level of nitrite
accumulation: about 4 to 11% of the amount of nitrite
formed from an equivalent concentration of L-arginine.
Aspartic acid was not limiting for NO production from
citrulline.
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INTRODUCTION

Nitric oxide is a cytotoxic agent of macrophages
(Stuehr and Marletta, 1987; Hibbs et al., 1988; Marletta et
al., 1988) synthesized from L-arginine (Hibbs et al.,
1987b), the only known physiological substrate. Cul-
tured mouse (Baydoun and Mann, 1994) and rat (Wu
and Brosnan, 1992) macrophages have been shown to
synthesize L-[guanidino-14C]arginine from L-[ureido-
14C]citrulline, indicating the presence of argininosuc-
cinate synthase and argininosuccinase activities in these
cells. The addition of L-citrulline to arginine-devoid
culture media has resulted in NO generation in murine
macrophages, indicating further that significant recy-
cling of citrulline to arginine can occur (Baydoun and
Mann, 1994; Nussler et al., 1994; Norris et al., 1995).

It is not known whether chicken macrophages can
convert citrulline to arginine. Experiments were carried
out, therefore, to determine whether NO is produced
when L-citrulline is substituted for L-arginine in culture
media for chicken macrophages.

MATERIALS AND METHODS

Cells of the chicken macrophage cell line HD11 (Beug
et al., 1979) were maintained in culture and plated at a

density of 106 cells in 24-well plates as previously
described (Su and Austic, 1998). Adhered cells were
cultured for 24 h in (Dulbecco’s modified Eagle medium
(D-MEM)3 + 10% fetal bovine serum (FBS)4 containing 1
mg/mL of Escherichia coli lipopolysaccharide (LPS) and
different concentrations of L-arginine and L-citrulline. L-
Arginine concentrations ranged from 0 to 3 mM and L-
citrulline concentrations ranged from 0 to 10 mM in the
first experiment. Both amino acids were included in the
medium at 0.1 or 2.0 mM concentrations in the second
experiment, which also included aspartic acid as a
variable. Three culture wells per treatment were used in
the first experiment and two or three wells per
treatment were used in the second experiment. A final
experiment, using three culture wells per treatment in
each of two complete blocks of time, was carried out to
determine the effect of 0.4 mM L-citrulline on nitrite
production when the aspartic acid concentration of the
medium was varied in 0.2 mM increments from 0 to 1.2
mM.

Nitrite accumulation in culture media was used as the
indication of NO synthesis (Hibbs et al., 1987a). The
nitrite assay was based on the procedure of Ding et al.
(1988) with minor modifications.

Differences among treatment means were determined
by Duncan’s multiple range test (Duncan, 1955).



SU AND AUSTIC354

FIGURE 1. Nitrite accumulation in culture media containing
various concentrations of L-arginine (A) or L-citrulline (B). Cells were
activated with lipopolysaccharide (LPS) (1 mg/mL) in the presence of
various concentrations of L-arginine (0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 1.0, and
3.0 mM) or L-citrulline (0.0, 0.2, 0.4, 0.6, 1.0, 3.0, 6.0, and 10.0 mM).
Nitrite accumulation in culture media was determined after 24 h of
culture. Results are means of three observations. Pooled SEM = 2.06 for
arginine levels and pooled SEM = 0.98 for citrulline levels.

TABLE 1. Comparison of arginine and citrulline
as precursors of NO in HD11 cells

1Mean ± SD of two observations for all treatments lacking citrulline
and three observations for those involving citrulline.

2Significantly different from the group not supplemented with
arginine, citrulline, and aspartic acid (P < 0.05).

3Significantly different from citrulline-supplemented groups (P <
0.05).

