Bay may be representative of relative-
ly low-lead coastal waters, the natural
abundance data indicate that virtually all
the lead is derived from Canadian gaso-
line lead, a conclusion that cannot be
drawn on the basis of concentratlon de-
terminations alone.
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Detection of a Milk Factor That Facilitates

Folate Uptake by Intestinal Cells

Abstract. Folate binding proteins in milk were tested for their effect on folate
absorption. The uptake of bound folate by isolated mucosal cells from the rat small
intestine was twice that of free folate and differed from it in being more effective with
progression down the small intestine, in not being affected by glucose or Dilantin, in
having a higher pH optimum, and in being affected by calcium concentration. This
milk factor may enhance folate absorption in infants, whose risk of folate deficiency

is high.

The detection of folate binding pro-
teins in milk (/-3) and their subsequent
characterization {4¢) led to numerous
studies of their function (5-9). None pro-
vided a coherent explanation for their
role in milk. Studies of these proteins in
the milk of cows, goats, and humans (4,
9--11) demonstrated that they, along with
the corresponding serum binders, (i) are
glycoproteins with a molecular weight
approximating 40,000, (ii) have isoelec-
tric points in the neutral range, and (iii)
dissociate at acid pH and can rebind
folate when neutralized. Since the bind-
ers impair the transport of folate into
both dividing cells and bacteria (5-7), we
thought that it might be productive to
study their effects on intestinal absorp-
tion.

Intestinal absorption of folate is a two-
stage process. First there is obligatory
hydrolysis of folate polyglutamates in
food to the monoglutamate form (/2), a
process that apparently occurs in the
mucosal brush border (/3). In the second
stage, the monoglutamates traverse the
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mucosal border at a rate modified by pH,
fluid and electrolyte shifts, and other
factors (I4). A third stage, involving
methylation and formylation of folates,
may occur in mucosal cells but is not
required for absorption (/5). The ab-
sorbed folates then enter the portal cir-
culation and are transported to the liver.
In this report we show that folate binding
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Fig. 1 (left). Effect of folate binding protein on
folate uptake at pH 6.5 by isolated mucosal

proteins in milk mediate the folate ab-
sorption process.

The milk binder was obtained fresh
from Sri Lankan goats (I/6) after the
second week of lactation, centrifuged,
skimmed, and freeze-dried for storage.
After reconstitution, a solution of the
milk (5 g per 100 ml) was incubated,
without purification, with saturating
quantities of *H-labeled pteroylglutamic
(folic) acid for 30 minutes, dialyzed for
18 hours against three changes of buffer,
and used in the various assays. To avoid
possible artifacts caused by particulate
matter, we centrifuged the dialyzed sam-
ples at 100,000¢ for 1 hour and used only
the supernatant.

Mucosal cells were isolated from rat
small intestine by vibration (/7). The
small bowel was resected from anesthe-
tized nonfasted rats, everted over a glass
spiral, and agitated at an amplitude of 1
mm for 8 minutes at 60 vibrations per
second. The dislodged cells were
strained through a grid with 0.4-mm?
apertures, washed at 1000g, and sus-
pended in tris-buffered Hanks solution
with phosphate buffer. After incubating
10% cells for 1 hour at 37°C, we washed
the cells three times at 1000g, extracted
the folate by autoclaving them with 1 ml
of ascorbate solution (1 g per 100 ml),
and measured the radioactivity of the
extracts.

Uptake of folate bound to milk binder
not only exceeded that of free folate, it
increased more than twofold between
cells from the upper third of the intestine
and cells from the lower third (Fig. 1).
Free folate uptake did not change with a
change in site of origin of the intestinal
cells. Uptake of bound folate differed
from that of free folate in being neither
enhanced by 40 nM glucose nor inhibited
by 2 mM Dilantin (Fig. 2). Nonradioac-
tive free folic acid (90 mM) had no inhibi-
tory effect. Calcium and EDTA barely
affected free folate uptake, whereas
bound folate was absorbed twice as rap-
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cells from the upper, middle, and lower thirds of the rat small intestine. Each incubation flask
contained 10° cells, 1.1 ml of 0.1M phosphate buffer, bound or free labeled folic acid, and tris-

buffered Hanks solution to a final volume of 2.5 ml (pH 6.5).

Fig. 2 (right). Uptake of

labeled folic acid by isolated cells of the rat small mtestme under the influence of Dilantin and

glucose.
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idly in the presence of 1 mM CaCl, (Fig.
3).

Bound folate uptake was not affected
by varying the temperature of incubation
between 4° and 37°C and the oxygen
concentration between 20 and 95 per-
cent. Temperature-independent protein-
mediated uptake of vitamin B, has been
observed with liver slices and intrinsic
factor concentrate made from hog’s milk
and with 1.1210 cells and purified trans-
cobalamin II (/8). It may reflect surface
binding of the complex rather than inter-
nalization and subsequent release and
conversion of folate, processes that are
more likely to be temperature-dependent
due to their enzymatic nature. The dif-
ference between surface binding and in-
ternalization of the complex may eventu-
ally be delineated by using the latex
particle technique, which allows the spe-
cific location of the complex to be deter-
mined with scanning electron micros-
copy (I18).

