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ABSTRAm. The amino acid L-citrulline is an important 
intermediate of urea cycle and a key precursor for arginine 
biosynthesis. We have examined the characteristics of 
citrulline transport across the everted sacs of the rat small 
intestine. Our studies suggest that the optimal site of 
citrulline absorption is middle to lower ileum. It shows 
active transport, and this transport is predominantly Na+ 
dependent. Its uptake is significantly inhibited by ouabain, 
dinitrophenol, sodium azide, and sodium cyanide. Kinetic 
estimation reveal an apparent substrate concentration at % 
maximum velocity of 4.10 = 0.86 mM and a V,., of 18.7 
f 1.66 pmol/g wet weight tissue/30 min. Analog inhibition 
studies suggest that citrulline may share the neutral brush 
border system described for the mucosal brush border 
membranes of the rabbit jejunum or a system analogous to 
system ASC described for nonepithelial cells and for baso- 
lateral membranes of certain epithelia. In conclusion, the 
rat small intestine has developed a specific carrier-me- 
diated, Na+-dependent pathway for citrulline absorption. 
(Pediatr Res 32: 472-478, 1992) 

Abbreviations 

LPI, lysine protein intolerance 
K,, substrate concentration at % maximum velocity 
NBB, neutral brush border 

The amino acid L-citrulline is an important intermediate of 
the ornithine cycle (I). It plays a major role as a precursor of 
arginine and urea. The uptake and metabolism of citrulline is of 
importance in the inborn disorders of the ornithine-cycle en- 
zymes, namely citrullinemia (2). Citrullinemia is caused by a 
defective argininosuccinate synthetase (EC 6.3.4.5), an enzyme 
that converts citrulline to argininosuccinic acid in the ornithine 
cycle. The most profound biochemical findings are hyperam- 
monemia and an elevated citrulline concentration in the blood, 
cerebrospinal fluid, and urine. Clinically, there are various symp- 
toms ranging from a serious derangement with convulsions, 
coma, and death to an apparently benign biochemical disorder 
with no clinical symptoms (2). Citrulline is excreted in abnormal 
amounts in the renal Fanconi syndrome and Hartnup disorder, 
both disturbances of amino acid transport (3,4). 

Rajantie el al. (5) reported that citrulline may play an impor- 
tant role in replenishing the diamino acids "lost" in patients with 
LPI. This autosomal recessive defect of diamino acid transport 
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is characterized by massive diaminoaciduria, especially lysinuria, 
with hyperammonemia after high protein intake. The defect is 
known to occur in kidney, liver, and intestinal cells (5). Oral 
loading of diamino acids in homozygote subjects showed a 
negligible increase in plasma concentrations of the loaded dia- 
mino acids. On the other hand, after citrulline load, plasma 
citrulline levels rose similarly in control and homozygotes, sug- 
gesting that citrulline absorption was normal in patients with 
LPI (5). Rajantie et al. (5) suggested the ornithinopenic hyper- 
ammonemia of LPI can probably be prevented by supplementing 
dietary protein with citrulline. 

The mechanisms of citrulline transport across intestinal and 
renal tubules, however, are not understood. Evered and Nunn 
(6) showed that citrulline passes across the everted colon sacs of 
the rat intestine down the concentration gradient. Lin et al. (7) 
suggested that citrulline could be transported by a "neutral amino 
acid transport system"; however, no data were given. We now 
provide a detailed report on the mechanisms of citrulline trans- 
port across the rat small intestine and discuss its physiologic 
significance. 

MATERIALS A N D  METHODS 

Animals. Male albino (Wistar) rats, 180-240 g body weight, 
were starved overnight but given water ad libitum. 

