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Absorption in Humans Studied bylIntestinal Perfusion
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A B S T R A C T Jejunal calcium absorption was measured
from test solutions containing 1.0, 2.5, 5, and 10 mM
calcium (as calcium gluconate). Absorption rates in-
creased progressively as luminal calcium concentration
was increased, although there was a tendency toward
saturation of the absorptive process at the higher concen-
trations. Calcium absorption was higher in normal young
adults than in normal subjects over age 60. In both
groups a 300 mg calcium diet for 4-8 wk enhanced cal-
cium absorption relative to absorption rates after 4-8
wk on a 2,000 mg calcium diet. This adaptation was more
definite and dramatic in the young than in the old sub-
jects. Indirect estimates suggest that adaptation to a low
calcium diet and the higher absorption in young than old
normal subjects are mediated by an increased Vmrax rather
than a decreased Km.

INTRODUCTION

Physiologic variations in intestinal calcium absorption
related to age and diet have been repeatedly demonstrated
in animal studies. Young growing rats absorb more cal-
cium than mature rats in vivo and in vitro (1-7), and at
any age intestinal calcium absorption in animals is en-
hanced by a low calcium diet (3, 7-11). With regard
to humans, an orally ingested bolus of isotopic calcium
is absorbed less well in old than in young people (12,
13), and balance techniques have revealed enhanced cal-
cium conservation by the digestive system following
weeks to months of reduced calcium intake (14). These
studies have indicated that the human digestive system,
like that of animals, varies its rate of calcium absorption
with respect to diet and age. However, isotopic and bal-
ance techniques for studying calcium absorption in man
have inherent limitations. For instance, isotopic calcium
absorption is not synonymous with net calcium absorption
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because of calcium diffusion from blood to intestinal
lumen, which at times may even exceed the unidirectional
flux of calcium from lumen to blood (15). Absorption
rates determined on the basis of balance techniques re-
flect calcium secretion by the digestive glands as well
as intestinal absorption. Neither isotopic nor balance
methods measure calcium absorption under defined intra-
luminal conditions (calcium concentration, pH, sodium
concentration, flow rate, etc.).

In an attempt to obtain more information about the
effect of dietary calcium and age on intestinal calcium
absorption in humans, calcium absorption was studied
by the triple-lumen perfusion system (16). This method
has the advantage that net absorption or secretion is
measured from a specified segment of the small bowel
under conditions where calcium concentration, sodium
concentration, pH, and other factors can be controlled
and systematically varied. We studied old and young
subjects who were adapted to a 300 and a 2,000 mg cal-
cium diet for 4-8 wk. These intakes were chosen be-
cause the 300 mg diet is known to be insufficient to main-
tain a positive calcium balance, while the 2,000 mg diet
greatly exceeds the normal minimum requirement for a
positive calcium balance (14). Calcium absorption was
measured in a 60 cm segment of proximal jejunum us-
ing four test solutions spanning the range of calcium
concentrations in the proximal small bowel following the
ingestion of normal food.

METHODS
Subjects. The studies were performed in two groups of

normal volunteer subjects. The first group consisted of
seven young adults, five men and two women, ranging in
age from 22 to 31 yr with a mean age of 28. The second
group of subjects consisted of six elderly adults, three men
and three women, ranging in age f rom 61 to 75 with a
mean age of 68. All were in good health, took no medica-
tions on a regular basis, and had no clinical evidence of
osteoporosis.

The subjects were initially assigned to either a low or
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a high calcium diet for 4-8 wk. After absorption studies
were completed, they were switched to the opposite diet for
a corresponding series of studies. One of the young sub-
jects was studied only on the low calcium diet.

Diet. Subjects initially filled out a questionnaire that
gave an approximation of their previous calcium intake.
They were then randomly assigned to either a low (300
mg/day) or a high calcium (2,000 mg/day) regimen. A
dietition instructed each subject in modifications of his usual

liet necessary to approximate the desired calcium intake. A
daily dietary report was submitted by each subject listing
all foods and beverages and their amounts, and the total
daily calcium intake was calculated according to a refer-
ence text listing the calcium content of foods and beverages
(17). Subjects were instructed to further revise their diets
if their calcium intake varied more than slightly from the
assigned level.

