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Due to genetic defects in apical membrane chloride channels, the cystic fibrosis (CF) intestine does not secrete chloride
normally. Depressed chloride secretion leaves CF intestinal absorptive processes unopposed, which results in net fluid
hyperabsorption, dehydration of intestinal contents, and a propensity to inspissated intestinal obstruction. This theory is
based primarily on in vitro studies of jejunal mucosa. To determine if CF patients actually hyperabsorb fluid in vivo, we
measured electrolyte and water absorption during steady-state perfusion of the jejunum. As expected, chloride secretion
was abnormally low in CF, but surprisingly, there was no net hyperabsorption of sodium or water during perfusion of a
balanced electrolyte solution. This suggested that fluid absorption processes are reduced in CF jejunum, and further
studies revealed that this was due to a marked depression of passive chloride absorption. Although Na+-glucose
cotransport was normal in the CF jejunum, absence of passive chloride absorption completely blocked glucose-stimulated
net sodium absorption and reduced glucose-stimulated water absorption 66%. This chloride absorptive abnormality acts
in physiological opposition to the classic chloride secretory defect in the CF intestine. By increasing the fluidity of
intraluminal contents, absence of passive chloride absorption may reduce the incidence and severity of intestinal disease
in patients with CF.
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Introduction
Cystic fibrosis (CF) is caused by mutations in the CF
transmembrane conductance regulator (CFTR) gene.
CFTR functions as a chloride channel in apical or
basal membranes of epithelial cells, and, in addition,
it regulates the activity of other ion channels and ion
transport carriers (1, 2). The clinical manifestations of
CF are believed to be due primarily to defects in epithe-
lial cell ion transport in organs such as the lung, pan-
creas, and intestine (3).

CF intestinal disease is believed to result from hyper-
absorption of water from the intestinal lumen. It is well
established that the CF intestine does not secrete chlo-
ride normally, and some (4–7), but not other (8–11),
investigators have reported increased absorption of
sodium and/or glucose by CF intestine. Since intestin-
al water movement is determined by net movement of

solute, either decreased chloride secretion or increased
sodium or glucose absorption would result in hyper-
absorption of water. This, in turn, may produce dehy-
dration and inspissation of intestinal contents, mani-
fested clinically as meconium ileus in newborns or
distal intestinal obstruction syndrome (meconium
ileus equivalent) in children and adults. Most experi-
mental data supporting the fluid hyperabsorption the-
ory have been obtained in vitro under short-circuit
conditions with jejunum of humans or mice (5–9,
11–13). This technique, however, eliminates passive ion
movement in response to electrochemical gradients,
which is required for net ion transport under in vivo
conditions, and it does not allow measurement of net
water absorption. It is not known, therefore, if the ion
transport abnormalities identified in CF jejunum by in
vitro studies would actually result in net hyperabsorp-
tion of electrolytes and water in vivo. Although two in
vivo studies in humans confirmed reduced active chlo-
ride secretion by CF jejunum, both employed test solu-
tions that purposely prevented normal absorptive
processes in order to measure the magnitude of active
chloride secretion (14, 15).

To further evaluate the hyperabsorption hypothesis,
we measured jejunal electrolyte and water absorption
in 12 adult CF patients in vivo. Although defective
chloride secretion was confirmed, CF patients did not
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hyperabsorb electrolytes or water during perfusion of
a physiological electrolyte solution. This indicated that
fluid absorptive processes by CF jejunum were inhibit-
ed by some unknown mechanism. Further studies
revealed that this inhibition is due to absence of passive
chloride absorption. This abnormality in CF jejunum
virtually eliminates glucose-stimulated sodium absorp-
tion, and by retarding jejunal water absorption it acts
in physiological opposition to the classic CF chloride
secretory defect.

Methods
The Institutional Review Board for Human Protection
at Baylor University Medical Center approved this
research. Informed consent was obtained, and the sub-
jects were paid a fee for their participation. Normal
subjects and patients with CF were studied contempo-
raneously. Blood leukocytes or buccal cells from CF
patients were assayed for 87 CFTR mutations (Gen-
zyme Genetics, Framingham, Massachusetts, USA).
Each patient had the approval of his or her primary
care pulmonologist before engaging in these experi-
ments. Normal volunteers were seminary students and
their spouses and employees of Baylor Hospital.