Intestinal preparation. The preparation was the modified 
method for the everted sac of small intestine (8). The technique 
involves the use of short lengths of intestine turned inside out, 
filled with fluid, and tied at both ends. The solutions bathing the 
intestinal surfaces were prepared by dissolving the respective 
amino acids in oxygenated Krebs-Ringer phosphate buffer (9). 
Everted sacs were prepared from several animals; at least three 
rats were killed for each experiment. The number of sacs used 
for each experiment varied according to the following require- 
ments: (1) Initially, to determine the optimal site for uptake of 
each amino acid, the whole of the small intestine was used, from 
the pyloric end to the point where the intestine joins the caecum 
(the ileo-caecal joint). In this case, about 10 to 12 sacs were 
prepared. (2) To study the absorption of single amino acids, 
about two to four sacs were prepared from the selected region of 
the small intestine. (3) Finally, to study the effect of inhibitors, 
six to eight sacs were prepared from the selected region of the 
small intestine. In this case, the test solution or the test solution 
containing the inhibitor was injected into alternate sacs along 
the length selected. The overall preparation was completed within 
10 to 15 min after the animal's death. Two sacs, each containing 
0.4 mL of either the test solution alone or test solution with the 
inhibitor, were placed in a 50-mL flask containing 15 mL of the 
incubation medium. Incubation time was reduced to 30 min to 
avoid histologic damage ( 10). For experiments in which transport 
against the concentration gradient was studied, the concentration 
of L-citrulline in the serosal fluid and the mucosal fluid was 
identical. In experiments in which transport down the concen- 
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tration gradient was studied, 0.4 mL of Krebs-Ringer phosphate 
buffer, pH 7.4, was substituted for the test solution within the 
sacs. After gassing for 2 to 3 rnin with 95% 024% COz, the 
flasks were sealed and shaken at 37'C for 30 rnin at 80 oscilla- 
tionslmin. In our experiments, 80 cycles/min was considered to 
be a reasonable rate that would reduce the effect of unstirred 
water layer and avoid morphologic damage to the brush border 
membranes. 

EfSect of Nu+ ions. To investigate the effect of Na+ ions on L- 
citrulline transport, K+ was substituted for Na+ in both the 
preincubation and incubation media. NaCl and Na2HP04 were 
replaced with equimolar amounts of KC1 and K2HP04. For these 
experiments, the intestine was rinsed with isotonic KC1 rather 
than isotonic NaCI. 

Amino acids. Unless otherwise stated, all amino acids were 
purchased from Sigma Chemical Co. (St. Louis, MO). The purity 
of the test compound was checked by one-dimensional thin-layer 
chromatography (1 I )  using a solvent system that gave reasonable 
separation of ornithine cycle intermediates. The solvent consisted 
of isopropyl alcohol-formic acid-water (75:12.5:12.5 vol/vol/ 
vol). L-Citrulline was detected by ninhydrin (0.2 g ninhydrin in 
95 mL ethanol and 5 mL collidine) followed by Ehrlich's reagent 
(2% wt/vol, pdimethylaminobenzaldehyde in 5% HCI vollvol). 
The purity of the amino acids including citrulline was addi- 
tionally checked with the automatic amino acid analyzer (Lo- 
carte Instrument co., London, UK). 

Analytical methods. Protein was removed by isoelectric precip 
itation (12). L-Citrulline was assayed by a colorimetric method 
that is specific for the determination of carbamoyl or ureido 
compounds (13). Absorbency measurements were made at 466 
nm using a Unicam (Hitachi, Japan) SP 1800 spectrophotometer. 

Calculations. The concentration ratio for everted sacs was 
defined as the fraction concentration of test compound in serosal 
fluid + concentration of test compound in mucosal fluid. The- 
oretically, a ratio greater than 1.0 indicates active transport 
against a concentration gradient. The rate of transference into 
the serosal fluid was calculated by subtracting the amount of test 
compound originally placed in the sac from that amount found 
analytically within the sac at the end of the incubation period. 
The final result was expressed as pmol absorbedlg wet wt/30 
min. 

Determination ofJluid or water transport. Because the amount 
of amino acid transport into the serosal fluid was expressed in 
relation to the wet weight of the sac determined at the end of the 
incubation period, it was necessary to investigate the effect of 
weight changes due to water of fluid uptake into sacs. The sacs 
with ligatured ends were carefully blotted (Whatman #54) and 
weighed before and after the incubation period on a torsion 
balance graduated up to 1000 mg (Grifin and George Ltd., 
London, UK). 

Statistical analysis. Statistical significance was obtained from 
t test. In each case, a probability value ofp < 0.05 was considered 
significant. 