Amino acid concentration
Nitrite
productionL-arginine L-citrulline L-aspartic acid

(mM) (nmol/24 h)
0 0 0 0.23 ± 0.091

0 0.1 0.1 0.66 ± 0.23
0 0.1 0.5 0.46 ± 0.19
0 2.0 0.5 3.9 ± 0.112

0 2.0 2.0 4.0 ± 0.212

0.1 0 0 47.4 ± 2.23

2.0 0 0 99.6 ± 4.93

RESULTS

The amount of nitrite that accumulated in the culture
medium increased significantly (P < 0.05) at each
concentration of arginine up to 0.4 mM, at which
concentration 135 nmol of nitrite accumulated in the
medium during 24 h of cell culture (Figure 1A). The
accumulation of nitrite was similar at 0.5 and 1 mM
arginine but declined slightly (P < 0.05) at 3 mM
arginine. Only 5.8 nmol of nitrite accumulated when 0.4
mM L-citrulline was included in the medium (Figure

1B). Nitrite accumulation increased to 15 nmol as the L-
citrulline concentration of the medium was raised to 3
and 6 mM and declined slightly, but significantly (P <
0.05), when the concentration of citrulline was raised
from 6 to 10 mM. The yield of nitrite from 1 and 3 mM
citrulline was approximately 8 and 10% of the yield of
nitrite from 1 and 3 mM L-arginine, respectively. The
maximum accumulation of nitrite from citrulline (i.e., at
3 and 6 mM) was 11% of the maximum from arginine
(i.e., at 0.4, 0.5, and 1.0 mM). In the second experiment
(Table 1), the maximum yield of nitrite from 2 mM L-
citrulline was 3.7% of the yield obtained from 2 mM L-
arginine. The yield did not differ (P > 0.05) when media
contained 0.5 mM or 2 mM L-aspartic acid. In the last
experiment (data not shown) the accumulations of
nitrite in the medium did not differ (P > 0.05) among
treatments, ranging from 0 to 1.2 mM of aspartic acid.
The mean accumulation of nitrite from 0.4 mM citrulline
at all concentrations of aspartic acid was 4.3 nmol/24 h.

DISCUSSION

The results of the present studies suggest that L-
citrulline is converted to a limited extent to L-arginine
and can serve as a precursor of NO in HD11 cells.
Nitrite formation in the murine monocyte/macrophage
cell line J774 is about 8 nmol after 24 h of culture in the
presence of 0.4 mM L-citrulline (Baydoun and Mann,
1994), which is about twice the amount of nitrite formed
in HD11 cells. More nitrite (∼ 14 nmol/12 h) is formed
by murine macrophage cell line, RAW 264.7 cultured in
media containing 0.5 mM L-citrulline (Nussler et al.,
1994), but little, if any, nitrite is formed by murine
peritoneal macrophages cultured in media containing
0.1 mM L-citrulline (Wu and Brosnan, 1992). Although
the yield of nitrite from L-citrulline is only slightly
lower, the efficiency of the apparent recycling of L-
citrulline to L-arginine in HD11 cells may be much
lower than in J774 cells because the former appear to
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produce less nitrite from citrulline, but have a greater
capacity for nitrite synthesis. Only 70 nmol of nitrite was
formed in J774 cells, for example, when the concentra-
tion of L-arginine was 0.4 mM, but 135 nmol of nitrite
was formed in HD11 cells. The efficiency of apparent
recycling in HD11 cells appears to be lower than that of
RAW 264.7 cells because the latter have high yield of
nitrite from citrulline, but nitrite accumulation in media
containing 0.4 mM L-arginine is only slightly higher
(∼ 150 nmol/24 h) than that of HD11 cells (Nussler et al.,
1994).

Aspartic acid, the source of nitrogen for amination of
the ureido group of the citrulline molecule in vivo, does
not appear to limit the conversion of citrulline to
arginine by HD11 cells cultured in D-MEM.

Citrulline is a product of NO synthase activity. The
ability of chicken macrophages to recycle citrulline to
arginine may be important in the cellular dynamics of
arginine metabolism in macrophages, especially when
dietary arginine concentration is low or the availability
of arginine to the macrophage is otherwise limited.
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