
Jejunal perfusion of simple and conjugated folates in celiac
sprue.

C H Halsted, … , D S Cantor, B Ruebner

J Clin Invest. 1977;59(5):933-940. https://doi.org/10.1172/JCI108715.

The intestinal absorption of [3H]-pteroylmonoglutamate (simple folic acid) and pteroyl-micron[14C]glutamyl-gamma-
hexaglutamate ([14C]PG-7, conjugated folic acid) was assessed by the method of jejunal perfusion in five patients with
proven celiac sprue who were studied after a gluten-containing or a gluten-free diet, and in nine normal subjects. The
luminal disappearance of each folate was markedly impaired after exposure of the patients to dietary gluten and improved
by gluten restriction, but not to within the range found in the normal subjects. The luminal disappearance of each folate
was markedly impaired after exposure of the patients to dietary gluten and improved by gluten restriction, but not to within
the range found in the normal subjects. In each experiment, column chromatography of the luminal aspirates revealed
similar spectra of hydrolytic products of [14C]PG-7, whereas the fraction of the distal aspirate chromatogram appearing
as pteroyl-micron[14C]glutamyl-gamma-monoglutamate ([14C]-PG-1) was similar in all three groups. By accounting for
the variable effects of absorption on the luminal appearance of [14C]PG-1 and by correcting for mucosal hydrolysis which
was not followed by release of [14C]PG-1 to the luminal contents, the calculated rate of in vivo hydrolysis of [14C]PG-7 to
[14C]PG-1 was found impaired in both celiac sprue groups, with significant improvement on treatment. In mucosal
biopsies from the sprue patients, the in vitro activity of folate conjugase in whole homogenates was higher […]

Research Article

Find the latest version:

https://jci.me/108715/pdf

http://www.jci.org
http://www.jci.org/59/5?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI108715
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/108715/pdf
https://jci.me/108715/pdf?utm_content=qrcode


Jejunal Perfusion of Simple and Conjugated Folates
in Celiac Sprue

CHARLESH. HALSTED, ANNM. REISENAUER, JOHNJ. ROMERO,DAVID S. CANTOR,
and BoRIs RUEBNER

From the Department of Medicine, Johns Hopkins Hospital, Baltimore, Maryland 21205, and the
Departments of Internal Medicine and Pathology, Sacramento Medical Center-University
of California, Davis, California 95616

A B S T RA C T The intestinal absorption of [3H ]-
pteroylmonoglutamate (simple folic acid) and pteroyl-
,u[14C]glutamyl-y-hexaglutamate ([14C]PG-7, conju-
gated folic acid) was assessed by the method of jejunal
perfusion in five patients with proven celiac sprue who
were studied after a gluten-containing or a gluten-free
diet, and in nine normal subjects. The luminal disap-
pearance of each folate was markedly impaired after
exposure of the patients to dietary gluten and improved
by gluten restriction, but not to within the range found
in the normal subjects. In each experiment, column
chromatography of the luminal aspirates revealed simi-
lar spectra of hydrolytic products of ["4C]PG-7, whereas
the fraction of the distal aspirate chromatogram appear-
ing as pteroyl-pu[14C]glutamyl-y-monoglutamate ([14C]-
PG-1) was similar in all three groups. By accounting
for the variable effects of absorption on the luminal
appearance of [U4C]PG-1 and by correcting for mucosal
hydrolysis which was not followed by release of
[I4C]PG-1 to the luminal contents, the calculated rate
of in vivo hydrolysis of ["4C]PG-7 to ["4C]PG-1 was
found impaired in both celiac sprue groups, with
significant improvement on treatment. In mucosal
biopsies from the sprue patients, the in vitro activity
of folate conjugase in whole homogenates was higher
and the activity of disaccharidase lower than in a
group of 12 normal mucosal biopsies. These in vitro
data suggest that the predominant cellular loca-
tion of mucosal folate conjugase is different from that
of disaccharidase, whereas comparison with the re-
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sults of in vivo hydrolysis suggests that measure-
ment of the enzyme in whole mucosal homogenates
overestimates its significant digestive activity. The
present studies indicate that (a) the mucosal lesion of
celiac sprue significantly limits the intestinal absorp-
tion of both simple and conjugated folate, and (b)
malabsorption of conjugated folate results from a
combination of impaired hydrolysis and decreased
mucosal uptake of hydrolytic product.