RESULTS 

Site of optimal uptake. Figure 1 shows that the transmural 
transport of I mM L-citrulline is greatest at a distance between 
60 and 90 cm distal to the pyloric end (a similar pattern was 
observed with uptake at 10 mM L-citrulline). This region of the 
small intestine was used for later experiments with L-citrulline. 

Active transport. Active transport is known to occur when 
substances are transported against their concentration gradient. 
In this study, transport against the concentration gradient was 
investigated by determining the final serosal to mucosal ratio. 
Our results in Table 1 show that the lower the initial amino acid 
concentration the higher the concentration ratio attained at the 
end of the experimental period. Active transport against the 
concentration gradient was shown at 1 mM and slight transport 
at 5 mM, but none at 10 mM initial L-citrulline concentration. 

EfSect of substrate concentration of Nu+ substitution. Figure 2 
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Fig. 1. Transmural transport of I mM I.-citrulline across the different 
regions of the rat small intestine using everted sacs. The distance was 
measured in cm from the pyloric sphincter. Each point represents the 
mean transport .+ SEM of five experiments. A time course from 5 to 60 
rnin revealed linear uptake up to 50 min (data not shown). We subse- 
quently selected 30 min as a convenient time interval for all subsequent 
measurements for Figures 1-3 and Tables 1-4. 

Table 1. Absorption of L-citrulline against concentration 
gradient by sacs of everted small intestine of rat 

L-Citrulline concentration Final concentration ratio 

- 

* Mean values + SEM of the number of experiments in parentheses. 
determined at the end of an experimental period of 30 min. 

shows the downhill transport of L-citrulline with increasing sub- 
strate concentration at the mucosal site. The rate of uptake was 
linear up to 2 mM initial concentration and saturated soon after. 
Curve a shows net uptake over 30 min in Na+ buffer, and curve 
b demonstrates the Na+-dependent component of uptake after 
subtracting net uptake in curve a from Na+-independent plus 
nonsaturable uptake in curve c. These results suggest that citrul- 
line uptake in rat small intestine is predominantly Na+ depend- 
ent. The Na+-independent uptake in K+ buffer is nonsaturable, 
at least up to 10 mM. 

Determination of kinetic constants. Figure 3 shows a Line- 
weaver-Burk plot for the Na+-dependent uptake of L-citrulline 
before and after correction for the nonsaturable component (14). 
The value for the apparent Kt was 4.10 f 0.86 mM, and that for 
the apparent V,,, was 18.7 f 1.66 pmol transportedlg wet weight 
tissue130 min. 

Possible metabolic loss and percentage of recovery. Recovery 
experiments were performed to investigate any possible meta- 
bolic loss of citrulline during the 30-min incubation period. In 
this case, the total concentration of citrulline inside the sac 
(serosal fluid) and in the outside medium (mucosal fluid) was 
measured before and after 30 rnin of incubation. At 1 mM 
citrulline concentration, we obtained 96.6 f 0.44% recovery 
(n = 10). This value is the mean f SEM of the number of 
experiments in parentheses. The remaining 2 to 3% could be 
bound to the tissue or lost during tissue manipulation. This 
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Fig. 3. Lineweaver-Burk plot for the absorption of I.-citrulline across the rat small intestine. Line u (@). before correction for Na+-independent 

and nonsaturable uptake: line h. (H). after correction. Both lines are drawn through intercepts of K, and V,,, obtained from weighted least-square . . .. .. 
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20- the average (n = 10) 43.8 + 5.24 mg of water was transported 
into each sac. This is the mean & SEM of the number of 
experiments in parentheses. However, when the wet weight of 
the tissue was corrected for the amount of water transported, we 

.: 16- did not observe any significant ( p  < 0.10) difference in the 
0 
el uptake of 5 mM citrulline. Note that the uptake value for a given 
% 
z 

experimental sac was corrected for water accumulation by the 
m - -  same sac. The values were 8.14 + 0.53 (n = 8) and 9.35 f 1.54 

(n = 8) pmol transportedlg wet weight tissue130 min for uncor- .. rected and corrected uptake, respectively. The values are the 
mean + SEM for the number of determinations in parentheses. 