Steady-state perfusion technique. Absorption and secretion
were measured by intubation of the jejunum with a
triple-lumen tube and constant perfusion of the jejunal
lumen with isotonic test solutions. The test solutions
contained a nonabsorbable volume marker, polyethyl-
ene glycol (PEG; MW 3350). Solutions were infused at a
rate of 10 ml/min through the infusion aperture of the
tube, the position of which was verified by fluoroscopy
to be located at the ligament of Treitz. After steady-state
conditions were obtained, samples of jejunal perfusate
were collected at a constant rate (1.5 ml/min) for 1 hour
from apertures in the tube located 10 and 40 cm distal
to the infusion aperture. Using previously reported ana-
lytical methods and standard nonabsorbable marker

equations, solute and water absorption rates by the 
30-cm segment of proximal jejunum (located between
the two sampling sites) were measured (16, 17).

Potential difference. Potential difference (PD) was con-
tinuously recorded between a flowing intraluminal elec-
trode and a subcutaneous reference electrode (18). The
reference electrode consisted of saline in a Kendall
Medicut IV Cannula (Tyco Healthcare UK Ltd., Bally-
money, United Kingdom) inserted into the subcuta-
neous tissue of the dorsal aspect of the forearm. This
subcutaneous reference and the flowing luminal
catheter were connected by 3 M KCl agar bridges and
calomel half-cells to the input terminals of a battery-
powered electrometer (model 610C; Keithley Instru-
ments Inc., Cleveland, Ohio, USA), and the output was
displayed on a chart recorder (Model BD 111/112; Kipp
& Zonen BV, Delft, The Netherlands).

Perfused test solutions. Five separate experiments involv-
ing infusion of different test solutions were performed.
All solutions contained PEG, 2 g/l, and were isotonic to
plasma. The solute composition of test solutions is
expressed as millimoles per liter. The balanced electrolyte
solution contained Na+ 140, Cl– 92, HCO3

– 45, K+ 4,
SO4

2– 3.5, and mannitol 23.5. To measure gradient-gen-
erated passive chloride absorption, five different solu-
tions were infused, each containing Na+ 140 and K+ 4; Cl–

ranged from 104 to 140, with a reciprocal decrease in
SO4

2– and mannitol concentrations sufficient to main-
tain anion/cation balance and isotonicity. The glucose-
NaCl solution contained glucose 70, Na+ 110, Cl– 115,
and K+ 5. The two solutions used to measure diffusion
potential contained Cl– 4, K+ 4, mannitol 280; and Na+

145, Cl– 4, K+ 4, SO4
2– 72.5, and mannitol 100. The solu-

tion to measure the L-xylose/urea diffusion ratio was Na+

90, Cl– 90, mannitol 45, urea 39, and L-xylose 18.
Statistics. Statistical significance of differences was

assessed by a t test. P values less than 0.05 were consid-
ered statistically significant.
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Table 1
Demographics and CFTR mutation analysis

Patient Sex, age CFTR mutation analysis Meconium BMIA FVC FEV1 Work/school Number of Experiments
ileus (% pred) (% pred) statusB hospital admissionsC conductedD

1 F, 33 ∆F508/1898 + 1G-A No 23 112 106 1 1 b, c, d, e
2 M, 28 ∆F508/∆F508 Yes 18 35 23 2 2 b, c, d, e
3 F, 21 W1282X/W1282X Yes 22 77 76 1 1 a, b, d
4 M, 26 G551D/G542X No 23 68 65 1 1 b
5 M, 20 ∆F508/∆F508 Yes 19 106 99 1 1 b
6 M, 24 ∆F508/∆F508 Yes 18 69 58 1 1 b
7 M, 34 ∆F508/∆F508 No 22 64 45 1 0 a, b, d
8 F, 20 ∆F508/∆F508 No 21 81 91 1 2 a, c, d, e
9 M, 28 ∆F508/∆F508 No 18 83 67 1 1 a, d
10 F, 38 ∆F508/∆F508 No 22 58 39 3 4E a
11 M, 28 ∆F508/∆F508 Yes 18 55 44 1 1 c, e
12 M, 27 NegativeF/∆F508 No 22 48 44 2 2 c, e