INTRODUCTION

Naturally occurring folate exists primarily as pteroyl-
monoglutamate, or simple folate, conjugated in y-
peptide linkage with up to six additional glutamyl
units (1). Studies using synthetic folates have
shown that pteroylpolyglutamates are hydrolyzed to
pteroylmonoglutamate during the process of intestinal
absorption (2-4). The small intestinal mucosa is a
potent source of the hydrolytic enzyme (5, 6), a
y-carboxypeptidase (7) referred to as folate conjugase.
Thus, intestinal malabsorption of conjugated folate
could result from decreased hydrolysis, decreased
intestinal absorption of the hydrolytic product pteroyl-
monoglutamate, or a combination of these effects.
These possibilities were studied by the jejunal per-
fusion method in five patients with proven celiac
sprue and in nine healthy control subjects. The data
were supplemented by direct measurements of
jejunal mucosal folate conjugase, lactase, and sucrase
in saline homogenates of biopsies from the patients
and from a group of 12 normal biopsies.

METHODS

Three men and two women, ages 43-59 yr, gave a 2-20 yr
history of diarrhea with weight loss or inability to gain
weight. One patient, H. P., was studied at the Johns Hop-
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kins Hospital, Baltimore, Md.,' and the remaining four
patients were studied at the University of California,
Davis, and the Sacramento Medical Center, Sacramento,
Calif. In each patient, the diagnosis of celiac sprue was
indicated by the demonstration of intestinal malabsorption
with a characteristic flat jejunal mucosal biopsy, features
which improved with dietary gluten restriction, or which
were made worse by gluten challenge. Diagnostic evalua-
tion after each dietary regimen included measurement of
levels of serum folate (8), the daily excretion of lipid in
feces collected over a 3-day period (9), and the excretion
of D-xylose in the urine collected for 5 h after a 25-g
oral dose (10). Jejunal mucosal specimens were obtained
with the Crosby capsule and graded for severity according
to standard criteria, with 4+ abnormality denoting a flat
mucosa (11). A portion of each specimen was frozen in a
dry ice-acetone bath for subsequent enzymatic analysis.
Evaluation of intestinal absorption, intestinal biopsies, and
jejunal folate perfusion studies were performed twice in
each patient. Four patients were studied after initial evalua-
tion while on a gluten-containing diet, and again in clinical
and laboratory remission after a 6-wk period of gluten restric-
tion. One patient was studied first in clinical remission and
again after a 10-day dietary challenge of gluten (at least
four slices of whole wheat bread per day). During the treat-
ment periods, one patient received 20 mg/day prednisone
and two patients received 1 mg/day oral folic acid (Table I).
In addition, each patient received 15 mg intramuscular
folic acid on completion of each perfusion to minimize
isotope retention. A control group of nine healthy adults
was composed of five previously reported subjects (4) and
four additional healthy volunteers; eight were male and
one was female, ranging in age from 25 to 53 yr. All proce-
dures were approved by the Committee on Human Investi-
gations, Johns Hopkins Medical Institutions, or the Human
Subjects Committee of the University of California, Davis,
and required informed consent from each volunteer.

Jejunal perfusion studies
The jejunal perfusion solution and procedure were identi-

cal to those used in a previous study of normal subjects
(4). The materials included 3',5',9' [3H]pteroylmonogluta-
mate (Amersham/Searle Corp., Arlington Heights, Ill.) and
pteroyl-,u['4C]glutamyl-y-hexaglutamate.2 The latter com-
pound was synthesized by the solid-phase method so that
the 14C label was on the first glutamyl unit (12), and was
provided by The Nutrition Program, University of Alabama.
As described (4), these folates were purified on DEAE-
cellulose columns and were quantitated spectrophoto-
metrically using peak absorbance at 256, 285, and 365 nm.
The infusion solution was 1,000 ml isotonic saline, ad-
justed to pH 7.0 before use, containing the nonabsorbable
marker polyethylene glycol, 8 g/liter, and each purified
folate in a concentration of 2 ,uM with specific activities
of approximately 1,800,000 cpm/imol. Henceforth, these fo-
lates will be referred to as [3H]PG-12 ([3H]pteroylmono-