We also measured folate uptake from
human milk (Mother’s Milk Bank, Wil-
mington, Delaware) frozen immediately
after expression and bovine milk from a
local store. Compared with the uptake of
free *H-labeled folic acid by cells of the
upper and lower small bowel, respective-
ly, each expressed as 100 percent, up-
take from goat milk was 157 and 209
percent; from human milk, 109 and 156
percent; and from bovine milk, 88 and 94
percent. Failure of bovine milk to en-
hance folate uptake is probably attribut-
able to pasteurization and other process-
ing, since goat milk purchased in the
United States enhanced folate uptake
before it was pasteurized but not after-
ward. '

Consonant with prior findings (17), the
pH optimum for free folate uptake was
6.1 and was less than the optimum for
bound folate uptake (between 6.6 and
7.1). Free folate is essentially insoluble
at pH 7 (19), but is soluble at the low
concentrations used in this study (5 nM).

The isolated mucosal cells were pre-
pared by a technique previously used for
rapid assessment of the effects of various
factors on absorption of free *H-labeled
folic acid (/7). These prior studies effec-
tively reproduced patterns of folate ab-
sorption observed with the triple lumen
tube téchnique, namely, enhancement of
uptake by glucose and inhibition of up-
take by Dilantin (20). Our experiments
were not subject to the problems of
lengthened intestinal transit time or dilu-
tion with biliary folate since we used
isolated cells in medium; these two fac-
tors were cited by Izak et al. as possible
causes of artifacts in their studies of rat
gut in vivo (2I) in which milk-bound
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Fig. 3. Effect of calcium chloride and EDTA
on the uptake of labeled bound and free folate
at pH 6.5.

folate appeared less well absorbed than
free folate in the gut as a whole. The
enhancement of folate uptake demon-
strated in this study therefore suggests
that the prior binding of folate to milk
enhances its uptake in the intestine in
vivo. Uptake may be further assisted by
sequestration of bound folate in a man-
ner that prevents its utilization by bacte-
ria (6).

The clinical importance of this obser-
vation is primarily related to possible
effects of breast-feeding on the epidemi-
ology of megaloblastic anemia in infants.
Faber in 1928 described megaloblastic
anemia in 6-week-old babies (22). Soon
thereafter the condition was successfully
treated with crude liver and yeast (23)
and shown to be associated with nutri-
tional deficiency, prematurity, infection,
and maternal anemia (24). Since the cal-
culated folate intake of week-old infants
(25) is only a fraction of the calculated
minimum daily requirement (26), it is not
surprising that 20 to 40 percent of prema-
ture infants have changes suggestive of
folate deficiency (27, 28).

In contrast, folate deficiency and meg-
aloblastic anemia are extremely rare in
infants of normal gestational age and
birth weight who are breast-fed by nutri-
tionally replete mothers, as reported
from numerous localities including Japan
(29). Differences in the folate status be-
tween these two groups of infants are of
course attributable to multiple factors,
including different folate requirements.
One of the most important factors, how-
ever, may simply be whether the infant
receives breast milk or cow’s milk. Ek
and Magnus found no folate deficiency in
35 breast-fed infants (30) but consider-
able deficiency in ten infants fed home-
made cow’s milk formula (37). Although
loss of folate during preparation of cow’s
milk formula may have accounted for
some of the differences in folate status
between the two groups, it is not suffi-
cient to explain the considerable differ-
ences observed. Identification of the fac-
tor or factors that give this advantage to
breast-fed infants, such as an intrinsic

factor in milk, may provide a better
understanding of folate absorption dur-
ing infancy and how it can be improved.
A long-term objective is eliminating the
need to provide folic acid supplements to
infants whose birth weights are low (32,
33).

Although megaloblastic anemia is the
predominant manifestation of folate defi-
ciency in infancy, other effects have
been suggested. These include impair-
ment of fetal growth in utero (34-36) and
during the first year of life (37) and
harmful effects on central nervous sys-
tem development in the perinatal period,
when folate utilization in the brain is
several orders of magnitude greater than
that in the central nervous system of
adults (38).
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Aspirin Prevention of Cholesterol Gallstone

Formation in Prairie Dogs

Abstract. When prairie dogs (Cynomys ludovicianus) are fed a diet containing
cholesterol, a marked increase in gallbladder mucin secretion parallels the evolution
of cholesterol supersaturated bile. Gelation of mucin precedes the precipitation of
cholesterol liquid and solid crystals and the development of gallstones. Aspirin given
to prairie dogs inhibited mucin hypersecretion and gel accumulation and prevented
gallstone formation without influencing the cholesterol content of supersaturated
bile. This suggests that gallbladder mucin is a nucleation matrix for cholesterol gall-

stones.

