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A B S T R A C T In patients with an autosomal recessive
diamino acid transport disorder, lysinuric protein in-
tolerance (LPI), we measured plasma and urinary
amino acids basally, and during intravenous infusion of
citrulline at two rates. Compared with controls, the pa-
tients' plasma citrulline concentrations rose similarly,
but urinary citrulline excretion increased excessively.
Their plasma arginine and ornithine levels rose sub-
normally, but massive argininuria and moderate orni-
thinuria appeared. The excretion rates of the third
diamino acid lysine and other amino acids remained
practically unaltered, thus excluding mutual competi-
tion as the cause for the increases. The results suggest
that (a) in the normal kidney reabsorption involves par-
tial conversion of citrulline to arginine and ornithine
(metabolic run-out), (b) in LPI, the diamino acid trans-
port defect is located at the basolateral cell membrane
of the renal tubules; this inhibits the efflux of arginine
and ornithine, increasing their cellular concentration,
which in turn inhibits the metabolic disposal of citrul-
line, and causes leakage of arginine, ornithine, and
citrulline into the tubular lumen.

INTRODUCTION

Lysinuric protein intolerance (LPI)1 is an auto-
somal recessive disease due to a defect in the transport
of the diamino acids lysine, arginine, and omithine by
the intestinal mucosa (1) and renal tubuli (2) and, ac-
cording to indirect evidence, the hepatocytes (3, 4).
Large amounts ofthe diamino acids are lost in the urine
and their concentrations in plasma are decreased. A
consequence of this defect is hyperammonemia after
protein intake. The hyperammonemia can be pre-
vented by supplementing the protein with arginine (5),
ornithine (6), or citrulline (7, 8). The conclusion has
been drawn that the hyperammonemia is due to a hepa-
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tic functional deficiency ofthe urea cycle intermediates
omnithine and arginine, resulting in impaired function
of the cycle (5). The defect in the intestinal mucosal
cells is probably in the efflux mechanisms at the baso-
lateral membrane (9, 10). The neutral amino acid citrul-
line, in contrast to the diamino acids, is absorbed nor-
mally from the intestine (1).
We have now studied the renal handling of citrulline

in patients with LPI during standardized intravenous
infusions ofcitrulline. Our findings suggest that, during
tubular reclamation, part of the citrulline is converted
into arginine and omithine (metabolic run-out) (11) and
that in LPI the basolateral efflux mechanism of the
diamino acids is defective in the renal tubular cells as
in the intestinal epithelium.

METHODS

Three patients with LPI were studied: patient 1, male, 34 yr,
73 kg; patient 2, female, 26 yr, 35 kg; patient 3, female, 12
yr, 30 kg. All had a history typical of LPI (5). They were com-
pared with two healthy female volunteers: control 1, 19 yr,
55 kg; control 2, 31 yr, 51 kg. All subjects and/or their guard-
ians had given informed consent to the studies. The patients
were on a diet with normal caloric and low to normal protein
content supplemented with 0.5 mmol of citrulline for each
gram of protein (8). This supplementation was interrupted at
least 24 h before the studies. The tests were started in the
morning after a 10-h fast. During the tests the subjects were
allowed only water; they all remained symptom free. Urinary
creatinine clearance was measured for every subject, and was
found to be normal
Intravenous infusion of citrulline at stepwise increasing

rates. An infusion of 5% (wt/vol) mannitol solution with 20
mM NaCl and 15 mM KC1 was given at 10 ml/kg of body
mass/h. The citrulline concentration was increased at 2-h
intervals to give consecutive infusion rates of 0, 27, and 54
,umol/kg per 30 min. A priming dose, 31.5 ,umol citrulline/kg
as a 5% aqueous solution, preceded each increase. Venous
plasma was obtained before citrulline administration and at
60, 90, and 120 min after each priming. The mean variation
(for patients and controls together) in plasma concentration of
citrulline was 6.0%, calculated as 100 -(III - 1)/(III + I),
where I and III refer to concentrations in the 60 and 120-min
samples. A steady-state concentration of citrulline in plasma
was thus assumed to prevail between 60 and 120 min after
the primings and the mean concentration for each period was
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TABLE I
Effect of Two Rates of Intravernous Citrulline Infusiont in Controls and Patients with LPI

on Urinary Excretion of Citrulline atnd thte Diaminlo Acids

Rate of citrtilline
infusion* Citrtilline* Arginine* Ornithine* LN-sine*

Controls
0 0.00, 0.00 0.00, 0.01 0.02, 0.02 0.05, 0.13

27 0.00, 0.00 0.00, 0.01 0.10, 0.09 0.10, 0.11
54 0.05, 0.10 0.06, 0.04 0.23, 0.19 0.12, 0.15

