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Xylose Transport in the Human Jejunum 
D.D.K. ROLSTON, MD, and V.I. MATHAN, MD 

o-Xylose transport in the human jejunum was studied in vivo using a standard intestinal 
perfusion technique, and also in vitro in human jejunal brush border membrane vesicles. 
Initial o-xylose concentrations were linearly related to D-xylose absorption rates, a finding 
consistent with passive diffusion. Perfusion of  o-xylose with varying D-glucose concentrations 
were aimed at examining D-xylose-D-glucose jejunal cotransport, o-Xylose absorption rates 
from a 30 mM o-xylose perfusate did not change significantly when 10, 30, or 60 mM glucose 
were added ( -3 .0  +- 0.62 vs -3.34 +- 0.71, -3.82 +- 0.81, and -4.56 +-- 0.72 mM/30 cm/hr, 
respectively; minus indicates net absorption) suggesting an absence of  a cotransport system. 
In brush border membrane vesicles, xylose uptake was partially inhibited by D-glucose and 
phlorizin. These data suggest that jejunal D-xylose absorption, at concentrations used 
clinically, is by passive diffusion, which process completely overrides a minor D-glucose 
cotransport component. The D-xylose tolerance test, therefore, reflects jejunal mucosal 
surface area and mucosal permeability to o-xylose and not nutrient carbohydrate absorption. 
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The D-xylose tolerance test (XTT) is used in clinical 
practice to assess small intestinal function. How- 
ever, the precise significance of an abnormal XTT 
remains unclear. For instance, an abnormal XTT 
has been interpreted to indicate an alteration in 
mucosal permeability, decreased mucosal surface 
area (1), or impaired nutrient carbohydrate absorp- 
tion (2). This confusion stems from the fact that the 
mechanism of D-xylose absorption from the human 
small intestine is poorly understood. Studies in 
humans designed to elucidate the mechanism of 
o-xylose absorption from the intestine are few (3-7) 
and have yielded conflicting results. Fordtran et al 
(4) have suggested that D-xylose absorption is prob- 
ably carrier-mediated, whereas others, in contrast, 
failed to demonstrate a carrier-mediated mechanism 
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and have concluded that D-xylose absorption occurs 
by a process of simple diffusion (3, 5). 

Precise understanding of the mechanism of D- 
xylose absorption is fundamental to our ability to 
accurately interpret the XTT and also to understand 
the nutritional significance of the widespread prev- 
alence of xylose malabsorption in apparently 
healthy residents of tropical countries including 
south India (8, 9) where carbohydrates provide the 
bulk of nutrient calories (10). 

We therefore studied the mechanism of D-xylose 
transport in vivo in healthy south Indians using a 
standard intestinal perfusion technique. Experi- 
ments were also carried out in vitro using human 
jejunal brush border membrane vesicles (BBMV) to 
compare with the in vivo results. 

MATERIALS AND METHODS 

In Vivo Studies 

Subjects. Eleven healthy Indian volunteers (three male 
and eight female) ages 20-41 years were studied using a 
steady-state perfusion technique. The urinary xylose ex- 
cretion test following a 5-g dose of D-xylose orally (11) 
was normal in all subjects. 
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Intestinal Perfusion. After an overnight fast, each sub- 
ject  swallowed a four-lumen tube that incorporated a 
proximal occluding balloon, infusion and collection ori- 
fices placed 30 cm apart, and a distal mercury bag (12). 
The tube was positioned fluoroscopically such that the 
infusion orifice was situated in the first 5 cm of the 
jejunum and the balloon immediately distal to the liga- 
ment of Treitz. A minimum of three and a maximum of 
five solutions were perfused at 37 ~ C at 10 ml/min in any 
one subject in random order, using a Watson-Marlow 
constant infusion peristaltic pump. The equilibration pe- 
riod between successive solutions was at least 50 min. 
This was followed by three consecutive 10-minute collec- 
tions. 

D-Xylose in concentrations ranging from 10 to 167 mM 
were perfused to determine the kinetics of D-xylose 
transport. The effect of three different glucose concentra- 
tions (10, 30, 60 mM) on D-xylose absorption from a 30 
mM D-xylose solution was also studied (Table 1). The 
osmolality of all the solutions was adjusted to 290 mosm/ 
kg using either sodium chloride alone (maximum sodium 
concentration 130 mM) or D-mannitol. Polyethylene gly- 
col (PEG, molecular weight 4000) 2.5 g/liter was used as 
a nonabsorbable volume marker. All reagents used were 
of analytical grade. D-Glucose, D-xylose, and phlorizin 
were obtained from Sigma Chemical Co., Poole, UK; 
D-mannitol from BDH Chemicals Ltd. ,  Poole, UK; so- 
dium chloride from Sarabhai Chemicals, Baroda, India; 
sodium thiocyanate from Fine Chemicals Pvt. Ltd.,  Bom- 
bay, India; polyethylene glycol 4000 from Fluka AG, 
Buchs, Switzerland; and D-[U-14C]xylose from Amer- 
sham International, Amersham, UK. 

