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Although the morphologic and enzymatic acquisitions associated with enterocytic d#erentiation have been 
extensively investigated, little is known about the changes in amino acid transport during this process. The 
transport of proline was examined in the rat epithelial cell line IEC-17, which presents the characteristics of an 

undifferentiated crypt cell. Proline uptake involves both Na’Gndependent non-saturable d#usion and Na’- 
dependent components. The Na’-dependent transport of proline is sensitive to the pH and is inhibited by 
hydroxyproline, glycine, alanine, and MeAIB. Non-cr amino acids, such as p-alanine and y-aminobutyric acid, 
do not compete with proline, whereas leucine is a weak inhibitor. Therefore, proline transport appears to occur 
through the system A, whereas the intestinal specific systems (B and IMINO) are not involved in this process. 
These observations suggest that these two systems are either absent or expressed at a very low level in this 
undiflerentiated epithelial cell line. (J. Nutr. Biochem. 7:43 11136, 1996.) 
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Introduction 

The absorption of amino acids across the intestinal epithe- 
lium occurs mainly in the upper-third of the intestinal villi 
and involves epithelium-specific as well as ubiquitous trans- 
port systems. 1,2 The villus absorptive cells originate from 
the intestinal crypts and undergo differentiation during their 
migration to the villus tip. The differentiation of epithelial 
cells includes the acquisition of the brush-border and of the 
enterocyte-specific hydrolases and transporters, such as su- 
erase, lactase, and the Na’-glucose cotransporter SGLT- 1. 
The time course of these acquisitions is now well docu- 
mented.3+445 However, the appearance of the amino acid 
transport systems during the differentiation of the intestinal 
epithelial cells has received little attention. It is thus neces- 

Address reprint requests to Jean-Francois Huneau at INRA. Laboratoire de 
Nutrition Humaine et Physiologie Intestinale, Fact&& des Sciences Phar- 
maceutiques et Biologiques, 4, Ave de l’observatoire, 75270, Paris CE- 
DEX 06 
Received October 18, 1995; accepted May 8, 1996. 

sary to identify the transport systems present in the crypt 
cells. The rat intestinal epithelial cell line IEC-17 represents 
a convenient model to investigate the transport of amino 
acid in small intestine crypt cells. This rapidly proliferating 
cell line has been shown to express intestinal-specific anti- 
gens and to exhibit scarce microvilli but lacks the villus 
markers of differentiated enterocytes.6 Proline has been our 
focus because it has been found in rats to be absorbed across 
the intestinal brush-border membrane through both the 
IMINO and B transport systems,’ whereas in non-epithelial 
cells (such as fibroblasts) proline is absorbed mainly 
through the transport system A.’ The Na+-dependent trans- 
port system designated as B accepts almost all of the bipolar 
amino acids, including branched-chain amino acids and pro- 
line and is specific of the intestinal epithelium. 138*9 Another 
epithelium-specific Na+-dependent transport system desig- 
nated as IMINO has also been described for imino as well 
as non-o amino acids such as B-alanine.‘*i2 The absorption 
of bipolar amino acids also occurs through the ubiquitous 
Na’-dependent systems A and ASC as well as through the 
Na’-independent branched-chain preferring system L.‘.7 In 
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the present study, IEC-17 was used to investigate the 
mechanisms involved in the transport of proline and to in- 
vestigate the present of epithelial-specific transport systems 
in this undifferentiated crypt cell model. 

Methods and materials 

Materials 

L-2,3-3H-proline (2.22 TBq.mmol-‘) was obtained from The Ra- 
diochemical Centre (Amersham, Les Ulis, France). Cell culture 
reagents were purchased from Gibco (Cergy-Pontoise, France) and 
plastic dishes from Falcon (Strasbourg, France). All other reagents 
were obtained from Sigma (La Verpillbre, France). 

Cell culture 

The rat IEC-17 cell line was kindly provided by Dr. Kedinger 
(INSERM, Strasbourg, France). The cells were used between pas- 
sage 21 and 40. They were cultured at 37°C in humidified atmo- 
spher with 5% CO, and were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM) containing 4.5 g.L-’ glucose, 200 
kg.mI-’ Gentamycin, 4 p,g.mL-’ Insulin, and supplemented with 
5% heat decomplemented fetal calf serum (FCS). They were 
seeded at 2 x lo4 cells.cm-* and grown in 75 cm* flasks. They 
reached confluence in 4 to 5 days and were detached with 0.5% 
trypsin 0.2% EDTA (subculture). 