Because of the high caloric intake associated with the
2,000 mg calcium diet, subjects assigned to that diet were
given the option of a medium diet (800 mg calcium/day)
supplemented by 1,200 mg calcium in the form of calcium
gluconate powder; one-third of the daily allotment was
taken with each meal. Six of the 13 subjects elected the
calcium gluconate powder rather than the high calcium diet.
Vitamin supplements other than those in prepared foods
were prohibited; vitamin D-fortified milks were permitted.

It was found that in general calcium intake adhered
closely to the assigned levels. When errors in intake were
observed, they occurred in the appropriate direction, so that
subjects on a low calcium intake ingested less than 300
mg/day and subjects on a high calcium intake more than
2,000 mg/day. As already stated, when variations from
assigned intake were noted, the subjects were quickly re-
instructed so that calcium intake over the 4-8-wk study
period closely approximated the desired level in each
subj ect.

Intestinal perfusion studies. The triple-lumen intestinal
perfusion system was adapted to the study of a slowly
absorbed solute by lengthening the distance between sam-
pling sites to 60 cm and the sampling periods to 2 h from
each site. Collection from the distal site was staggered 30
min after the corresponding collection from the proximal
site, based on volume-flow relationships previously reported
(18). The infusion tip of the triple-lumen tube was posi-
tioned at the ligament of Treitz. Solutions were prewarmed
to approximately 37°C and perfused at a constant rate
of 11 ml/min with a Holter pump (Tthe Holter Co., Mt.
Laurel Township, N. J.). The rate of sampling from the
proximal and distal ends of the test segment was 1 ml/min.
Collections were made anaerobically in 30-ml plastic
syringes.

Each study consisted of an analysis of calcium absorption
from four calcium gluconate solutions having calcium con-
centrations of 1, 2.5, 5, and 10 mM, respectively. The con-
centration of ionized calcium in these solutions, determined
on an Orion model 99-20/serum calcium flow-through sys-
tem (Orion Research, Inc., Cambridge, Mass.), was 0.9,
2.4, 4.7, and 9.1 mM, respectively. All solutions contained
95 mMNaCl, 5 mMKCl, 17.5 mMNa2SO4, and 17.5 mM
mannitol, with 5 g/liter polyethylene glycol (PEG) 1 as a
nonabsorbable marker. This ionic makeup was selected in
order to simulate plasma sodium, chloride, and potassium
concentrations and to keep net water absorption near zero,

'Abbreviations used in this paper: K., Michaelis con-
stant; PD, potential difference; PEG, polyethylene glycol;
V.ax, maximum velocity of transport.

so that the flow rate at all levels of the 60-cm jejunal seg-
ment would be approximately equal (19). Bicarbonate was
omitted from the test solution so that the pH of the per-
fusates would be slightly acid and thus simulate the pH of
fasting (20) and postcibal (21) jejunal contents.

The four test solutions were perfused in random sequence
over a 2 day period, two solutions on each of the test days.
Each solution was perfused for 31 h-1 h for equilibration,
then a 2 h collection period. (The samples from the distal
tube were started and finished 30 min after those from the
proximal tube, accounting for the added 30 min of time
for the entire perfusion.) At the end of the first day's per-
fusions, the tube was pulled back until the distal aspirating
site reached the proximal duodenum. The tube was then
allowed to advance overnight to its previous position for the
second day's perfusion.

Sermon and uric studies. Two 24 h urine collections
were obtained during the 48 h immediately preceding each
study. Subjects were required to fast for 10 h preceding
the perfusions, and a blood sample was obtained at the
start of each study for calcium, phosphorus and alkaline
phosphatase determinations.