Patients with LPI
0 0.04, 0.11, 0.06 0.16, 0.25, 0.17 0.10, 0.07, 0.05 2.72, 5.33, 4.07

27 0.23, 0.89, 0.43 1.04, 3.30, 1.17 0.53, 0.70, 0.27 2.42, 5.41, 3.60
54 1.08, 1.19, 1.45 2.67, 6.21, 3.23 1.14, 1.20, 0.76 2.84, 3.36, 3.26

* All values are in micromoles per kilogram per 30 min. All results are means of values obtained for two
consecutive collection periods. The first figure is for control 1 or patient 1, etc.

used for calculations. A 30- or 60-min urine collection pre-
ceded the first priming, for measurement of basal excretion.
During each infusion period, between 60 and - 120 min, two
accurately timed (25-35 min) urines were collected by void-
ing. The mean variation (for patients and controls together)
between the two periods in the urinary citrulline excretion
rate (micromoles per kilogram per 30 min) was 13.6%, calcu-
lated as 100l(II - 1)/(11 + I), where I and II refer to rates in
the two periods.
The plasma samples were deproteinized with 50% (wt/vol)

sulfosalicylic acid and stored, like the urines, at -23°C. Amino
acids were analyzed with an automatic amino acid analyzer
(Beckman 121 M, Beckman Instruments, Inc., Fullerton,
Calif.) with norleucine as internal standard. Creatinine was
measured by a modified Jaffe reaction (12) in all urines, and in
serum samples taken basally, and at 90 min during each steady
state.

Student's t test was used throughout.

RESULTS

During fasting, the plasma citrulline concentrations
were 12.0 and 14.3 ,uM in the two controls and 83.8,
34.4, and 18.5 AM in the three patients, the plasma ar-
ginine concentration 23.0 and 66.3 ,uM, and 26.5, 21.1,
and 16.3 AM, and the plasma ornithine concentrations
27.0 and 40.7 ,uM and 20.5, 4.8, and 6.0,uM, respec-
tively. Basal urinary excretion rates in both groups of
subjects (Table I) were in good agreement with previ-
ous findings (2, 13).

Citrulline infusions. At both rates of citrulline in-
fusion, the steady-state plasma citrulline concentra-
tions were almost the same in two of the three patients
and in the controls. But in patient 1 the concentrations
were approximately twice as high (Fig. 1).

In contrast, the plasma arginine in the patients re-
mained below the mean level of the controls by
60-75%. Plasma ornithine concentrations showed
smaller differences, 21-68%. There was a clear dif-
ference between patients and controls in the steepness
of the rise in plasma arginine, but not in plasma orni-
thine.

During elevated steady-state concentrations ofcitrul-
line, the urinary excretion of this neutral amino acid
was greatly increased in every patient, in contrast to the
controls (Table I). Though patient 1 had 100% higher
plasma levels, his urinary excretion rates were the
lowest in the group. Even more impressive, as com-
pared with the small effect in the controls, was the mas-
sive increase in the patients' excretion of arginine. In
ornithine excretion the difference frorm the controls was
less striking; the increase in the patients was much
smaller than for arginine, while in the controls .here
was a clearer increase in ornithine than in arginine
excretion. The sum of the excretion rates of citruilline,
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FIGURE 1 Plasma concentrationls of citrulline, argininle, anld
ornlithinle at stead(x staltes in conltrols anld patienlts wtith LPI
before and during intravenous infusion of citrulline. The
infusion rate of citrulline was increased stepwise at 2-h inter-
vals from 0 to 27 and then to 54 ,umol/kg per 30 min. Each
step was preceded by a priming dose. The curves of individual
subjects are identified with numbers.
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arginine, and ornithine, as a percentage of the citrul-
line infusion rate, was <0.7% in the controls and 7-20%
(mean 11%) in the patients.