1 An association of celiac sprue with Fabry's disease in
this patient was reported in 1975. Ann. Intern. Med. 83:
524.

2Abbreviations used in this paper: ['4C]PG-1, pteroyl-
,u[14C]glutamyl-y-monoglutamate; [14C]PG-7, pteroyl-p[14C]-
glutamyl-y-hexaglutamate; f, fraction; G, gluten-containing
diet; GF, gluten-free diet; [3H]PG-1, [3H]pteroylmonogluta-
mate; LD, luminal disappearances; PG-1, pteroylmonogluta-
mate; R, recovery.

glutamate) and [14C]PG-7 (pteroyl-,u['4C]glutamyl-y-hexa-
glutamate).

The solution was infused at 10 ml/min at a site 10 cm
distal to the ligament of Treitz and, after a 50-min equilibra-
tion period, samples were collected and pooled from ports
15 and 30 cm downstream at rates of 1 ml/min. Aliquots
of each aspirate pool were removed for measurements of
polyethylene glycol (13) and for radioisotope counting on a
Beckman-LS230 liquid scintillation counter (Beckman
Instruments, Fullerton, Calif.) set for double-label count-
ing, using a commercial scintillant (Scintisol, Isolab, Inc.,
Akron, Ohio). The remainder of each aspirate pool was
acidified to pH 2.8 with 10%o trichloroacetic acid to inacti-
vate enzymes and was stored at -70°C. The pools were
subsequently thawed, neutralized, and subjected to
column chromatography to detect oxidized products of
hydrolysis of ['4C]PG-7. These procedures do not alter the
specific activities of the folates employed in these studies
(4). The chromatographic procedures, employing DEAE-
cellulose, a linear sodium chloride gradient, and spectrally
pure nonradioactive pteroylglutamate markers, were ex-
actly as described previously (4). These methods have
proven effective in separating oxidized pteroylglutamates
(14), which are spectrally distinct from reduced and
substituted folates (15). These chromatographic techniques
permitted greater than 90% recovery of ['4C]pteroylgluta-
mates, which were entirely in the oxidized spectrum.

In vitro studies
To determine the possible presence of unbound folate conju-

gase within the luminal contents, ["4C]PG-7 was exposed
in vitro to intestinal juice under physical conditions similar
to those employed in the perfusion studies. The initial
perfusion of patient D. R. was preceded by a 60-min
perfusion with isotonic saline. 25 ml of the pooled aspirates
from the saline perfusion was incubated with ['4C]PG-7
in a 2-,uM concentration for 15 min at 37°C at (intraluminal)
pH 5.0, after which 10%o trichloroacetic acid was added to
bring the pH to 2.8, and the reactant mixture was then
subjected to column chromatography to detect reactant
products.

Jejunal mucosa obtained by biopsy from patient D. R.
before treatment was homogenized in 2 ml of cold saline
using a glass homogenizer. 1 ml of whole homogenate,
containing 1.09 mg protein (16), was incubated in 0.1 M
sodium acetate buffer, pH 4.5, with 20 nmol [I4C]PG-7
in a 2.0-ml volume for 15 min at 37°C. The reaction was
stopped by the addition of 0.5 ml of 100% trichloroacetic
acid and, after centrifugation, the supemate was sub-
jected to the column-chromatographic procedure described
above. A similar procedure was followed using a whole
saline homogenate of normal jejunal mucosa which con-
tained 2.38 mg protein/ml. The fraction of each chromato-
gram represented by pteroyl-,u[44C]glutamyl-y-monoglutamate
([I4C]PG-1) was determined by weight. Hydrolysis of [14C]-
PG-7 to [14C]PG-1 was calculated as nmol/mg protein per
15 min.