Analysis of samples. pH of intestinal samples, performed
directly from the collecting syringe, was determined
promptly (Duomatic Model 123, Instrumentation Labora-
tory, Inc., Lexington, Mass.). The contents of the four
syringes comprising each total proximal or distal collection
were then pooled in plastic containers, and an aliquot was
centrifuged and immediately frozen. After thawing, samples
for calcium determination were diluted with an automatic
diluter (Micromedic Systems, Inc., Wellesley, Mass.) set
to aspirate 100 ul of test material and dilute with 5 ml of
diluent. (Evaluation of the diluter for the combined aspi-
rate-and-disperse cycle revealed a coefficient of variation
of 0.035%o.) The diluted solution was delivered into a
polystyrene sample cup, loaded on a Beckman automatic
sample changer, and aspirated into a tectronic nebulizer and
burner mounted on a Beckman Model 1301 atomic absorp-
tion accessory (Beckman Instruments, Inc., Fullerton,
Calif.) attached to a Beckman Model DB spectrophotometer
with output to a Sargent Model S.R.L. recorder (Sargent
Welch Co., Skokie, Ill.). All samples were run in duplicate
and were rerun if the result varied by more than 1%.

Electrolyte and PEG concentrations of the perfusates
were analyzed according to methods previously described
(19-22). Serum and urinary calcium concentrations were
determined by the method already described for intestinal
fluid calcium analysis. Serum alkaline phosphatase con-
centration was determined by the method of Klein, Read,
and Babson (23). Serum phosphorus was done according
to the method of Fiske and Subbarow (24).

Calculationis. Absorption rates for calcium, sodium, po-
tassium, and water were calculated from the perfusion rate,
the change in concentration of the nonabsorbable marker
(PEG), and the change in concentration of the respective
solute (19-22). Results are expressed as the mean±+1 SE.
In order to represent conditions within the test segment as
closely as possible, the calcium concentrations of the per-
fusate are expressed as the arithmetic mean of the concen-
trations determined at the proximal and distal collecting
sites.

Statistics. Results for the high and low calcium diets
evaluated alternatively in one group of subjects were com-
pared statistically by means of the paired Student's t test.
The grouped Student's t was used to compare the old and
young subjects.
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RESULTS
Estimated previous calcium intake. By dietary survey

it was estimated that calcium intake prior to institution
of this study was 1,050±265 mg/day (range 695-1,569)
in the young subjects and 943±133 mg/day (range
681±1697) in the old subjects.

Estimated calcium intake during the study. On the
assigned 300 mg calcium diet the young subjects were
estimated to ingest 224±21 and the old subjects 250±27
mg calcium/day. On the assigned 2,000 mg calcium diet
the young subjects were estimated to ingest 2,030±+120,
and the old subjects 2,134±92 mg of calcium/day.

Intestinal calcium secretion when calcium-free solu-
tions are infused. In order to estimate the rate of net
calcium diffusion into the jejunal lumen, isotonic saline
containing PEG as a marker was infused at the liga-
ment of Treitz at a rate of 11 ml/min in 15 normal sub-
jects. This test solution contained no calcium. In fluid
aspirated 10 cm beyond the infusion site, the calcium con-
centration was 0.03±0.003 mM. In fluid collected 20 cm
distally (distal aspirating site located 20 cm beyond prox-
imal aspirating site), the concentration of calcium was
0.05±0.004 mM. The arithmetic mean calcium concen-
tration in the test segment was 0.04±0.003 mM, and the
rate of calcium secretion was 0.008+0.002 mmol/h per
20 cm. These results are used later in the calculation of
Vmax and Km for jejunal calcium absorption. The data
are also of interest since they indicate the degree of per-
meability of the human jejunum to net passive calcium
secretion down chemical concentration gradients (lumen
calcium 0.04 mM, plasma diffusible calcium assumed to
be 1.5 mM[25]). For instance, if this rate of calcium
secretion applies throughout the 300 cm of small in-
testine, calcium secretion in the small bowel could be
0.123 mmol (4.92 mg)/h or 2.95 mmol (118 mg)/24 h.
(This estimate would apply only to the conditions of our
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FIGURE 1 Calcium absorption rate at different luminal cal-
cium concentrations. 12 subjects were studied twice, once
on a 300 mg and once on a 2,000 mg calcium diet. P
values are by paired analysis.

experiment and would not necessarily be valid after
subjects ingest a meal.) Under similar experimental con-
ditions, Cramer noted approximately the same rate of
calcium secretion in jejunal and ileal loops of dog in-
testine (26) that we observed in the human jejunum.