Aliquots from each 10-min collection period were 
stored at - 2 0  ~ C until analyzed. 

Analysis of Samples and Calculations. D-xylose, D- 
glucose, and PEG concentrations were determined in 
each aliquot. D-Xylose was estimated by the colorimetric 
micromethod of Eberts et al (13), glucose by the glucose 
oxidase method (14), and PEG by the turbidimetric 
method of Hyden (15). Osmolality was measured in a 
Wescor  vapor pressure osmometer (Wescor Inc., St. 
Logan, Utah, USA). Water  and D-xylose fluxes across 
the intestinal mucosa were calculated using standard 
formulae (16). Net  absorption ( - )  denotes net transfer 

TABLE 1. COMPOSITION OF PERFUSATES* (MM) 

Xylose  Glucose Mannitol  Sodium chloride 

Solutions used in kinetic studies 
10 50 130 
30 20 130 
50 130 
80 111 

100 102 
167 70 

Solutions used in competitive inhibition studies 
30 10 8 130 
30 30 123 
30 60 106 

*All solutions contained PEG (4000), 2.5 g/liter, and all solutions 
were isotonic with respect to plasma. 

from the lumen; net secretion (+) denotes net transfer 
into the lumen. 

In Vitro Studies 

In order to determine the  effect of phlorizin (a specific 
glucose carrier inhibitor) on D-xylose transport,  xylose 
uptake studies in human jejunal brush border  membrane 
vesicles (BBMV) were carried out. Approximately 8 cm 
of macroscopically and microscopically normal jejunum, 
15 cm from the ligament of  Treitz, was obtained at 
surgery from a patient undergoing jejunal resection for a 
vascular malformation. The segment was immediately 
washed with ice-cold Ringer 's  lactate solution and trans- 
ported rapidly on ice to the laboratory where the mucosa 
was scraped at 4 ~ C and then stored at - 7 0  ~ C until used. 

Brush border  membranes were prepared by the calcium 
chloride precipitation technique of Schmitz et al (17) from 
which BBMV were obtained by the method of Hopfer et 
al (18). Briefly, approximately 5 g of frozen musoca was 
thawed in 100 ml of cold 50 mM D-mannitol/2 mM Tris 
HC1, pH 7.1, and homogenized at full speed on ice for 4 
min in a Sorvall Omnimixer. Solid calcium chloride was 
added to a final concentration of 10 mM, the homogenate 
stirred on ice for 20 min, followed by centrifugation at 
2000g for 15 min. The supernatant was recentrifuged at 
20,000g for a further 30 min. The pellet was resuspended 
in 100 mM D-mannitol/1 mM Tris HEPES,  pH 7.5, and 
passed through a 26-gauge needle into a glass-Teflon 
homogenizer and homogenized at 1000 rpm on ice. Fol- 
lowing the addition of 0.1 mM magnesium sulfate, the 
suspension was subjected to two further centrifugations. 
The resultant pellet contained the pure BBMV, which 
were suspended in 100 mM D-mannitol/1 mM Tris 
HEPES,  pH 7.5. Alkaline phosphatase (19), Na§  +- 
ATPase (20), and protein (21) were measured using stan- 
dard techniques. The validity of using these vesicles in 
studying D-glucose (22) and L-glucose (23) uptake, among 
other substances, has been adequately established using 
frozen mucosa as the starting material. The purity of the 
BBMV was assessed by demonstrating an eight-fold 
increase in the specific activity of  the brush border 
membrane marker, alkaline phosphatase,  and a 50% 
decrease in the specific activity of  the basolateral mem- 
brane marker, Na §247 in the pure vesicle prep- 
aration compared to the crude homogenate. Electron 
microscopy of the purified preparation showed numerous 
vesiculated membranes with practically no contaminating 
organelles or  cytoskeletal  aggregates. 