AHealthy adult body mass index: 18.5–24.9 kg/m2. BWork/school status: 1, full time; 2, part time; 3, not working or in school (patient 10 is a full-time homemak-
er). CNumber of hospital admissions during the calendar year in which the experiments were performed. DThe solutions used are identified by the assigned letters
as follows: a, balanced electrolyte solution; b, chloride gradient studies; c, glucose-NaCl solution; d, diffusion potentials; and e, L-xylose/urea diffusion ratio. ESix
months after our studies, patient 10 rapidly deteriorated and received a lung transplant, which is functioning well. FNegative indicates that alleles test negative for
the 87 most common CFTR mutations. FVC, forced vital capacity; pred, predicted; FEV1, forced expiratory volume in 1 second.
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Results
Patient demographics. Eleven of the 12 CF patients have
defined mutations on both CFTR alleles (Table 1). All
patients have chronic sinopulmonary infections and
steatorrhea due to pancreatic insufficiency. Five of the
patients had meconium ileus as newborns. Patients 4
and 6 had single episodes of possible distal intestinal
obstruction syndrome, although x-ray studies failed to
reveal an obstruction. No differences were detected
between the eight patients who are homozygous for
∆F508 mutations and the four patients with other
mutations, or between patients with and without a his-
tory of meconium ileus. The functional status of the
patients is provided in the table. Performance of these
experiments was not associated with any deleterious
effects on patient health.

CF patients do not hyperabsorb electrolytes and water dur-
ing perfusion of a balanced electrolyte solution in vivo. The
generally accepted mechanisms for jejunal absorption
of a balanced electrolyte solution (19, 20) are summa-
rized in the top left diagram of Figure 1. Na+ is
absorbed across the apical membrane in exchange for
H+. The secreted H+ ions react with and dissipate lumi-
nal HCO3

–. Na+ is pumped out of the cell across the
basolateral membrane, accompanied by HCO3

– derived
from intracellular H2CO3. This absorptive mechanism
does not generate an electrical PD favoring passive chlo-
ride absorption. However, water absorption resulting
from absorption of NaHCO3 causes the concentration

of luminal chloride to rise, ultimately to 140 mEq/l
when luminal bicarbonate is fully dissipated. In normal
subjects, this chloride-concentration gradient results in
passive Cl– absorption via the tight-junction paracellu-
lar pathway; this is followed by additional Na+ absorp-
tion to maintain electrical balance, and this passive
NaCl absorption promotes further water absorption. In
opposition to these absorptive mechanisms, the
jejunum simultaneously secretes chloride via apical
membrane CFTR channels (19, 20). Net water move-
ment depends upon the relative rates of electrolyte
absorption versus electrolyte secretion. Since chloride
secretion is reduced in CF jejunum (15), increased net
absorption would be expected.

During perfusion of a balanced electrolyte solution,
net absorption of sodium and water was at a low-nor-
mal level in CF patients (Figure 2), rather than high, as
predicted. Lower than expected absorption by CF
jejunum cannot be attributed to reduced Na+/H+

exchange because bicarbonate absorption was perfect-
ly normal, and bicarbonate absorption is a direct meas-
ure of jejunal Na+/H+ exchange (21). CF patients have
reduced active chloride secretion (15); therefore, if they
absorb chloride normally, net chloride absorption rate
should be supranormal. Net chloride absorption was
not increased, however, suggesting that chloride
absorption is depressed in CF jejunum.

Absence of chloride absorption in response to chloride-con-
centration gradients. The jejunum was perfused with test
solutions designed to provide a progressive increase in
the chloride-concentration gradient between lumen
and plasma. The absence of bicarbonate from these
solutions removes a luminal buffer for secreted hydro-
gen ions, inhibiting Na+/H+ exchange (16, 22). Fur-
thermore, normal human jejunum does not actively
absorb chloride (17, 22–24). Under these conditions,
therefore, net chloride transport represents the balance
between gradient-generated passive chloride absorp-
tion and CFTR-mediated active chloride secretion.

In normal subjects, the regression line indicated a
chloride secretion rate of 7 mEq/h/30 cm in the absence
of a chloride-concentration gradient (i.e., when luminal
chloride concentration was 104 mEq/l) (Figure 3). As
luminal chloride concentration was raised above the
concentration of chloride in plasma, passive chloride
absorption offset CFTR-mediated chloride secretion.
When luminal chloride concentration exceeded 125
mEq/l, net chloride absorption was observed.

In CF patients, the regression line indicated that chlo-
ride secretion, in the absence of a chloride-concentra-
tion gradient between plasma and lumen, was lower
than normal. This is consistent with reduced CFTR-
mediated chloride secretion (15). CF patients, however,
continued to secrete chloride even with luminal chlo-
ride concentrations as high as 135–140 mEq/l (Figure
3). Therefore, passive gradient-generated chloride
absorption by CF jejunum was absent.