The charcoal precipitation method of Krumdieck and
Baugh (17) was used to measure jejunal mucosal folate
conjugase in whole saline homogenates of biopsy specimens
which were obtained from the patients after each dietary
regimen and in a group of 12 histologically normal biopsies.
The substrate was pure pteroyldi-y-glutamyl[14C]glutamic
acid, synthesized by the solid-phase method (12), and pro-
vided by The Nutrition Program, University of Alabama.
This assay measures the rate of cleavage of the peptide
link between the second and third glutamyl units. After a

934 C. H. Halsted, A. M. Reisenauer, J. J. Romero, D. S. Cantor, and B. Ruebner



preliminary kinetic study, a substrate concentration of 20
nmol/1.5-ml reaction tube was chosen. Assays were per-
formed at pH of 4.5 at 37°C and for a 15-min incubation
time. In each specimen, mucosal lactase and sucrase were
measured by the method of Dahlqvist (18), and mucosal
protein by the method of Lowry (16). Folate conjugase
activity was expressed as nanomoles/milligram protein
per 15 min, and lactase and sucrase activities were ex-
pressed as units/gram protein per hour.

Calculations
Previously described formulas (4) were used to calculate

luminal disappearances (LD), which were expressed as a

percent of each folate perfused over the 30-cm jejunal
segment. Net water flux was calculated for the distal 15
cm of each segment (19).

In vivo hydrolysis of [14C]PG-7 to [14C]PG-1 over the 30-
cm segment was calculated by two formulas. "Observed
hydrolysis" was calculated as that which is followed by re-
lease of end product [14C]PG-1 to the luminal contents be-
fore its absorption. This formula, accounting for the effect
of varied absorption on the luminal accumulation of [14C]-
PG-1, assumes that [14C]PG-1 is absorbed by the same trans-
port process as [3H]PG-1. Assuming that the intestinal ab-
sorption of [14C]PG-7 requires its complete degradation to
[14C]PG-1 (3), "corrected hydrolysis" was calculated by a
formula which would account both for the [14C]PG-1 which
is released to the lumen and that which is absorbed
directly from the mucosal site of hydrolysis without detec-
tion in the luminal contents. The previous evidence that
pteroylpolyglutamate is hydrolyzed in vivo to pteroylmono-
glutamate (PG-1) during intestinal absorption, and that
PG-1 derived from mucosal hydrolysis of pteroylpoly-
glutamate uses the same transport system as free PG-1
has been recently and extensively reviewed (20). Our
cumulative evidence for the sequence of pteroylpolygluta-
mate hydrolysis and absorption is considered in the dis-
cussion.

Observed hydrolysis. The recovery of [14C]PG-1 in
the 30-cm intestinal aspirate, (R['4C]PG-1), was calculated
as the product of the percent of unabsorbed [14C]folate
and the fraction () by weight of the 30-cm aspirate chromato-
gram represented by [14C]PG-1. Thus, R[14C]PG-1 = (100-
LD14C) f£ The recovery (R) of unabsorbed [3H]PG-1 in the
30-cm aspirate is expressed as: R[3H]PG-1 = 100-LD3H. If
there were no absorption of PG-1, its recovery at 30 cm
would be 100%, or the reciprocal of R[3H]PG-1. Assuming
that luminal [14C]PG-1 is absorbed by the same mechanism
as free [3H]PG-1, if there were no absorption of [14C]PG-1
its expected recovery at 30 cm would be equal to the
product of R['4C]PG-1 and the reciprocal of R[3H]PG-1.
Combining, the observed mucosal hydrolysis of [14C]PG-7
which is followed by release of [14C]PG-1 to the luminal
contents equals (R[14C]PG-1)- 100/(R[3H]PG-1).

Corrected hydrolysis. Corrected hydrolysis was ex-

pressed as the sum of the LD of [14C]PG-7 and the [14C]-
folate remaining as [14C]PG-1 at the distal 30-cm aspiration
port, or: LD['4C]PG-7 + R[14C]PG-1.