D-[U-lnC]xylose uptake was measured in 20-~1 ali- 
quots, containing about 50 ~g membrane protein, in the 
presence of sodium chloride (100 mM), sodium thiocy- 
anate (100 mM), phlorizin (1 mM), or D-glucose (0.1 mM) 
and 1.5 mM D-[14C]xylose. The final volume of the 
incubation media was 150 txl. Xylose uptake was arrested 
at 10 and 30 sec and 1, 2, 4, and 10 min by removal of a 
20-~1 sample to which 2.0 ml of an ice-cold stop solution 
containing 150 mM sodium chloride/l  mM Tris-HEPES, 
pH 7.5, was added. This diluted sample was filtered 
through a Millipore filter (pore size 0.45 p.m) and washed 
with a further 6 ml of ice-cold stop solution. Corrections 
for nonspecific radioactivity retention by the filters, 
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Fig  1. D-Xylose absorpt ion rates from solutions containing pro- 
gressively increasing o-xylose concentrat ions.  Each  point repre- 
sents mean + SEN from at Least five subjects.  

quench, and spillover were made. The filters were dis- 
solved in 10 ml of scintillation fluid and counted in a liquid 
scintillation spectrometer. The experiments were carried 
out in triplicate with a standard error of less than 7%. 
D-Xylose uptake was expressed as femtomoles per milli- 
gram of protein. 

Statistical Methods 

The unpaired Student's t test and the Kruskal-Wallis 
one-way ANOVA using SSPS-11 software for the PDP-11 
computer (SPSS Inc., Chicago, Illinois) was used to 
assess the significance between the rates of D-xylose 
absorption in vivo from the solution containing D-xylose 
alone and solutions containing D-xylose and D-glucose. 

RESULTS 

In Vivo Studies 

Kinetics of D-Xylose Absorption. A linear relation- 
ship was found between the initial D-xylose concen- 
trations perfused and the rates of D-xylose absorbed 
(Figure 1). Analysis of  this data using the Lin- 
eweaver-Burk Plot (24) showed that the extra- 
polated line passed through zero (figure not shown). 

Effect of Glucose on D-Xylose Absorption. Studies 
on the effect of  three different D-glucose concentra- 
tions (10, 30, and 60 raM) on xylose absorption from 
a 30 mM D-xylose solution clearly showed that, in 
the concentrat ions studied, D-glucose had no inhib- 
itory effect on D-xylose absorption (Figure 2). In 
fact, there was a progressive, although statistically 
insignificant, increase in the amount  of D-xylose 
absorbed with increasing D-glucose concentrations.  

Effect of D-Xylose on Water Transport. Maximum 
water absorption occurred from a 80 mM xylose 
solution to a mean value of -38.1  ml/30 cm/hr 
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Fig 2. Effect of three different D-glucose concentra t ions  on 
D-xylose absorpt ion from a 30 mM solut ion (mean _+ SEM; N = 5 
for each point). 

(Figure 3). However ,  at a concentrat ion of  167 mM 
xylose, net water  secretion occurred in the majority 
of subjects (+ 15.8 --+ 17.4 ml/30 cm/hr). 
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increasing D-xylose concentrat ions .  
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Fig 4. Uptake of o-xylose by brush border membrane vesicles in 
the presence ofNaC1 (e e) and NaSCN (x--x) and NaSCN with 
either 1 mM phlorizin (A--A) or 0.1 mM glucose ((3--(3). Each 
point represents the mean of three experiments with a standard 
error of less than 7%. 
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Fig 5. D-Xylose uptake by brush border membrane vesicles as a 
function of the reciprocal of osmolality. As osmolality increases, 
ie, mosm 1 decreases, intravesicular volume decreases, as does 
[14C]xylose uptake, proving that xylose was being taken up into 
the intravesicular space. 

In Vitro Studies 

Uptake of D-[UJ4C]Xylose. Xylose uptake was 
inhibited by phlorizin and glucose by approximately 
60% at 30 sec and 40% at 1 rain (Figure 4). An 
overshoot phenomenon was not observed even in 
the presence of the more electrogenic thiocyanate 
ion. 

Since specific sugar binding by BBMV can mimic 
transport into the intravesicular space (25), experi- 
ments were designed to alter intravesicular space 
by altering the osmolality of the medium with 
cellobiose, an impermeable solute, and xylose up- 
take measured. An inverse relationship between 
xylose uptake and the reciprocal of the osmolality 
of the medium was demonstrated and, therefore, 
between xylose uptake and the intravesicular space 
(Figure 5). By extrapolation, at infinite osmolality, 
xylose absorption was zero, indicating that xylose 
was transported into the intravesicular space and 
was not bound to the membrane surface. 

DISCUSSION 

The present in vivo studies show that D-xylose is 
absorbed by a process of passive diffusion (Figure 
1). This graph is similar to that obtained by Hold- 
sworth and Dawson (16) for fructose absorption, a 
sugar known to be absorbed by a sodium- and 
energy-independent facilitated transport mecha- 
nism and is clearly different from the curvilinear 
graph obtained when studying absorption of ac- 
tively transported substances such as glucose (16, 
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26). The fact that the extrapolated line obtained 
from the double-reciprocal plot using these data 
passed through zero is further evidence that human 
jejunal D-xylose absorption is by passive diffusion. 
Our inability to demonstrate competitive inhibition 
of D-xylose absorption by three different glucose 
concentrations (Figure 2) also argues against 
cotransport. The progressive increase in xylose 
absorption at increasing glucose concentrations 
(Figure 2) could be a result of greater solvent drag at 
higher glucose concentrations. This increased sol- 
vent drag could mask a minor D-xylose active 
transport component. 