Effect of calcium diet on intestinal calcium absorption.
Paired studies were performed in 12 normal individuals
after comparable periods of time on the 2,000 and 300
mg calcium diets. The ages of the subjects ranged from
24 to 75 yr with a mean age of 50. Mean duration on the
low calcium diet was 6.0 wk and on the high calcium
diet 5.6 wk. As shown in Fig. 1, mean calcium absorp-
tion was higher when the subjects were on the low than
on the high calcium diet at all four luminal calcium con-
centrations (P < 0.05). With both the high and low cal-
cium diets absorption rate increased with increasing
luminal calcium concentration, although there was a
tendency for absorption rate to plateau at the higher
calcium concentrations. Calcium absorption against a
concentration gradient on both the low and high calcium
diets is demonstrated by the fact that absorption occurred
at the 1 mMcalcium concentration, which is below the
1.5 mMdiffusible and 1.2 mM ionized calcium con-
centration in plasma (25).

Table I shows that the rates of water, sodium, and
potassium absorption were slightly higher on the low
than on the high calcium diet and that these small differ-
ences were statistically significant by paired analysis.
The pH of the collected perfusate was slightly lower on
the low calcium diet than on the high calcium diet, and
this difference was also statistically significant by paired
analysis. Wehave no explanation for these unexpected
findings, but the magnitude of the differences are so small
that they are unlikely to have any direct effect on the
rate of calcium absorption.

Potassium concentration at the distal collecting site
of the triple-lumen tube averaged 5.0 meq/liter on both
diets. This value is of interest because potassium equili-
brates passively across the human small intestine in ac-
cord with electrochemical gradients, and potential dif-
ference (PD) can be indirectly estimated from luminal
potassium concentration (27). Measured serum potas-
sium concentration in our subjects was 4.3+0.1 meq/
liter, and by the Nernst equation these results indicate
that the PD across the test segment was about 3.0 mV
(lumen negative). Since luminal potassium concentration
in the distal sample was not statistically different on
the two diets, the change in calcium absorption induced
by calcium diet is probably not related to a change in
PD across the jejunal mucosa.

The rate of water and sodium absorption and pH were
approximately equal after perfusion of the four different
test solutions, indicating that changing the calcium con-
centration of jejunal contents did not affect these results.
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TABLE I
Effect of Calcium Diet in 12 Subjects

Urine Serum

Dietary Sodium Potassium Water Final Serum calcium Serum alkaline

calcium pH movement* movement* movement* [K] [Ca] excretion [P] phosphatase

meq/60 meq/60 ml/60 meq/liter mg/100 ml mg/24 h mg/100 ml King-
cm/h cm/h cm/h Armstrong U

300mg
6.13 -1.1 -0.3 -31 5.0 9.7 145 3.6 7.4

300 mg ±0.04 ±0.9 ±0.04 ±7 40.05 40.2 140 30.2 ±0.8
2,000 mg 6.23 +1.0 -0.2 -27 5.0 9.8 202 3.7 7.1

±0.04 ±0.9 ±0.03 ±6 40.05 ±0.1 ±23 ±0.1 ±0.9
P 0.02 0.02 0.005 0.01 NS NS 0.05 NS NS

* Negative values signify net absorption, positive values indicate net secretion.

Raising the calcium concentration from 1 to 10 mMwas
associated with a slight fall in final luminal potassium
concentration (5.09-4.85), which was statistically sig-
nificant and suggests that the higher calcium concentra-
tion is associated with a slightly lower PD across the
jejunal mucosa.

Table I shows that serum calcium, phosphorus, and
alkaline phosphatase were approximately equal on the
low and high calcium diets. Urinary calcium excretion
was, however, 39% higher on the high than on the low
calcium diet, and the difference was statistically signi-
ficant.

Effect of an acute calcium load on calcium absorption.
The data reported in Fig. 1 indicate that the human
jejunum adapts its rate of calcium absorption to the
level of calcium in the diet. These studies were conducted
after 4-8 wk on a low or a high calcium diet, and it is

not known how rapidly intestinal adaptation occurs.
In order to see if the jejunum could adapt more or less
immediately in response to the luminal calcium concen-
tration, five subjects who for 8 wk had been on a low
calcium diet were studied with the 2.5 mMcalcium solu-
tion. This was perfused before and immediately after
1 liter of 20 mMI calcium was infused over a 90 min pe-
riod. Absorption before the 20 mMcalcium infusion was
0.17±0.02 mmol/60 cm per h, compared with 0.15±0.02
after the high calcium infusion (P > 0.5 by paired analy-
sis). Thus, the human jejunum does not reduce its cal-
cium absorption rate immediately in response to a high
calcium concentration in its luminal contents.