In clear contrast to the other diamino acids there
were no increases in the excretion oflysine. The plasma
concentrations and excretion rates of all other amino
acids remained practically unaltered. The summed
rates of excretion of 13 neutral amino acids (excluding
citrulline) for the three patients were 4.3, 3.7, and 4.3
mmol/kg per 30 min basally, and 3.0,2.3, and 4.8 mmol/
kg per 30 min, respectively, during the higher rate of
infusion. Of the patients' increments in urinary excre-
tion, in the mean only 1.6% of the arginine and 20.8%
ofthe ornithine was calculated to be due to the increase
in the corresponding plasma concentrations (Table II).
The remainders of the increments appear to have
been due to leakage from the tubular cells of these
metabolites of citrulline, which itself was filtered and
reabsorbed into these cells in large amounts because of
the high plasma levels produced by the infusions. As-
suming that the glomerular;filtration rate equalled the
creatinine clearance, which was measured for each col-
lection period, 5-40% (mean 13%) ofthe filtered citrul-

line was estimated to have been excreted as arginine,
and 1.5-6.4% (mean 2.6%) as ornithine.

DISCUSSION

Our present main findings in patients with LPI, after
induced elevations of plasma citrulline, were: (a) ab-
normally large citrullinuria with (b) a massive increase
in argininuria and moderate increase in ornithinuria,
and (c) no such change in the excretion of the third
diamino acid lysine or of the other amino acids. We
have previously produced evidence that in the intes-
tinal mucosa the transport defect is located at the baso-
lateral cell membrane (9, 10). Are our present obser-
vations consistent with the presence ofthe same defect
at the basolateral membrane ofthe renal proximal tubu-
lar cells? Our findings clearly establish citrullinuria as
a characteristic of LPI, especially during elevated
plasma citrulline levels: at identical plasma citrulline
levels, patients with LPI excreted citrulline at 10 to
50-fold rates as compared with controls. Citrulline is
neutral and, in contrast to the basic diamino acids, is
absorbed normally from the small intestine of pa-

TABLE II
Creatinine Clearances, Estimates ofFiltration Rates of Citrulline, Arginine, and Ornithine, ofIncrements in
Excretion Rates Caused by Increased Filtration of the Amino Acid Itself, and of Increments in Excretion

Rates Not So Explained during Intravenous Citrulline Infusion in Three Patients with LPI*

Rate of FILTt AEXCRFlLTt AEXCREXCESSI
citrulline
infusiont Ccr CIT ARC ORN ARG ORN ARG ORN

Patient 1
0 93.4 7.8 2.5 1.9

27 64.8 21.5 2.4 2.4 0.00 0.03 0.90 0.44
54 70.5 52.3 3.9 4.3 0.07 0.12 2.44 0.92

Patient 2
0 149.4 5.1 3.2 0.7

27 135.8 19.2 3.7 2.4 0.04 0.16 3.00 0.45
54 107.4 35.6 3.8 4.6 0.05 0.36 5.92 0.78

Patient 3
0 114.1 2.1 1.9 0.7

27 76.2 12.3 2.1 1.6 0.02 0.06 0.99 0.17
54 94.9 30.3 3.3 3.0 0.13 0.15 2.95 0.57