Transport assays 

Proline uptake was measured in confluent IEC-17 cells cultured in 
24-well plates (2.3 cm’/well). The culture medium was renewed 3 
hr before the beginning of the experiment. The cells were prein- 
cubated at 37°C for 15 min with 1 mL of Hepes-buffered Saline 
(10 mM Hepes-Tris, 137 mM NaCl, 5.4 mM KCl, 2.8 mM CaCl,, 
1 mM MgSO,, 0.3 mM NaH,PO,, and 0.3 mM KH,PO,) contain- 
ing 10 mM glucose and adjusted to pH 7.4 (buffer HSG). This 
buffer was then removed and the cells incubated at 25°C with 1 
mL of HSG containing unlabeled proline (at concentrations rang- 
ing from 0.1 to 20 mM) and L-2.3-3H-proline (3.7 KBq). The 
experiment was stopped by aspiration of the medium and the wells 
were rapidly rinsed twice with 1 mL of ice-cold buffer containing 
100 p,M unlabeled proline. The cells were harvested in 500 FL of 
0.1 N NaOH and the cell-associated radioactivity determined by 
liquid scintillation counting. In most experiments, proline uptake 
into IEC-17 monolayers was measured after 5 min. To investigate 
the sodium dependence, sodium chloride was replaced by choline 
chloride and NaH,PO, was omitted. In competition experiments, 
an inhibitor was added to the transport medium in a 4 to 100 fold 
excess. 

No attempt was made to balance the osmolarity of the transport 
buffer when using high concentration of proline or competitor 
because increasing the osmolarity of the transport medium from 
300 to 320 mosmol did not affect the accumulation of 100 FM 
proline (data not shown). The extracellular fluid that adhered to the 
cells during the washing procedure was determined using the non- 
absorbable marker “C-mannitol,13 and was used to estimate the 
zero time value for the accumulation of proline. The amount of 
extracellular proline that remained associated with the cells after 
washing was calculated from the amount of 14C-mannitol recov- 
ered after a 5-min incubation, and assessed to represent the zero 
time value for the determination of uptake rate.14 The extracellular 
space was found to be 2.35 pL.mg protein-‘. 

The protein contents of the well were determined by the Brad- 
ford method15 and results are expressed as pmol of proline trans- 
ported per mg of cell protein. 

Calculations 

Results were expressed as means + standard deviations and statis- 
tical comparisons were done using the Tukey’s studentized range 
test (GLM procedure, SAS 6.03, SAS Institute, Cary, NC, USA). 
Transport kinetic parameters were obtained by fitting data to Mi- 
chaelis-Menten equation or to a linear model (NLIN and REG 
procedures, SAS 6.03, SAS Institute, Cary, NC, USA). 

Results 

Time course of proline transport at 
different temperatures 

The time course of L-proline uptake in IEC-17 cells was 
studied at 25°C and at 4°C (Figure 1). For both tempera- 
tures, the amount of proline accumulated in the cells in- 
creased linearly for the first 10 min and reached a plateau 
afterwards. The slope of the accumulation curve was four 
times greater at 25°C than that at 4°C. 

Effects of sodium gradient and extracellularpH 

The uptake of proline in IEC-17 monolayers was signifi- 
cantly reduced when choline chloride was substituted for 
sodium chloride in the transport buffer (61 f 9 vs 278 f 57 
pmol.mg protein-‘.min -’ for Na+-free and Na+ buffer, re- 
spectively) (Table I). Lowering the pH of the transport 
buffer from 7.4 to 6.0 resulted in a 62% reduction of proline 
accumulation when transport was measured with Na+- 
containing buffer. However, there was no effect of the ex- 
tracellular pH on proline uptake when the transport was 
carried out in a Na+-free buffer. 

Concentration dependence of proline transport 

The accumulation of proline in IEC- 17 monolayers was also 
measured in Na+-containing and Na+-free buffer for con- 
centrations of proline ranging from 0.15 to 20 mM (Figure 
2). The uptake rate of this amino acid increased linearly 
with its extracellular concentration when the transport me- 
dium was devoid of Na+. The apparent permeability coef- 
ficient for proline was calculated from the slope of the curve 
according to the following equation’? P,, = dQ/(C.dt).l/ 
A, where dQ/(C.dt) is the transport rate of proline (ex- 
pressed as pmol. min-’ per culture well) divided by the 
concentration of proline in the transport buffer and A is the 
surface of the well. The apparent permeability coefficient 
for groline in the IEC-17 cell line was found to be 0.44 x 
lo- mmin-‘. In contrast to Na+-free conditions, a satura- 
tion was observed when the transport was carried out in a 
Na+-containing buffer. This saturation was more evident by 
considering the Na+-dependent transport, calculated as the 
difference between the transport measured in Na+- 
containing and Naf-free buffers. The Eadie-Hofstee plot of 
the Na+-dependent proline transport suggests the presence 
of one component with a Kt of 0.77 mM and a V,, of 8 
nmol.mg protein-‘.min-‘. 