Absence of net NaCl absorption by CF jejunum in response to
Na+-glucose cotransport. As summarized in the bottom left

Figure 1 
Conventional models of normal electrolyte absorption by the human
jejunum and a possible explanation for chloride malabsorption in cys-
tic fibrosis. The illustrations represent epithelial cells and the adjacent
tight-junction paracellular pathways. The apical membrane is on the
left and the basolateral membrane is on the right side of each cell. A
Na+, K+-ATPase on the basolateral membrane pumps Na+ out of the
cell, into the subepithelial space. For convenience, water absorption
is depicted as occurring exclusively through paracellular spaces,
although it may also occur through the cell. Since these are models of
electrolyte absorption, the transporters and channels that mediate
active chloride secretion are not depicted. Detailed explanations of
the models for normal absorption and a proposed explanation for
passive chloride malabsorption in cystic fibrosis are provided within
the Results and Discussion sections, respectively.



diagram of Figure 1, Na+-glucose cotransport causes Na+

to move across the apical membrane, from jejunal lumen
into the cell, and a basolateral ATPase pump moves Na+

out of the cell into the subepithelial space. Since Na+ is
not accompanied across the basolateral membrane with
an anion, this process generates an electrical potential dif-
ference between lumen and subepithelial space. In
response to this potential, normal subjects absorb Cl–

passively via the tight-junction paracellular pathway,
allowing net absorption of NaCl. We hypothesized that
CF jejunum would not absorb chloride in response to the
electrical gradient generated by the Na+-glucose cotrans-
port. To test this hypothesis, we perfused the jejunum
with a glucose-NaCl solution. Glucose was absorbed at
the same rate in normal subjects and CF patients, and PD
was lumen negative in both groups (Figure 4), indicating
normal electrogenic Na+-glucose cotransport by CF
jejunum. In normal jejunum, Na+-glucose cotransport
was associated with high rates of net sodium, chloride,
and water absorption. In contrast, Na+-glucose cotrans-
port in CF patients was associated with essentially zero
net sodium and chloride absorption, and water absorp-
tion was only one-third as great as in normal subjects.

Diffusion potentials show reduced permeability of CF jejunum
to chloride. Perfusion solutions that create ion concentra-
tion gradients across the mucosa generate PDs that
reflect the relative permeability of an epithelium to dif-
ferent ions (25–27). Perfusing the jejunum with isoton-
ic mannitol creates concentration gradients favoring
passive diffusion of sodium and chloride from plasma
to lumen (140 mEq/l gradient for sodium and 100
mEq/l gradient for chloride). Since the gradients were
not equal, PD cannot precisely determine the relative
permeability of sodium and chloride in either normal or
CF subjects. Differences in PD between normal and CF
subjects, however, reflect differences in the ratio of chlo-
ride-to-sodium permeability. PD was more lumen-side

positive in CF patients than in normal subjects, indicat-
ing a lower Cl–/Na+ permeability ratio in CF (Figure 5).

Perfusing the jejunum with isotonic sodium sulfate
establishes gradients for sulfate diffusion from lumen
to plasma (gradient 145 mEq/l) and chloride diffusion
from plasma to lumen (gradient 100 mEq/l). PD was
more lumen positive in CF patients than in normal
subjects, indicating that the Cl–/SO4

2– permeability
ratio is lower in CF than in normal subjects.

The ratio of L-xylose and urea diffusion coefficients is normal
in CF jejunum. L-xylose has a molecular radius of 3.4 Å,
and urea has a molecular radius of 2.4 Å. These
uncharged water-soluble solutes are absorbed passive-
ly by the jejunum, presumably via tight junctions (28,
29). The ratio of their diffusion coefficients is a reflec-
tion of the size of the aqueous diffusion channels
through which the solutes are absorbed (29, 30). A ratio
approaching 1.0 would indicate little discrimination
between the two solutes by the diffusion channels,
meaning that the size of the channels is large in rela-
tion to the size of the solutes. A ratio approaching zero
would indicate a high degree of discrimination and rel-
atively small diffusion channels. Methods for calculat-
ing the diffusion ratio of these solutes have been pub-
lished previously (29). We found that the L-xylose/urea
diffusion coefficient ratio was 0.30 ± 0.03 in normal
subjects and 0.35 ± 0.03 in CF patients (P = 0.299).
These results indicate that the size of the aqueous
channels, through which small uncharged solutes dif-
fuse, is similar in normal and CF jejunum.