* Amino acid filtration rates were calculated by multiplying actual creatinine clearances (C,r) by the mean of
the plasma concentration of the amino acid as measured at the beginning and end of each collection period.
In calculations of excretion rates caused by increased filtration (AEXCRFILT), excretion was assumed to show
linear dependence on filtration (as observed in ref. 2); thus for each amino acid AEXCRFILT = (FILTl/FILTb
x AEXCRb) - AEXCRb, where b = basal, i = during infusion. Increments in excretion rates not so explained
(A&EXCREXCESS) was obtained as AEXCR - AEXCRFILT. The contribution of filtered citrulline (CIT) to the basal
excretion of arginine (ARG) and ornithine (ORN) could not be estimated, and was neglected. Hence values
obtained for AEXCRFlLT are overestimates. Consequently, values obtained for AEXCREXCEss are pre-
sumably underestimates.
t All values are in micromoles per kilogram per 30 min. All results are means of values obtained for two
consecutive collection periods.
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tients with LPI (1, 7). Thus, the basolateral exit mecha-
nism of the diamino acids, which is defective in the
small intestinal mucosal cells of the patients (9, 10),
does not seem to play a part in the absorption of citrul-
line. Hypercitrullinuria is not a feature of classical
cystinuria. Hence, citrulline is not carried by the tubular
luminal uptake mechanism shared by the diamino acids
and cystine, the mechanism that is probably defective
in cystinuria (14). Thus, the association of hypercitrul-
linuria with hyperdiaminoaciduria cannot be explained
by competition between citrulline and the diamino
acids for luminal uptake. On the other hand, the ab-
sence of hypercystinuria in LPI argues against a defect
of at least the same luminal mechanism as in cystinuria.
In contrast, the renal observations in LPI are well ex-
plained by a defect in the basolateral efflux mechanism
of the diamino acids (Fig. 2). In basolateral transport,
cystine does not compete with the diamino acids
(15-17). Normal luminal uptake with a defective baso-
lateral exit would lead to increased cellular concentra-
tions of the diamino acids and to their increased leak-
age into the lumen. The kidneys have the ability to con-
vert citrulline into arginine (18); further conversion
into ornithine may be limited by low arginase activity
(19). The presence of citrullinuria in patients with LPI
suggests that this metabolic run-out of citrulline plays a
role in its tubular reabsorption. If some of the absorbed
citrulline is converted into ornithine and arginine, es-
pecially the latter, in the tubular cells, this will fur-
ther increase the already high concentrations of these
diamino acids. As a result, their luminal backflux will
increase. Furthermore, accumulation of the conversion
products of citrulline may inhibit its metabolic dis-
posal and lead to cellular accumulation of citrulline as
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FIGURE 2 Suggested mechanism of tubular reabsorption of
citrulline in man, and of pathophysiology of the massive ar-
gininuria and moderate citrullinuria and omithinuria in LPI.
Bold type and arrows indicate increased concentrations and
fluxes, thin type and dotted arrows decreased concentrations
and impaired fluxes. For details, see text.

well, and its luminal backflux. Such metabolic disposal
of reabsorbed citrulline is presumably significant even
at normal or slightly elevated tubular loads, because
the patients already had citrullinuria during the basal
collections. Its importance appears to increase greatly
with increasing tubular loads of citrulline, as judged
from the steep increase in the excretion of citrulliine,
ornithine, and arginine, especially the latter, with in-
creasing plasma concentrations of citrulline. On the
other hand, this renal conversion of citrulline probably
contributed to the rise in plasma arginine and orni-
thine levels in both controls and patients. Metabolic
disposal is known for reabsorbed proline in the mouse
kidney (20).

Citrulline has been suggested to share a tubular re-
absorption mechanism with the other neutral amino
acids (15, 21). Our present observations of unaltered
excretion of other neutral amino acids during hyper-
citrullinuria and similar lack of association in the even
more pronounced hypercitrullinuria of patients with
citrullinemia (22) do not support that suggestion.
The fact that arginine excretion was greatly increased

over omithine may be due to poor cellular conversion
of arginine to ornithine, but also to greater impairment
of arginine transport (2). The three diamino acids ly-
sine, arginine, and omithine, are mutually competitive
for reabsorption in the kidney tubuli both in vivo (2)
and in vitro (16). In the LPI kidney, the reabsorption of
lysine, arginine, and ornithine is reduced, in that de-
scending order (2). In our present experiments lysine
excretion remained unaffected by increases in the
amounts of arginine and ornithine excreted. This ap-
pears to exclude a major contribution by competitive
inhibition to the observed increase in argininuria and
ornithinuria. Thus our observations afford indirect
evidence that metabolic disposal plays a role in the re-
absorption of citrulline and that the metabolic error in
LPI is due to a defect in the mechanism for the baso-
lateral efflux ofthe diamino acids from the tubular cells.
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