The relationship between these two formulas can be
tested by using each to calculate unmeasured hydrolysis,
or the percent of perfused [14C]PG-7 hydrolyzed and absorbed
without luminal detection of [14C]PG-1. On the one hand, if
complete hydrolysis were described by the calculation for
observed hydrolysis, then the LD of [14C]PG-7 would be
equal to the LD of [14C]PG-1 after its release to the lumen.
LD[14C]PG-1 can be calculated as the product of observed
hydrolysis and LD[3H]PG-1, divided by 100. The differ-

TABLE I
Clinical and Laboratory Features of the Patients

Serum Urine Fecal Jejunal
Patient* Age Sex Diett Hgb folate xylose fat morphology

yr g/100 mg ng/ml g15 h glday

Normal 12-16 5-21 >4.5 <6.0 0

H. P. 59 M G 12.5 1.7 2.3 29.4 4+
GF 13.9 18.0 4.9 1.4 2+

R. M. 43 M G 12.1 1.5 3.5 29.0 4+
GF 14.2 8.0 5.6 8.9 2+

D. R. 44 F G 10.3 4.1 1.8 25.3 4+
GF 12.6 15.0 4.3 17.5 2+

J. M. 58 M G 14.8 6.0 5.0 21.0 4+
GF 15.1 8.0 7.0 14.0 3+

M. N. 43 F GF 13.0 3.8 3.3 8.4 2+
G§ 12.6 3.0 1.9 48.0 4+

* Folic acid, 1 mg/day, orally administered between tests to
H. P. and D. R. Prednisone, 20 mg/day, administered between
tests to D. R.
I G, gluten; GF, gluten-free.
§ 10-day dietary gluten challenge.

ence between LD[14C]PG-7 and calculated LD['4C]PG-1
then becomes the percent of [14C]PG-7 which disappears
after unmeasured hydrolysis. On the other hand, from the
given definitions, unmeasured hydrolysis is the difference
between corrected hydrolysis and observed hydrolysis.
Applied to the results, identical values for unmeasured
hydrolysis can be obtained by either method.

The paired t test was used to compare results obtained
after the two dietary regimens in the sprue groups, and
the unpaired t test was used to compare results with the
normal subjects.

RESULTS

Clinical features. Table I documents the clinical
features and diagnosis of celiac sprue by jejunal
morphology, intestinal malabsorption, and response to
treatment or to dietary gluten challenge.

Jejunal perfusion studies. Net secretion of water
into the perfused lumen was observed in 9 of the 10
studies of the sprue patients (Table II). The rate of
net water secretion was not significantly different
in studies performed after dietary gluten (G) or in
clinical remission (gluten-free diet, GF) and contrasted
with net water absorption in the control group (P
< 0.001). The mean LD of [3H]PG-1 and of [14C]PG-7
was significantly less in studies performed in G
than in GF (P < 0.02, <0.01; paired t test). Dietary
gluten challenge in patient M. N. resulted in marked
suppression of LD of each folate. In the group of
patients, the LD of [3H]PG-1 was significantly greater
than that of [14C]PG-7 after either dietary regimen
(P < 0.02, <0.02; paired t test). A similar relationship
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TABLE II
Jejunal Perfusion Studies

Luminal folate disappearance Hydrolysis of ['4C]PG-7

Patient Diet Water flux* [3H]PG-1 14C]PG-7 ft Observed Corrected

ml/cm/h %130 cm %6130 cm

H. P. G -12.3 14.2 9.5 0.316 33.3 38.1
GF -10.5 23.8 16.9 0.287 31.2 40.7

R. M. G -9.03 3.8 1.5 0.179 18.3 19.1
GF -2.31 33.9 17.3 0.159 19.8 30.4

D. R. G -3.53 7.7 0.6 0.153 16.5 15.8
GF -2.70 36.6 23.0 0.155 18.8 34.9

J. M. G -1.20 15.7 10.4 0.107 11.4 20.0
GF -6.53 24.8 19.1 0.117 12.6 28.6

M. N. GF -1.09 38.0 19.1 0.280 36.6 41.8
G§ 0.20 2.4 0.7 0.232 23.6 23.7

Mean+SEM G -5.2±2.38 8.8±2.68 4.5±2.21 0.197±0.04 20.6±3.03 23.5±3.91
GF -4.6±1.72 31.6±2.68 19.1±1.08 0.199±0.04 23.8±3.58 35.2±2.66