Effect of ouabain and metabolic inhibitors. Transport of L- 
citrulline against its concentration gradient and a decrease in the 
absence of Na' suggested that the transmural transport of citrul- 
line was Na' and energy dependent. We examined the effect of 
ouabain, a cardiac glycoside that affects the Na+-K+-dependent 
ATPase, in the following manner. It has been suggested that 

1 )  ouabain is effective only when it has access to the serosal side of 
the small intestine ( 15- 18). We therefore first examined mucosal 
inhibition. In this case, the inside of the sac was filled with 0.4 

2 4 6 8 ,'o mL of oxygenated Krebs buffer and the outside solution (mu- 
(15) (81 (8) (15) (5) ( 8 )  (151 cosal) consisted of 15 mL of 2 mM L-citrulline with 1 mM 

In i t ia l  L-citr~ll ine concentration ( m ~ )  ouabain. The results showed 27.5% inhibition with statistical 
significance of p < 0.025 (Table 2). Next, serosal inhibition was 

Fig. 2. Effect of concentration on the absorption of I.-citrulline across investigated. In this case, the inside of the sac (serosal) contained 
the rat small intestine. Curve a shows the uptake before correction for 0.4 mL of oxygenated Krebs buffer with 1 mM ouabain and the 
NA+-independent and nonsaturable uptake (clrrvr c). and clrrvcJ h shows outside (mucosal) solution contained 15 mL ofoxygenated buffer 
the uptake after correction. Values are means + SEM of the number of with 2 mL L-citrulline. Here we observed a greater inhibition of 
experiments in parentheses. up to 47% (Table 2). The difference was highly significant ( p  < 

0.005) when compared to mucosal inhibition ( p  < 0.025). We 
amount was not measured and was subsequently neglected in then examined the combined effect of mucosal and serosal 
our calculations. inhibition. In this case, ouabain was present on both sides of the 

At the end of the incubation period, both serosal and mucosal sac. The results show greater inhibition than that found with 
samples were analyzed for the possible presence of ornithine ouabain on a single site (52% inhibition with p < 0.005). 
cycle intermediates by thin-layer chromatography and with the It has been suggested that ouabain takes at least 15-20 min to 
amino acid analyzer (Locarte Instrument Co., London, UK). penetrate the serosal surface and exert its inhibitory effect on the 
Absence of any detectable intermediates suggest negligible met- Na'-K' ATPase located on the.basolatera1 surface of the epithe- 
abolic loss of citrulline. lium, a factor that may account for the differences in its inhibi- 

Water transport and its effect on intestinal absorption of L- tory effects. To investigate this possibility further, we examined 
citrulline. With the everted sac preparation, it was possible that the effect of preincubation with ouabain. In this case, a segment 
the uptake of water could significantly affect the rate of citrulline of the intestine was incubated in Krebs buffer containing 1 mM 
transport. The amount of water transported into each sac was ouabain for 30 min at room temperature. A control segment of 
determined by weighing the filled sacs with wet ligatures before the intestine was placed for the same period in Krebs buffer 
and after the experimental period. Our results showed that on without ouabain. Everted gut sacs were then prepared from each 
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Table 2. Effect of 1 mM ouabain on intestinal absorption of 2 
mM L-citrulline 

Type of Control with- Test with % Statistical 
inhibition out ouabain* ouabain* Inhibition sianificancet 

Mucosal 
Serosal 
Serosal + 

mucosal 

Serosal + 
mucosal 

Serosal + 
mucosal 

Control 
preincubation Test 

without preincubation 
ouabain with ouabain 

5.97 + 0.35 (6) 2.95 + 0.18 (6) 51 p c 0.005 

Test with 
ouabain, Test with 
without ouabain, with 

preincubation preincubation 

2.72 + 0.42 (4) 2.95 + 0.18 (6) NS 

Control 
without Control 
ouabain, without 
without ouabain, with 

preincubation preincubation 

5.71 f 0.69 14) 5.97 + 0.36 16) NS 
-- 

* Mean values + SEM of the number of experiments in parentheses. 
Units are pmol transported/g wet wt tissue/30 min. 

t Determined by r test. 

of these segments and the effect of 1 mM ouabain on citrulline 
transport was subsequently measured. Note that ouabain was 
present on both serosal and mucosal surfaces during the course 
of the uptake measurements. The results (Table 2) show that the 
percentage of inhibition by ouabain was similar to that without 
preincubation. Furthermore, no significant difference was ob- 
sewed between preincubation and no preincubation in control 
tissues (Table 2), suggesting negligible morphologic damage due 
to prolonged incubation at room temperature, at least with 
respect to "downhill" transport of 2 mM citrulline. 