Competition experiments 

The specificity of proline uptake was first investigated by 
adding another amino acid in a 100 fold excess to the Na+- 
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Figure 1 Time course of proline uptake (0.1 mM) into confluent IEC-17 cell monolayers. The experiment was carried out in a Na+-containing 
buffer at T = 25°C (0) or T = 4°C (m). Points are means + SD of n = 12 determinations. 

containing transport buffer (Table 2). Under these condi- 
tions, the accumulation of proline in IEC- 17 cells was 
highly reduced in the presence of excess aianine, methyl- 
amino-isobutyric acid (MeAIB), glycine and hydroxypro- 
line. It was also reduced although to a lesser extent, by 
leucine, whereas lysine, p-alanine, and GABA had almost 
no effect on proline transport. The competition between 
proline and alanine, MeAIB and leucine was further inves- 
tigated using Na+-free and Na+-containing transport buffers 
and a concentration of a competitor ranging from 400 pM to 
10 mM (4 to 100 fold excess) (Figure 3). In no case was the 
Na+-independent accumulation of proline reduced by the 

Table 1 Effect of extracellular pH and extracellular sodium on pro- 
line uptake in IEC-17 cells 

Transport 
(pmofmg protein-‘.min-‘) pH 7.4 PH 6 

Total 278 f 57 107+21 
Na+-independent 61 +Q 58+ 12 
Na+-dependent 217 + 57 49 t 21 

Proline uptake (0.1 mM) was measured after 10 min at pH 7.4 and 
pH 6. The total transport was measured in the presence of sodium 
and the Na+-independent transport was measured in the absence 
of sodium. The Na’-dependent transport is the total uptake minus 
the Na+-independent transport. Data represent means + SD of n = 
12 determinations. 

competitor. With Na+-containing buffer, similar patterns of 
inhibition were obtained with alanine and MeAIB with a 
60% reduction of the total transport, i.e. 71% reduction of 
the Na+-dependent transport with a 4 fold excess of the 
competitor. Conversely, the inhibition pattern observed with 
leucine was different. No reduction in proline transport was 
observed for 400 p,M and 2 mM leucine, whereas a 43% 
reduction in total transport, i.e. a 52% reduction in Na+- 
dependent transport, was achieved with a 100 fold excess of 
the competitor. 

Discussion 

Although the absorption mechanism of amino acids in in- 
testinal villus cells has been extensively investigated, the 
nature of the transport systems present in the undifferenti- 
ated crypt cells has received little attention. The present 
results strongly suggest that the saturable Na+-dependent 
component exhibits most of the characteristics of system A 
and do not support the involvement of the epithelial- 
specific, Na+-dependent systems B and IMINO. 

Proline uptake in IEC-17 epithelial cells appears to in- 
volve both Na+-dependent and Na+-independent compo- 
nents. The Na+-independent component of proline transport 
is not saturable in the range 0.15 mM to 20 mM. This 
observation, together with the absence of stimulation of the 
Na’-independent transport when the extracellular pH is de- 

J. Nutr. Biochem., 1996, vol. 7, August 433 



Research Communications 

26 

20 

15 

10 

5 

0 
0 5 10 15 20 

Proline (mY) 

B 

. I 

0 2 4 8 8 10 12 
-1 -1 

V/S (~1. mg protein . min ) 

Figure 2 The concentration dependence of proline transport. The 
uptake was measured after 10 min in the presence and absence of 
sodium. (A) Vversus S plots of total uptake of proline in the pres- 
ence of Na’ (0): the absence of Na+ (m): and, the Na+-dependent 
component (i.e. transport in the presence of Na+ minus that in the 
absence of Na’) (---). (B) Eadie-Hofstee representation of Na+- 
dependent transport (A). Points are means + SD of n = 6 determi- 
nations. 

creased from 7.0 to 6.0, rules out the possibility of a Na+- 
independent H+-proline cotransport similar to that reported 
by Thwaites et al. in the differentiated epithelial cell line 
Caco-2.17 Moreover, there was no inhibition of the Na+- 
independent transport of proline by MeAIB and alanine, 
whereas Thwaites et al. have suggested that the Hf- 
cotransport system present in the brush-border of Caco-2 
cells was shared by these three amino acids as well as by 
glycine and @alanine.‘* Taken together, our results indicate 
that the Na+-independent transport of proline occurs 
through passive transmembrane diffusion. 