Effect of age. As shown in Fig. 2, on the low cal-
cium diet the young subjects absorbed about 45% more
calcium than the older subjects, and the differences were
statistically significant (P < 0.05) at the two highest
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FIGURE 2 Effect of age on calcium absorption. Seven young and six old subjects were

studied on the low calcium diet, and six old and six young subjects were studied on the high
calcium diet. P values are by grouped Student's t test.
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FIGURE 3 Effect of calcium diet in young and old subjects. Each subject was studied twice,
once on the low and once on the high calcium diet. P values are by paired analysis.

luminal calcium concentrations. On the high calcium diet
young subjects absorbed about 35% more calcium than
did the old subjects, but the difference was satistically
significant at only one of four luminal calcium concen-

trations. On both diets the old and young subjects ab-
sorbed calcium against a concentration gradient.

The capacity for increased calcium absorption in re-

sponse to a low calcium diet in old and young subjects
is compared in Fig. 3. Mean absorption rates increased
by about 66% in the young subjects and by about 50%
in the old subjects when they switched from a high to a

low calcium diet. These differences are statistically sig-
nificant in the young but not the old subjects when
analyzed by paired analysis.

Table II shows the absorption data and the serum and
urinary values in the old and young subjects on the
low calcium diet. Water, sodium and potassium were ab-
sorbed at slightly higher rates in the young than in the
old subjects, although absorption rates in both groups

were near zero (a maximum of about 5% of the fluid
perfused was absorbed), in accord with the design of the
test solutions. The luminal fluid pH was slightly but
significantly higher by statistical analysis in the young

than in the old subjects. The younger subjects had a

slightly higher average serum calcium concentration
than the old subjects (P < 0.02).

It is of interest that the older subjects had somewhat
higher values for urinary calcium (difference not signifi-
cantly different) than the young subjects in spite of the
fact that they absorbed les calcium in the intestinal per-

fusion experiments. Similar data for the high calcium diet
are shown in Table III.

Effect of sex. There was no significant difference in
calcium absorption rate at any luminal calcium concen-
tration between the eight men and five women in this
study. This generalization held true in both the young
and old subjects on both levels of previous dietary cal-
cium intake.

TABLE I I
Effect of Age in Subjects on a Low Calcium Diet

Urine Serum
Sodium Potassium Water Final Serum calcium Serum alkaline

Subjects pH movement* movement* movement* [K] [Ca] excretion [P] phosphatase

meq/60 meq/60 ml/60 meq/liter mg/100 ml mg/24 h mg/100 ml King-
cm/h cm/h cm/h Armstrong U

Young 6.23 -3.9 -0.4 -44 5.0 10.1 130 3.8 5.7
n = 7 ±0.05 41.2 40.05 ±9 40.06 40.2 414 40.2 ±0.3

Old 6.01 +1.3 -0.3 -19 5.1 9.4 152 3.3 9.2
n = 6 ±0.05 ±0.9 ±0.06 ±8 ±0.05 40.1 ±15 40.2 41.3

P 0.005 0.005 NS NS NS 0.02 NS NS 0.025

* Negative values signify net absorption, positive values indicate net secretion.
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TABLE I Il
Effect of Age in Subjects on a High Calcium Diet

Urine Serum

Sodium Potassium Water Final Serum calcium Serum alkaline

Subjects pH movemeut* movement* movement* [K] [Ca] excretion [P1 phosphatase

meq/60 meq/60 ml/60 ?neq/liter mg/100 ml mng/24 h mg/100 ml Kiing-
cm/h cm/h cm/h Armnstrong U

Young 6.25 +0.1 -0.2 -20 5.0 9.8 167 3.9 6.5
n = 6 ±0.06 +41.2 ±0.06 47 40.07 ±0.2 439 ±t0.2 41.0

Old 6.14 +3.3 -0.1 +9 5.1 9.6 202 3.5 7.8
n = 6 ±0.05 ±1.2 ±0.04 ±6 ±0.05 ±0.1 ±34 ±0.2 ±-1.3

P NS NS NS 0.05 NS NS NS NS NHS

* Negative values signify net absorption, positive values indicate net secretion.