Effect of metabolic inhibitors. Intestinal transport of citrulline 
was investigated in the presence of the electron-transport chain 
uncoupler dinitrophenol and the inhibitors of active transport, 
sodium cyanide and sodium azide. Inhibitors were present in 
both serosal and mucosal fluids. The results show that the 
transmural transport of citrulline was significantly inhibited 
(Table 3). These observations suggest that intestinal transport of 
citrulline is both Na' and energy dependent. 

Effect of amino acid analogues on intestinal transport of ci- 
trulline. Table 4 shows the effects of monoamino monocarbox- 
ylic acids (neutral), diamino monocarboxylic acids (basic), mon- 

oamino dicarboxylic acids (acidic), imino acids, and keto acids 
on citrulline transport. The results show that cysteine, leucine, 
and methionine caused maximal inhibition, followed by proline. 
P-Alanine, sarcosine, and 2-(methylamino)-isobutyric acid had 
no effect. The dibasic amino acid lysine had a moderate but 
statistically significant effect ( p  < 0.005). The acidic amino acid 
glutamate caused partial ( p  < 0.005) inhibition, but aspartate 
had no effect. Interestingly, the neutral derivatives of glutamate, 
glutamine, and glutamic acid-y methyl ester caused a significant 
( p  < 0.005) inhibition. L-Serine caused 53% inhibition, whereas 
its acidic derivative L-serine sulfate had no effect. Finally, the 
keto acid by-products of glutamate and aspartate metabolism, 
oxoloacetate and a-oxoglutarate, had no effect. Most of the 
inhibitors were tested at concentrations at least five times the 
substrate concentration of citrulline at 5 mM. Note that the 
concentration of L-citrulline chosen was one that would exhibit 
active transport (5 mM). 

DISCUSSION 

Although L-citrulline is an important intermediate of urea 
cycle products, namely a key precursor for arginine biosynthesis, 
the mechanisms by which it is absorbed via various cell types are 
not known. Such information would be useful under conditions 
where the availability of urea cycle intermediate become rate 
limiting due to genetic or other pathophysiologic manifestations. 
Our study discusses the mechanisms by which the small intestine 
handles L-citrulline availability. 

Optimal site of absorption. The maximal transport site for 
transmural transport of L-citrulline was middle to lower ileum 
in the rat intestine (between 60 and 90 cm from the pyloric end). 
In general, camer-mediated active transport of a given solute 
may vary with different regions of the intestine. In addition, 
different species may exhibit different rates of uptake. Factors 
include the density of camer sites and their specificity (or affinity) 
for the solute at a given locus in the intestine and the extent to 
which the solute may be metabolized in different regions of the 
intestine (1 9). Earlier studies showed that, in the human intestine, 
protein digestion products were well absorbed from the mid- 
small intestine (20). For free amino acids, Adibi (21), using 
intraluminal perfusion techniques, reported that methionine, 
leucine, and threonine were absorbed best from the jejunum. In 
the rat, experiments with free amino acids have shown that the 
proximal and mid-small intestine absorbs L-cystine, L-cysteine, 
and L-valine (22,23), whereas the lower jejunum to upper ileum 
was found to absorb L-leucine (24). Similar observations have 
been made with monoamino monocarboxylic acids in the ham- 
ster intestine ( 10). 

Evidence for active transport. Transport against the concentra- 
tion gradient was observed across the rat small intestine in vitro 
at low initial concentrations of 1 and 5 mM, but not at 10 mM. 
Several investigators have observed similar results with other 
amino acids (24-26). These observations suggest that in testing 
a compound for active transport it is advisable to start at low 
concentrations because they are likely to give large concentration 

Table 3. EJfect and metabolic inhibitors on transport of L-citrulline in rat small intesfine* 
L-Citrulline transport? 