Normals (n = 9)
Mean±SEM 2.6±0.67 74.7±3.19 47.7±3.62 0.229±0.02 46.3±6.00 59.9±3.46
Range 0.9-6.00 59.6-86.8 32.2-62.6 0.143-0.299 32.6-68.2 52.1-71.2

* -, Net secretion.
t Fraction of 30-cm aspirate chromatogram appearing as [54C]PG-1.
§ 10-day dietary gluten challenge.

was observed in the control group (P < 0.001). Al-
though the differences were not significant, the ratio
of the mean LD of [3H]PG-1 to [54C]PG-7 was greater
in G (1.95) than in GF (1.65) and the control group
(1.56). This ratio exceeded 2.5 in three patients (R. M.,
D. R., and M. N.) in group G (Table II). The values
obtained for LD of each folate in clinical remission,
GF, were significantly less than those found in the
control group (P < 0.001, <0.001).

Column chromatography of each 15- and 30-cm
aspirate pool revealed seven "4C-labeled peaks. Similar
patterns were obtained after each dietary regimen
(Fig. 1) and the fraction of the chromatogram of each
30-cm aspirate appearing as [I 4C]PG-1 was similar in
all three groups (Table II). However, the calculated
observed hydrolysis of [54C]PG-7, based on the re-
covery of luminal [54C]PG-1, was significantly less in
the sprue groups, 20.6% (G) and 23.8% (GF), than in
the control group, 46.3% (P < 0.01, <0.01). The differ-
ences in corrected hydrolysis were more significant
among the groups; 23.5% (G) vs. 35.2% (GF) (P
< 0.02, paired t test) vs. 59.9% (control) (P < 0.001,
<0.001) (Table II).

In vitro studies. Incubation of [14C]PG-7 with
intestinal aspirate obtained on saline perfusion of
patient D. R. yielded no detectable degradation
products (Fig. 2). After incubation of [14C]PG-7 with a

whole saline homogenate of jejunal mucosa obtained
from patient D. R. and from a normal subject, column
chromatography revealed seven peaks of "4C-labeled
pteroylglutamates (Fig. 3). Accounting for differ-
ences in protein concentration in the mucosal homog-
enates, the calculated rate of hydrolysis of ['4C]PG-7
to ['4C]PG-1 was 3.30 nmol/mg protein per 15 min in
the sprue biopsy and 1.69 nmol/mg protein per 15
min in the normal biopsy. Using pteroyldi-y-glutamyl-
[I4C]glutamate as substrate, jejunal folate conjugase
activity in biopsies obtained after gluten exposure
was not significantly different from the activity in
biopsies obtained after gluten-restricted diet and
clinical remission (Fig. 4). In 12 normal biopsies,
the activity of folate conjugase ranged from 2.6 to
6.5 nmol/mg protein per 15 min with a mean of 4.2
+0.31, significantly less than either sprue group.
However, the activities of lactase and sucrase were
significantly greater in the control group than in the
sprue patients (Fig. 4).

DISCUSSION

Folate deficiency is a frequent cause of anemia in
untreated celiac sprue (21). Previous studies in celiac
sprue using oral doses of folate and measurements of
serum levels and urinary excretion described folic
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15 cm aspirate N cm aspirate

FIGURE 1 Chromatograms of intestinal aspirates ob-
tained at 15- and 30-cm ports during perfusion of patient
M. N., initially on gluten-free (GF, top) diet and after 10-
days challenge with dietary gluten (G, bottom). The infusate
contained equimolar (2 ,uM) concentrations of [3H]PG-1
and [14C]PG-7. Unlabeled markers added to the aspirates
and identified spectrophotometrically at 285 nm indicate
peaks of PG-I and certain pteroylpolyglutamates. After each
dietary regimen, progressive hydrolysis of [14C]PG-7
occurred between 15 and 30 cm as indicated by a simul-
taneous decrease in [14C]PG-7 and increase in [14C]PG-1.