Cholesterol gallstones afflict 30 per-
cent or more of the adult population in
certain Western countries and ethnic
groups (/). Their prevalence is increas-
ing in the Orient where many Western
dietary habits have been adopted (2).
A critical step in the formation of cho-
lesterol gallstones is the nucleation of
cholesterol from supersaturated bile (3).
Depending on the degree of supersatu-
ration, the initial cholesterol micropre-
cipitates may be either liquid-crystal-
line (¢) or amorphous (5); both types
contain substantial amounts of the bili-
ary phospholipid, lecithin. These micro-
precipitates give rise to crystals of cho-
lesterol monohydrate which in turn ag-
gregate to form macroscopic gallstones
(6). The importance of gallbladder mucin
in the formation of gallstones has long
been recognized. In 1856 Meckel von
Hemsbach (6a), who had studied the for-
mation of pearls, attributed gallstones to
an accumulation of gallbladder mucin that
served as a nucleus for the stones that
formed. Womack (7) obtained evidence
that hypersecretion of gallbladder mucin
glycoprotein occurred in lithogenic ham-
sters and suggested that this high-molec-
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ular-weight polymer acted as an organic
binder in the formation of cholesterol
gallstones. Increased gallbladder mucin
has been observed in other animal mod-
els (8) as well as in human gallbladders
containing stones (9).

On the basis of morphologic studies,
Hultén (/0) suggested that cholesterol
crystals grew predominantly in mucin-
packed niches of the human gallbladder
wall. More recent observations (/) sug-
gest that a nucleation factor is present in
supersaturated lithogenic human bile,
and that this factor accelerates cholester-
ol crystal formation; the factor is not
found in supersaturated nonlithogenic
bile from control patients (/7). Studies at
our laboratory demonstrated (/2) that
marked gallbladder mucin hyper-
secretion occurred in prairie dogs fed a
cholesterol diet for several days; this
paralleled the enrichment of bile with
cholesterol and occurred prior to nucle-
ation and the formation of liquid crys-
tals, crystals, or gallstones. Cholesterol
crystals were particularly prominent in a
visible mucin gel that accumulated in the
gallbladder of the cholesterol-fed ani-
mals.
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We designed the present study to test
the hypothesis that gallbladder mucin
glycoproteins are important in the nucle-
ation of cholesterol microprecipitates
from lithogenic bile. We inhibited gall-
bladder mucin glycoprotein secretion
with aspirin, since this compound, as
well as other nonsteroidal anti-in-
flammatory drugs, are known to inhibit
mucin secretion in other organs (/3) but
are without effect on biliary lipid satura-
tion (I4). We found that aspirin adminis-
tered to cholesterol-fed prairie dogs in-
hibited the nucleation of cholesterol-su-
persaturated bile without altering biliary
lipid composition and prevented the ap-
pearance  of  cholesterol micro-
precipitates and gallstone formation. The
prevention of crystals and stones in the
aspirin-treated animals was correlated
with the absence of a mucin gel and a
marked diminution in gallbladder mucin
concentration.

We first studied the effect of aspirin on
gallbladder mucin secretion in vitro, us-
ing an organ culture technique (/5). Gall-
bladder explants from cholesterol-fed
and control prairie dogs were incubated
with [PHlglucosamine and various con-
centrations (1 to 25 mM) of aspirin (/6).
Aspirin at all doses inhibited gallbladder
glycoprotein secretion from normal gall-
bladder explants as well as those from
prairie dogs fed the cholesterol diet for 5
days. The addition of aspirin caused a
dose-dependent inhibition of mucin se-
cretion reaching 80 to 85 percent in-
hibition at 25 mM.

To confirm the inhibitory effect of as-
pirin on gallbladder mucin secretion, we
compared mucin glycoprotein synthesis
and secretion in gallbladder explants
from animals fed cholesterol and animals
fed cholesterol plus aspirin. Aspirin
doses of 25, 50, 75, and 100 mg per Kkilo-
gram per day were well tolerated. The
largest dose of aspirin caused mild gastri-
tis but did not cause significant hepato-
toxicity, weight loss, or hemorrhage.
Prairie dogs (N = 6) were then pair-fed
with either the 1.2 percent cholesterol
diet or the 1.2 percent cholesterol diet
plus 100 mg of aspirin per kilogram of
body weight per day for 6 days. As
shown in Fig. 1, aspirin in vivo signifi-
cantly (P < .001) inhibited the incorpo-
ration of [*H]glucosamine into gallblad-
der tissue and secreted mucin glycopro-
teins after 6 and 24 hours of incubation.

We then tested the effects of aspirin on
total and relative biliary lipid composi-
tion and the formation of cholesterol
crystals and gallstones (/7) in prairie
dogs fed the cholesterol diet for 14 days.
Three groups of prairie dogs were stud-
ied (Table 1). Control animals were given
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