(pmollg wet wt/30 min) 
L-Citrulline Statistical 

concentration Inhibitor Control Test % Inhibition significance* 

5 DNP (0.2 mM) 11.30 + 0.56 (4) 3.68 + 0.43 (4) 67 p c 0.005 
5 NaCN (2 mM) 7.80 + 1.01 (6) 3.29 + 0.41 (6) 60 p < 0.005 
5 NaN3 (2 mM) 8.00 + 0.95 (4) 2.65 + 0.15 (4) 67 p c 0.005 

* About six to eight sacs were prepared from each rat intestine. Inhibitor was present on both the serosal and the mucosal side of each sac. Control 
sacs containing no inhibitor alternated with sacs containing inhibitor. Two sacs each containing 0.4 mL of the test solution with or without inhibitor 
were placed in a 50-mL flask containing 15 mL of the incubation medium. DNP, dinitrophenol: NaCN. sodium cyanide: NaN2, sodium ozide. 

t Values are mean absorption + SEM of the number of experiments in parentheses. 
$ Determined by t test. A probability value o f p  < 0.005 is considered significant. 
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Table 4. Effect of other amino acids on transport of 5 mM L-citruline in rat small intestine* 
L-Citrulline transport+ 

(rmol/g wet wt/30 min) 
96 Statistical 

Inhibitor Control Test Inhibition significance# 

I.-Methionine 1 1.90 + 1.57 (7) 3.94 + 0.46 (7) 67 p c 0.005 
I.-Leucine 8.40 + 0.55 (7) 4.0 1 + 0.70 (7) 53 p c 0.005 
I.-Proline 9.42 + 0.5 1 (4) 5.77 + 0.68 (6) 39 p < 0.005 
I .-Seri ne 8.8 1 + 0.43 (8) 4.25 + 0.23 (8) 52 p c 0.005 
I .-Sarcosine 11.50 + 1.00 (6) 1 1.40 + 0.77 (5) NS 
fi-Alanine 10.70 + 1.09 (4) 9.67 + 1.53 (4) NS 
I.-Lysine 10.60 + 0.78 (6) 7.67 + 0.3 1 (6) 27 p c 0.005 
I.-Glutamate 8.8 1 + 0.45 (14) 7.07 + 0.63 (14) 19 p c 0.005 
I.-Aspartate 8.82 + 0.82 (4) 7.77 + 0.5 1 (4) 12 p c 0 . 1 5  (NS) 
I.-Serine sulphate (Na+) I I .60 + 0.68 (4) 13.60 + 0.12 (4) NS 
Glutamic acid A-methyl 8.14 + 1.34 (4) 3.10 + 0.25 (4) 74 p c 0.005 

ester 
I.-Glutamine 7.79 + 0.78 (8) 3.90 + 0.45 (8) 50 p < 0.005 
Oxaloacetic acid 10.80 + 0.75 (4) l l . IO+ 1.34(4) NS 
tu-0x0-glutarate I 1.60 + 2.46 (4) 1 1.40 ? 1.98 (4) NS 

* Each inhibiting amino acid was at 25 mM concentration. All other technical details as in Table 3. 
t Values are mean absorption + SEM of the number of experiments in parentheses. 
$ Determined by I test. A probability value of p < 0.05 was considered significant. 

gradients, whereas at high initial concentrations no gradient may 
be established. The importance of working at lower initial con- 
centrations becomes more apparent if the solute transport is Na+ 
dependent. Low solute levels will minimize the solute-induced 
distortion of electrochemical potential and thereby maximize the 
observed magnitude of solute gradients established (27). 