E

200

PG1 2 3 7
NaCI perfusion-CS

FIGULE 2 Chromatogram of incubated mixture (15 min,
37°C) of [14C]PG-7, 2,UM, with intestinal aspirate, pH 5.0,
obtained after isotonic saline perfusion of patient D. R.
before treatment. No degradation products were observed,
indicating the absence of free intraluminal folate conjugase.

acid malabsorption in more than 88% of patients
(22, 23), and equally poor absorption of PG-1 and
yeast-derived conjugated folate (24). The present per-
fusion technique provides several distinct advantages
over oral tolerance methods of measuring folate ab-
sorption. Interpretation of the data is not affected by
variations in hepatic folate metabolism or renal ex-
cretion. The simultaneous administration of separ-
ately labeled [3H]PG-1 and [14C]PG-7 permits accurate
analysis of differences in absorption rates of the two
folates by avoiding variations which may occur when
each compound is administered separately on differ-
ent occasions.

LD offolates. The present studies clearly show that
the jejunal LD of both [3H]PG-1 and [14C]PG-7 is
markedly decreased in celiac sprue. As indicated by
changes after treatment or gluten challenge, the
impairment of luminal folate disappearance was re-
lated to the functional and histological severity of
the mucosal lesion (Tables I and II). The data also
suggest that patients with celiac sprue in early clini-
cal remission are at continued risk for folate malabsorp-
tion and deficiency. The finding of net water secre-
tion into the jejunum is consistent with observations
of others who perfused the small intestine in un-
treated (25, 26) and in treated celiac sprue (26).
Previous studies have shown parallel enhancement of
water and folic acid absorption by glucose in normal
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FIGuRE 3 Chromatograms of mixture resulting from incuba-
tion (15 rnin, 37°C, pH 4.5) of ['4C]PG-7 with a saline homog-
enate of jejunal mucosa obtained from patient D. R. before
treatment (CS) and from a normal subject (N). Unlabeled
markers were identified spectrophotometrically at 285 nm.
Folate degradation is demonstrated in each incubation by
the production of a spectrum of 14C-labeled pteroylgluta-
mates. The calculated conversion of [14C]PG-7 to [14C]PG-1
was 3.30 nmol/mg protein per 15 min in the sprue biopsy
and 1.69 nmol/mg protein per 15 min in the normal biopsy.

subjects (27), whereas in celiac sprue, glucose fails
to stimulate water (25, 26) or folic acid (28) uptake
by the perfused jejunum. The present data in celiac
sprue imply that the jejunal uptake of folate from a
saline solution is independent of net water flux,
since the increase in uptake after gluten restriction
was not paralleled by a similar change in net water
flux. Similar observations were made in patients with
tropical sprue (29).

Hydrolysis of [14C]PG-7. The following observa-
tions from our laboratory constitute reasonable
evidence that perfused ['4C]PG-7 is hydrolyzed by
the jejunal mucosa, permitting partial recovery of its
hydrolytic products in the luminal contents, and that
the mucosal hydrolysis of [14C]PG-7 limits the in-
testinal absorption of its end product, [14C]PG-1.
(a) We have consistently found in normal subjects
(4), in tropical sprue (29), and now in celiac sprue
that hydrolytic products of [I4C]PG-7 appear intra-
luminally during its perfusion. In each of the three
studies, progressive hydrolysis of [14C]PG-7 was sug-
gested by the simultaneous decrease in [14C]PG-7
and increase in [14C]PG-1 in chromatograms of the

15- and 30-cm luminal aspirates (Fig. 1). (b) Although
there are no data to bear on the process of hydrolysis
of [14C]PG-7 in the fed state, in each study we have
shown that the patterns of hydrolysis obtained during
perfusion of [14C]PG-7 in the fasting subject cannot
be reproduced by in vitro incubation of intraluminal
contents with [14C]PG-7 (Fig. 2). These data, sup-
ported by the findings presented in Fig. 3, imply
that hydrolysis of perfused [14C]PG-7 requires its
contact with the intestinal mucosa and are consistent
with previous evidence (5, 6) that the intestinal mucosa
is the site of hydrolysis of conjugated folate. (c)
A limiting effect of hydrolysis on absorption of [14C]_
PG-7 was suggested in each study by the finding
that the LD of [3H]PG-1 consistently and significantly
exceeded that of [14C]PG-7. In the present study, a
greater than normal limitation of hydrolysis on the ab-
sorption of ['4C]PG-7 in celiac sprue was suggested
by the observation that the ratio of the mean LD of
[3H]PG-1 and [14C]PG-7 was -greater in untreated
celiac sprue than in the treated sprue and control
group.