Discussion
The human jejunum does not exhibit any evidence of
active chloride absorption (17, 22–24), but it readily

The Journal of Clinical Investigation | July 2003 | Volume 112 | Number 1 121

Figure 2
Net absorption and secretion during perfusion of a balanced elec-
trolyte solution. Values are mean ± SEM. Minus signs denote net
absorption (disappearance from the lumen), and plus signs denote net
secretion (gain to the lumen). Black bars denote normal control sub-
jects, n = 5, and white bars denote CF patients, n = 5. There was no sta-
tistically significant difference between controls and CF patients.

Figure 3 
Net chloride absorption in response to chloride-concentration gradi-
ents. Results in normal subjects are shown on the left, and results in
CF patients are shown on the right. Minus signs denote net absorp-
tion (disappearance from the lumen), and plus signs denote net secre-
tion (gain to the lumen). Linear regression for results in normal con-
trols, r = 0.73, P < 0.001. Linear regression for results in CF patients,
r = 0.16, P = 0.52. The difference in the linear regression lines was sta-
tistically significant (P < 0.001). In data not shown in the figure, PD
was lower in CF patients than in normal subjects (–0.1 ± 0.04 mV ver-
sus –1.8 ± 0.2 mV, respectively; P = 0.02), in accord with reduced elec-
trogenic chloride secretion by CF jejunum, and PD was similar at all
studied levels of luminal chloride concentrations in both groups. Net
sodium transport was virtually identical to net chloride transport.
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absorbs chloride passively in vivo in response to elec-
trochemical gradients (17, 22). The jejunal capacity for
passive chloride absorption in vivo is at least 16
mEq/h/30 cm (see Figure 4). This matches or exceeds
the rate of jejunal chloride secretion in response to a
prostaglandin E1 agonist (16.4 mEq/h/30 cm), cholera
toxin (14.6 mEq/h/30 cm), or infection with Vibrio
cholerae (10 mEq/h/30 cm) (15, 31, 32). The present
research has revealed a striking chloride malabsorption
by the jejunum of adult patients with CF. We will dis-
cuss three possible explanations for this finding.

Defects in an undiscovered Cl–/HCO3
– exchanger. If the

human jejunum contained a Cl–/HCO3
– exchanger,

such as that in the human ileum (19, 20, 33), a defect in
this exchange could explain chloride malabsorption
under some conditions (34). Cl–/HCO3

– exchange in
the jejunum would be electrically neutral, however, and
this would not provide net transmucosal absorption of
anions to balance sodium ions absorbed in response to
electrogenic Na+-glucose cotransport. Therefore, even
if the normal jejunum contained a previously unde-
tected Cl–/HCO3

– exchanger, a defect in this exchange
could not explain absent NaCl absorption in CF
patients during perfusion of a glucose-NaCl solution.
In addition, deletion of a hypothetical Cl–/HCO3

–

exchanger could not explain abnormalities in diffusion
potentials that were observed in CF patients. These dif-
fusion potential abnormalities are, however, consistent
with reduced passive chloride movement through
either CFTR channels or through the paracellular
tight-junction pathway.

Reduced passive chloride absorption through CFTR channels.
Electrochemical gradients across the apical membranes
of epithelial cells determine the direction of chloride
movement through CFTR channels (19, 20). In the
intestine, these gradients are generally oriented in a
secretory direction, so that chloride moves out of intes-

tinal cells into the intestinal lumen. The majority of
CFTR-containing cells in intestinal mucosa are located
in crypts, and these cells are believed to be the main
source of chloride secretion in patients with secretory
diarrhea. Most epithelial cells of human jejunal villi also
express CFTR, albeit in amounts much less than are
present in crypts (35). In addition, a small subpopula-
tion (less than 3%) of jejunal villous cells express CFTR
in large amounts (35, 36). If the electrochemical gradi-
ent across the apical membranes of CFTR-containing
villous cells favored chloride absorption, these CFTR
channels could mediate normal passive chloride absorp-
tion. Apical membrane CFTR channels in the eccrine
sweat gland have an analogous bidirectional role, medi-
ating chloride secretion in the secretory tubule and
chloride absorption in the absorptive duct (37). If vil-
lous CFTR-containing cells did mediate passive absorp-
tion of chloride in normal subjects, then abnormal
CFTR chloride channels in villous cells could explain
reduced passive chloride absorption in patients with CF.
This model is attractive because a single defective molec-
ular mechanism could then account for both reduced
chloride secretion and reduced chloride absorption.