The cardiac glycoside ouabain, which inhibits Na+-K+-stim- 
ulated ATPase, inhibited L-citrulline transport significantly. In- 
terestingly, the presence of mM ouabain on the mucosal solution 
caused 28% inhibition of transmural transport of 2 mM citrul- 
line. However, the inhibition was much grater when ouabain 
was placed on the serosal side (47%). It is possible that the 
mucosal inhibition was due to some of the ouabain crossing the 
mucosal membranes, across the muscle layers, and then exerting 
its effect on the ouabain-sensitive Na+-K+ ATPase located at the 
serosal membrane. According to Stirling (28), this would appear 
to be unlikely, inasmuch as the permeability of 3H-ouabain across 
the rabbit mucosal membranes was very low. In contrast, Lau- 
terbach (29) showed that, in the rat, ouabain and other glycosides 
were able to cross the intestinal cells in vitro, the movement 
displaying the properties of saturable transport systems. In our 
studies, the inhibitory effect was greatest when 1 mM ouabain 
was present on both sides of the sac, suggesting the presence of a 
small amount of ouabain-sensitive Na+-K+ ATPase activity at 
the mucosal membranes. This would support the early observa- 
tions by Berg and Chapman (30), who showed the presence of 
Na+-K+ ATPase in the brush border membranes of the rat 
intestinal epithelium. 

Another interesting feature of our study suggests that the 
ouabain-sensitive Na+-K+ ATPase may not be the only driving 
force for the Na+-dependent transmural transport of citrulline. 
For instance, replacement of Na+ buffer with potassium buffer 
caused 92% inhibition of 2 mM citrulline transport, whereas the 
presence of ouabain on both sides of the everted sac (including 
preincubation) caused a maximum of 52% inhibition. These 
observations suggest that a considerable portion (at least 40%) 
of citrulline transport across the rat small intestine is Na' de- 
pendent, but not via the ouabain-sensitive Na+ pump. It is 
possible that prolonged incubation of the intestine in Na+-free 
buffer could cause irreversible damage to the Na+ pump mech- 
anisms (3 1). We investigated this possibility by preincubating the 
middle to lower region of the rat ileum for 30 min (in potassium 
buffer and then replacing it in normal sodium buffer. A segment 
of intestine (control) was preincubated in Krebs sodium buffer 
for similar periods. In contrast to the results of Robinson (31), 

our results showed a remarkable recovery (88%) by the rat small 
intestine, as measured with the transmural transport of 2 mM 
citrulline. Similar observations were made for alanine transport 
(32). 

Sodium-dependent amino acid transport has been demon- 
strated across everted gut preparations for tyrosine and valine in 
the rat (33), for tryptophan, lysine, and methionine in the ham- 
ster (34, 35), and for glycine, lysine, methionine, and alanine in 
the rabbit (36,37). Recent studies with vesicle preparations from 
brush border and basolateral membranes from small intestine 
have demonstrated the specific presence of Na+-dependent and 
Na+-independent amino acid transport systems (38), most of 
which are analogous to the transport systems characterized for 
nonepithelial cells by Christensen and coworkers (39-41). The 
specifics of these systems as they relate to citrulline transport are 
discussed later. 

The absorption of citrulline across the rat small intestine was 
inhibited significantly in the presence of the electron transport 
chain uncoupler 2,4 dinitrophenol and inhibitors of the respira- 
tory chain, sodium azide and sodium cyanide. Inhibitors were 
placed on both mucosal and serosal solutions. All three inhibitors 
showed consistent degrees of inhibition (Table I). These obser- 
vations confirm active transport of citrulline across the rat small 
intestine. 

The apparent K, value for the Na+-dependent citrulline trans- 
port across the everted rat small intestine was 4.10 ? 0.86 mM. 
Note, this parameter may be subject to change, depending on 
the degree of unstirred water layer around the brush border 
membranes (42). In our opinion, however, shaking the flasks 
containing everted sacs at 80 cycles/min would reduce the un- 
stirred water layer effect without excessive morphologic damage 
to the brush border membranes of the epithelium (43). Similar 
magnitudes have, however, been observed for the Kt values of 
leucine, valine, methionine, and tyrosine in the everted small 
intestine of the rat (24), leucine in the rabbit ileum (44), and 
leucine and valine in the everted small intestine of the hamster 
(25), and phenylalanine transport across the brush border mem- 
branes of the rabbit jejunum (38). 