Analysis of the chromatographic data by two separ-
ate formulas indicates that the in vivo hydrolysis of
perfused [14C]PG-7 was significantly impaired in both
sprue groups. On the one hand, the [14C]folate chromato-
grams of the intestinal aspirates were similar after
each diet (Fig. 1) and similar to those obtained from
normal subjects (4), whereas the fraction of each 30-
cm aspirate appearing as [14C]PG-1 was similar in
each group (Table II). However, accumulation of
[I4C]PG-1 within the lumen is the combined result
of its production by hydrolysis and its disappearance
by absorption. The observed hydrolysis of [14C]PG-7
was calculated by a formula which describes the pro-
duction of [14C]PG-1 in the mucosa and its release
to the lumen, using the LD rate of [3H]PG-1 to correct
for the effect of varied absorption of the luminal
recovery of [14C]PG-1. As shown in Table II, ob-
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FIGURE 4 Activities of folate conjugase (FC), lactase (L),
and sucrase (S) in biopsies obtained in celiac sprue pa-
tients after gluten-containing diet (shaded bars, n = 5), and
gluten-free diet (hatched bars, n = 5), and from histologically
normal biopsies (open bars, n = 12). The activity of FC
was significantly greater than normal in the sprue biopsies
(P < 0.01, <0.01) whereas activities of L and S were sig-
nificantly less than normal in the sprue biopsies (P < 0.001,
<0.001).
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served hydrolysis was significantly less in both sprue
groups than the control group. By making the further
assumption that the absorption of [14C]PG-7 requires its
complete mucosal hydrolysis to [14C]PG-1, a corrected
hydrolytic rate was calculated which accounts both
for end product [I4C]PG-1 released to the lumen be-
fore absorption and that which is absorbed directly
from the mucosal site of hydrolysis to the portal
circulation. Using this formula, the corrected rate of
hydrolysis exceeded the LD of [14C]PG-7 in every
study. Furthermore, these data show a significant
improvement in hydrolysis with treatment of celiac
sprue, though the results in the treated group re-
mained significantly less than normal. The data also
show that in untreated celiac sprue the hydrolysis of
[14C]PG-7 (about one-half the control value) was not as
limited as its LD (1/10th the control value).

Jejunal mucosal folate conjugase. The present
data confirm the findings of others (30, 31) that the
in vitro activity of jejunal mucosal folate conjugase
is increased in celiac sprue. The variance between
these results and the calculated effect of celiac sprue
on the in vivo hydrolysis of [14C]PG-7 suggests that
the significant digestive activity of this enzyme is
overestimated by its measurement in whole mucosal
homogenates. In vitro measurement of mucosal
folate conjugase does not define its activity in the
mass of the jejunal absorbing surface epithelitum which,
by definition, is decreased in celiac sprue. The cell
type of origin of mucosal folate conjugase has not
been defined. The present finding of a dissimilar
effect of celiac sprue on whole mucosal folate con-
jugase and disaccharidase suggests that these enzymes
are concentrated in different cell types. Mucosal
folate conjugase could predominate in cells infiltrating
the lamina propria or in cells of the crypt or surface
epithelium. Others have shown negligible folate conju-
gase in circulating lymphocytes (30), whereas we have
demonstrated its activity in isolated mucosal epithelial
cells of the rat (32). Although direct experimental
evidence is lacking, the finding of increased folate
conjugase activity in celiac sprue biopsies suggests
that its activity may predominate in the hyperplastic
crypt epithelium of this mucosal disease.
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