Table 2 The effect of amino acid competitors on total transport of 
proline in IEC-17 monolayers 

Addition Total proline uptake (% of control) 

None 
Lysine 
GABA 
8-Alanine 
Leucine 
Alanine 
Glycine 
Hydroxyproline 
MeAlB 

100” 
93 + 3a 
88 + 6b 
78 + 4b 
58 * 10’ 
30 + 6d 
26 * 5d 
25 k 4d 
24 LIZ 6d 

The accumulation of 0.1 mM proline was measured after 10 min of 
incubation in the presence of a 100 fold excess of competitor. Re- 
sults are means 2 SD of n = 6 determinations and are expressed as 
the percentage of the transport measured in the absence of com- 
petitor, the value of the control was 258 + 41 pmol.mg pro- 
tein-‘.min’. Means with different letters are significantly different (P 
< 0.05) from each other. 

Contrary to the Na+-independent component, the Na+- 
dependent transport of proline in IEC-17 cells exhibits a 
clear saturation pattern in the range 0.15 mM to 20 mM. 
Kinetic analysis of this component indicates the presence of 
a single transport system with a K, of 0.77 mM and a V,,, 
of 8 nmol.mg protein-*.min-’ in confluent IEC-17 cells. 
This K, is slightly higher than that reported by Stevens and 
Wrighti for proline with rabbit brush-border membrane 
vesicles (0.25 mM) and contrasts with that reported by 
Nicklin et al. in Caco-2 cells for Na+-dependent transport of 
proline (5.28 mM).20 In this epithelial cell line, proline 
transport was reported to occur through the Naf-dependent 
system A,2o whereas the system IMINO was responsible for 
the trans ort measured with rabbit brush-border membrane 
vesicles. P9 An extensive characterization of the system 
IMINO has been done by Munck et a1.i0-12 In the rat, this 
system is Cl--dependent and is shared by proline, N- 
methylated amino acids and non-a amino acids such as 
B-alanine and y-aminobutyric acid. In IEC- 17 cells, proline 
uptake was significantly reduced by a 4 fold excess of 
MeAIB but was unaffected by a 100 fold excess of y-ami- 
nobutyric acid. Therefore, it appears that the transport of 
proline in the undifferentiated epithelial cell-line IEC- 17 
does not occur through the system IMINO. In the same way, 
the involvement of the system B is also not supported by our 
results because proline transport was efficiently inhibited by 
MeAIB, which is not a substrate for this transport system.2’ 
However, our results indicate that in the IEC-17 cell line, 
proline is transported through the system A. The widespread 
amino acid transport system is Na+-dependent and has been 
shown to be sensitive to the extracellular PH.*’ It is in- 
volved in the transport of most of the small bipolar amino 
acids including alanine, glycine, and proline and of N- 
methylated amino acid analogues such as MeAIB,‘,7 
whereas its role in the transport of branched-chain amino 
acids is only marginal. The former amino acids were found 
to be effective competitors for proline transport in our study, 
whereas the inhibition of proline uptake by leucine was 
limited and observed only when a large excess of leucine 
was added to the medium (x 100). 
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Figure 3 The inhibition of proline uptake by alanine (A), MeAlB (B), 
and leucine (C). The transport of proline (0.1 mM) was measured 
after 5 min in the presence (0) and absence of sodium (W), Com- 
petitor was added in a concentration of 0.4, 2 or 10 mM. Points are 
means + SD of n = 6 determinations. 

The presence of Na+-dependent system A in the IEC-17 
cell line is not surprising since other studies indicate that 
this system is also present in the differentiated intestinal cell 
line Caco-2 and isolated guinea-pig enterocytes.‘0.23 How- 

ever, the fact that Na+-dependent transport of proline occurs 
only through system A suggests that system B and IMINO 
are absent or expressed at a very low level in the IEC- 17 cell 
line. At the moment, there have been no cloned transporters 
responsible for neutral amino acid transport, and it is not 
possible to give a clear-cut response concerning the expres- 
sion of the different transport systems in this cell line. Our 
results are, however, consistent with the idea that ubiquitous 
amino acid transport systems are present in the undifferen- 
tiated crypt cells, whereas intestinal-specific systems appear 
during the differentiation of epithelial cells. 
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