The in vivo data support the results published by 
Cook (5), who was unable to show inhibition of 
D-glucose (200 mM) by an equimolar concentration 
of D-xylose. Since a single concentration of xylose 
was used in that study, no kinetic data could be 
calculated. More recently, Ohkohchi et al (3) were 
unable to show changes in transmural potential 
differences (PD) when a 100 mM D-xylose solution 
was infused into the jejunum, whereas in the pres- 
ence of D-glucose a large PD was recorded, again 
suggesting passive transport of D-xylose in the 
human jejunum. However, because the effect of 
D-xylose on PD arising from D-glucose absorption 
was not studied, the possibility that D-xylose has 
some affinity for the D-glucose transport carrier 
cannot be excluded with certainty. These same 
workers using jejunal pieces, from individuals with 
a variety of diseases, showed that D-xylose trans- 
port across the human jejunal mucosa in vitro was 
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Na+-independent and phlorizin-insensitive, con- 
firming the results of their in vivo experiments. On 
the other hand, Heyman et al (27), using tissue 
accumulation experiments in vitro, demonstrated 
that, in biopsied jejunal mucosa from healthy chil- 
dren, intracellular D-xylose concentrations did not 
differ from the incubation medium D-xylose concen- 
tration, that D-xylose uptake was not affected by the 
absence of a sodium-induced electrochemical gra- 
dient in the presence of ouabain, and that in a 
sodium-free medium o-xylose uptake was dimin- 
ished. However,  the influx of o-xylose across the 
luminal membranes was not influenced by the glu- 
cose carrier inhibitor, phlorizin. In the Ussing 
chamber, these same workers found that D-xylose 
did not induce a short-circuit current and neither 
did xylose have any effect on glucose-induced 
short-circuit current. Furthermore, in jejunal tissue 
from two children with glucose-galactose malab- 
sorption, these workers could demonstrate no im- 
pairment of D-xylose entry into the cells. These 
findings suggest that, at least in children, D-xylose 
transport occurs in part by a different mechanism to 
that for D-glucose. 

Passive transport events are best studied using in 
vivo intestinal perfusion systems. These systems, 
however, provide less precise information regard- 
ing active transport processes, especially if these 
comprise a minor component of the total absorptive 
process (28). We therefore studied D-xylose uptake 
by BBMV in the presence of phlorizin (a specific 
glucose-carrier inhibitor) and glucose. Our in vitro 
data provide evidence that D-xylose is transported 
in part by the glucose carrier (Figure 4), since both 
phlorizin and D-glucose significantly decreased o- 
xylose uptake by the BBMV. This finding is also 
evidence that the BBMV preparation was func- 
tional. The "overshoot"  phenomenon (Figure 4) is 
not as prominent as has been reported by others in 
animal studies. This could be due to membranes 
that were leaky to Na § and resulted in faster 
dissipation of the NaSCN and NaC1 gradients or 
that the overshoot had occurred earlier. 

Species differences in D-xylose transport do exist. 
In the rabbit ileum (29) and rat small intestine (30) 
xylose is transported by a mechanism similar to that 
for glucose. Hence, animal-derived xylose trans- 
port data cannot be extrapolated to humans. 

D-Xylose, in concentrations less than 50 mM and 
greater than 100 mM, produced net intestinal secre- 
tion of water in some subjects, whereas at a con- 
centration of 167 mM (the concentration of D-xylose 

obtained when 25 g n-xylose in 250 ml water is used 
in a XTT), net water secretion is produced in the 
majority of subjects (Figure 3). This latter observa- 
tion provides an explanation for the diarrhea expe- 
rienced by some individuals during a XTT. 

We have provided evidence that D-xylose is 
transported in the human jejunum predominantly by 
passive diffusion. The in vivo studies lead us to 
believe that the minor D-xylose-D-glucose cotrans- 
port component demonstrated in vitro is completely 
overwhelmed by the passive diffusion transport 
mechanism when concentrations similar to those 
used in clinical practice are employed (>30 mM). It 
is therefore unlikely that the XTT is a reflection of 
D-glucose transport and, hence, a measure of nutri- 
ent carbohydrate absorption. It is reasonable to 
suggest that the XTT is, in fact, a measure of 
effective intestinal absorptive surface area and mu- 
cosal permeability to D-xylose. 
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