Inhibition studies with other amino acids suggest that, from 
the various transport groups considered, L-citrulline appears to 
have the greatest affinity for the neutral amino acid pathway. 
Among the neutral amino acids, the order of inhibition of 
citrulline absorption was as follows: cysteine > glutamic acid-y- 
methyl ester > methionine > leucine > serine > proline. @- 
Alanine, sarcosine, and 2-(methylamino)-isobutyric acid had no 
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effect. Inhibition by the basic amino acid lysine was less than 
that by the neutral amino acids; however, the difference was 
significant ( p  < 0.005). Of the acidic amino acids, glutamate 
caused a small but significant inhibition ( p  < 0.025). We spec- 
ulate that the inhibition by lysine and glutamate may be non- 
competitive. 

Since the studies of Christensen and colleagues (39-41), a 
number of amino acid transport systems have been described in 
nonpolarized cells and a few polarized epithelial cells. These 
include for the zwitterionic amino acids the Na+-dependent 
systems A, ASC, N, and Gly (39-41), and the Na+-independent 
systems L l ,  L2, T, BO+, and asc (45-49). Many of these transport 
systems have been identified in epithelial cells of the kidney (50- 
53) and intestine (54, 55). Stevens el a/. (38), have described 
additional systems for the brush border membranes of the rabbit 
jejunum, specifically, an Na+-dependent NBB system that han- 
dles most neutral amino acids, except MeAIB, a model substrate 
for system A (39,40). NBB is thought not to be ASC, because it 
does not serve glycine and phenylalanine (38). There is also a 
PHE (phenylalanine preferring) system that handles primarily 
phenylalanine and methionine (38). Karasov et al. (56) have 
reported at least six major classes of amino acid transport systems 
in everted gut sleeve and sac preparations from the mouse 
intestine. These include the following: I)  an Na+-dependent 
pathway for neutral amino acids; 2) an Na+-dependent pathway 
for basic amino acids, shared to various degrees by neutral amino 
acids; 3) an Na+-dependent pathway for the imino acid proline; 
4) an Na+dependent pathway for acidic amino acids; 5) an Na+- 
independent pathway for neutral and basic amino acids, with 
low affinity for imino acids or acidic amino acids; and 6) an 
Na+-independent pathway for acidic amino acids. Leucine and 
methionine share a "public" transporter for neutral amino acids 
in mouse intestine (56). This system is perhaps the same or 
similar to the NBB system described for the brush border mem- 
branes of the rabbit jejunum (38). 

Our results suggest that L-citrulline transport in the rat occurs 
predominantly by the NBB system described for the rabbit 
jejunum or the "public" leucine and methionine preferring sys- 
tem in the mouse intestine. Another property that L-citrulline 
shares with methionine and leucine is that it is rapidly trans- 
ported at low concentrations but has a low maximal transport 
velocity and is slowly transported at high concentrations. Cys- 
teine, a suitable substrate for system ASC in the rat hepatocyte 
(57) and the Ehrlich ascites cells (58), caused a dramatic inhibi- 
tion of citrulline transport in rat intestine (Table 3). Although 
vesicle studies with the rabbit jejunum suggest the presence of 
system ASC at the basolateral membranes (38), its precise loca- 
tion in the rat intestinal epithelium has not been determined. It 
is therefore likely that, if ASC does exist at the brush border 
membranes of the rat intestine, citrulline could selectively use 
this pathway. Hayashi and Kawasaki (59) have suggested the 
presence of both systems A and ASC in brush border membranes 
from guinea pig intestine. 

Lack of inhibition by lysine confirms that citrulline migration 
across the intestinal mucosa is independent of the dibasic carrier 
y+ specific for the uptake of lysine, arginine, and ornithine, and 
it is this transport system that is defective at the basolateral 
membranes of renal and intestinal membranes in patients with 
LPI. Another subject that requires some discussion is the source 
and fate of circulating citrulline. Windmueller and Spaeth (60) 
made an important study that demonstrated that the rat liver 
does not contribute significantly to the levels of citrulline in the 
circulation. Their data suggest that the intestine remains the 
primary tissue so far identified that normally releases significant 
amounts of citrulline into the blood and that the intestinal-renal 
pathway accounts for a large but still unmeasured portion of 
citrulline turnover in the circulation. Furthermore, Milner and 
Visek (61) showed that increased needs for growth can be met 
by feeding arginine and citrulline, but not ornithine. Hence, the 

availability of citrulline is rate-limiting, and therefore the intes- 
tinal route remains critical. 
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