Three aspects of this hypothesis are problematic,
however. First, CFTR channels mediating chloride
secretion are usually closed or nearly closed in the
basal state. If villous CFTR-containing cells mediated
passive chloride absorption at the high rates observed
in this study (Figure 4), their apical chloride channels
would need to be open during perfusion of glucose
solutions, and apical chloride channels of CFTR-con-
taining cells that mediate secretion would need to be
less open or closed. Second, passive chloride absorp-
tion and secretion in the normal jejunum is markedly
influenced by the direction and magnitude of bulk
water flow across the mucosa, even when luminal chlo-
ride concentration is constant at all levels of water

Figure 4
Net absorption and PD during perfusion of a glucose-NaCl solution.
Black bars denote values in normal subjects, n = 5; white bars denote
values in CF patients, n = 5. Minus signs denote net absorption of
solutes and water or lumen-negative PD. Units for glucose are mil-
limoles per hour per 30 cm; units for PD are in millivolts; units for
sodium and chloride are milliequivalents per hour per 30 cm; and
units for water are milliliters per hour per 30 cm. P values for differ-
ences between normal and CF are as follows: glucose, P = 0.42; PD,
P = 0.053; sodium, P = 0.002; chloride, P = 0.002; water, P = 0.02.

Figure 5
PD during jejunal perfusion of mannitol and sodium sulfate solu-
tions. Minus signs denote a lumen-negative PD, plus signs denote a
lumen-positive PD. Black bars denote values in normal control sub-
jects, n = 6; white bars denote values in CF patients, n = 6. P values
for differences between normal and CF are as follows: mannitol, 
P = 0.001; Na2SO4, P = 0.032.



flow (17). This solvent drag effect indicates that chlo-
ride and water traverse the mucosa through the same
channels or pores. Since CFTR channels apparently do
not transport water (38), it is difficult to explain the
solvent drag effect if passive chloride absorption/secre-
tion in normal jejunum occurs mainly through CFTR
channels. Third, if the paracellular shunt pathway
mediates a substantial fraction of passive chloride
absorption, as is generally believed, a reduction in pas-
sive chloride absorption by villous CFTR cells could
not explain the total absence of passive chloride
absorption that we observed in CF jejunum.

Reduced passive chloride absorption through the paracellular
shunt. Measurement of voltage-clamped ion fluxes and
electrically equivalent circuit analysis have shown that
passive sodium and chloride movement across in vitro
small intestinal mucosa of laboratory animals occurs
almost exclusively through leaky tight junctions in the
paracellular shunt pathway (39–42). If this is also true
for human jejunum in vivo, as is generally assumed (17,
19, 20), absence of paracellular chloride absorption
would reduce net electrolyte and water absorption in
vivo, and the magnitude of this reduction would vary
depending on the composition of intraluminal con-
tents. As illustrated in the top right diagram of Figure
1, during perfusion of a balanced electrolyte solution,
absence of paracellular chloride absorption would
block passive NaCl absorption in response to chloride
concentration gradients and modestly reduce the rate
of electrolyte and water absorption. During perfusion
of a glucose-saline solution (bottom right diagram of
Figure 1), absence of paracellular chloride absorption
through the paracellular pathway would require Na+

ions deposited into the subepithelial space to back-dif-
fuse into the lumen (via the tight-junction pathway) in
order to maintain electrical balance. Absence of passive
paracellular chloride absorption in CF patients would
therefore eliminate net NaCl absorption in response to
Na+-glucose cotransport and it would markedly reduce
water absorption. The persisting water absorption
would be secondary to glucose translocation from
lumen to plasma, which would not be reduced by
absence of passive paracellular chloride absorption.

Absence of paracellular chloride absorption might be
caused by reduction in size of the tight-junction aque-
ous channels through which chloride is transported.
The normal L-xylose/urea diffusion coefficient ratio,
however, suggests that the size of this pathway is not
reduced in CF jejunum (29, 30). On the other hand,
tight-junction permeability to ions might vary inde-
pendent of pathway size. Experiments conducted in the
1960s (43) and 1970s (26, 44) indicated that control of
ion permeation through the paracellular pathway is
mediated by electrically charged groups within tight-
junction aqueous channels. More recently, it has
become apparent that several proteins, especially the
family of claudin proteins, may determine ionic per-
meability characteristics of the tight junctions (45, 46).
This may involve differences in electrostatic charge of

the claudins and/or differences in the density of expres-
sion of unique claudins (47). Paracellular chloride
absorption in the normal jejunum may depend on
analogous, highly selective, tight-junction proteins.

Assuming that passive chloride absorption by the
normal jejunum occurs through the paracellular shunt
pathway, our finding that CF jejunum cannot absorb
chloride suggests that CFTR regulates chloride perme-
ability of jejunal tight junctions. This could involve a
direct effect of CFTR on tight-junction proteins, or it
might involve an indirect effect of CFTR mediated by
cellular proteins, intracellular electrolyte concentra-
tions or pH, intracellular volume, etc.

Although we favor a paracellular shunt explanation of
our results, caution is advised for two reasons. First,
there is no absolute proof that normal human jejunum
in vivo absorbs chloride passively mainly through the
paracellular pathway. Second, there is no precedence for
invoking CFTR regulation of paracellular permeability.

Pathophysiological implications. Regardless of the
mechanism responsible for absent chloride absorp-
tion by the jejunum of CF patients, the pathophysio-
logical consequences are profound. In CF jejunum,
chloride is an unabsorbable anion, and it therefore
functions as an endogenous saline cathartic to retain
fluid within the lumen. This would blunt the absorp-
tion of chloride-rich fluids that are normally present
within the jejunum in the fasting state. In the fed
state, glucose stimulates sodium absorption via Na+-
glucose cotransport. This is the most powerful mech-
anism for promoting net jejunal NaCl and water
absorption and is the physiological basis for oral rehy-
dration of patients with cholera (48). Although CF
patients absorbed glucose normally, their inability to
passively absorb chloride blocked glucose-stimulated
net sodium absorption and markedly reduced glu-
cose-stimulated water absorption.

The classic intestinal ion transport defect in CF is the
absence of active chloride secretion, which tends to
dehydrate intestinal contents. The newly discovered
defect in passive chloride absorption acts in physiolog-
ical opposition to the classic defect. By retarding salt
and water absorption, the absence of passive chloride
absorption by CF jejunum would increase the volume
of fluid delivered from the jejunum to the ileum. The
ileum and colon actively absorb both sodium and chlo-
ride (17, 20, 23, 33, 49–52), so reduced passive chloride
absorption in the ileum and colon, if this were to occur,
would not reduce net fluid absorption to the extent
that it does in the jejunum. Defective CFTR-mediated
chloride secretion, therefore, might result in net fluid
hyperabsorption by the ileum and colon. The higher
than normal volumes of fluid delivered from CF
jejunum to CF ileum, however, would reduce the likeli-
hood that ileal and colonic contents would become
dehydrated and inspissated. In this manner, the
absence of passive chloride absorption in the jejunum
would tend to protect CF patients against inspissated
intestinal obstruction of the ileum and colon. Since our
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studies were done in adults, we do not know if the
jejunum of infants and children with CF also have an
abnormality in passive chloride absorption.

In contrast to CF in humans, most mouse models of
CF produce a severe intestinal phenotype with a high
incidence of death due to intestinal obstruction and
perforation (53). In vitro techniques have not revealed
significant ion transport differences between jejunal
tissue from CF mouse models and CF patients (53), but
in vivo studies, comparable to those described in this
paper, have apparently not been conducted in CF
mouse models. Perhaps CF mouse models lack the pro-
tective effect of jejunal chloride malabsorption that we
found in CF patients, either because the mouse
jejunum actively absorbs chloride or because CF mice
do not have a defect in passive chloride absorption. If
this were the case, it could be one of the reasons why CF
mice have a much greater propensity than CF patients
to develop severe intestinal disease.

These results in human jejunum in vivo suggest a
possible beneficial effect from absent passive paracel-
lular chloride absorption in patients with CF. The
pathophysiology of CF lung disease has been attrib-
uted in part to excessive electrogenic absorption of
sodium by airway epithelium (3, 54), followed by pas-
sive paracellular chloride absorption (55, 56). If passive
paracellular chloride absorption can be manipulated by
altering tight-junction proteins (47), blocking passive
paracellular chloride absorption by CF airway cells
might be a useful therapeutic objective to pursue.
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