Kinetic analysis. As already noted, absorption rates
of calcium exhibited a tendency to plateau as increasing
luminal calcium concentrations were perfused. How-
ever, an analysis of these data in terms of transport con-

stants (V..x and Km) is not possible unless a correction
is made for passive calcium absorption or secretion in
response to concentration gradients. It is extremely diffi-
cult to obtain the information necessary for such cor-

rections in an in vivo human system due to the fact
that plasma calcium concentration cannot be varied over

a wide range. A method by which kinetic constants can
be calculated is illustrated in Fig. 4. One correction point
is obtained by assuming that passive calcium transport
is zero when luminal and plasma concentrations are equal

at 1.5 mM, which is the concentration of diffusible cal-
cium in plasma (25). A second correction point was ob-
tained by measuring the rate of net calcium secretion
into the jejunal lumen when luminal concentration was
near zero. When a test solution containing no calcium
was infused into the jejunal lumen of 15 normal subjects,
the rate of calcium secretion was 0.025±0.002 mmol/60
cm per h, and the average calcium concentration between
the two collecting points was 0.04±0.003 mM.2 These

2These studies are described in more detail in the third
paragraph of Results. The experiments were done with a
20 cm test segment, but the results are expressed per 60 cm
here for comparison with absorption data carried out in
60-cm jejunal segments.
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FIGURE 4 Method of estimating passive calcium -diffusion. On the left side the observed
rates of calcium absorption at different luminal calcium concentrations are plotted (circles).
The diamond shaped symbols show the rate of calcium diffusion into the lumen when luminal
calcium concentration was near zero, and the rate of calcium diffusion (assumed to be zero)
when luminal and plasma diffusible calcium concentrations are equal at 1.5 mM. A straight
line through these points is assumed to approximate the rate of passive calcium diffusion at
any given luminal calcium concentration. On the right side of the diagram, estimated passive
diffusion has been subtracted from observed absorption rates to give the calculated active
transport. The line through the points is calculated by the formula for nonlinear regression.
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TABLE IV
Kinetic Constants Calculated by Nonlinear Regression*

Apparent Correlation
Group Vmax Km coefficient

mmol/60 cm/h mM
(mean ±SEM) (mean ±SEM)

All ages-paired
Low calcium diet 0.44 ±0.04 3.1 40.65 0.999
High calcium diet 0.29 0.02 3.5 ±0.48 0.999

Low calcium diet
Young 0.76±40.07 5.6 ± 1.10 0.999
Old 0.25±1t0.01 1.3±:0.26 0.999

High calcium diet
Young 0.48±0.14 5.5±3.10 0.994
Old 0.19 ±0.01 2.0 ±0.32 0.999

Young-paired
Low calcium diet 0.74±0.08 5.4±1.10 0.999
High calcium diet 0.3840.06 4.0±-1.40 0.997

Old-paired
Low calcium diet 0.25 ±0.008 1.44±0.15 0.999
High calcium diet 0.22 ±0.018 2.9 ±0.60 0.999

* Passive diffusion was estimated and subtracted from observed absorption
rates according to the method described in Fig. 4 and in the text.

two correction points are plotted in Fig. 4; a line ex-
tended through them is drawn, assuming that passive
calcium absorption or secretion is linearly related to the
concentration gradient between intestinal lumen and
plasma between zero and 10 mMcalcium concentration.
Data in rats in vitro suggest that this assumption is
valid for both a high and a low calcium diet (10).

If this correction is made, calcium transport secondary
to passive calcium diffusion can be subtracted from the
observed calcium absorption rates, and kinetic constants
for active calcium absorption can be obtained by the
Michaelis-Menten equation for nonlinear regression:

(Vmax X Conc)
V = I

(Km + Conc)
where V is the transport rate at any given concentration,
Vmax the maximum velocity of transport, and Km the
concentration at which transport rate is one-half maxi-
mal.

Table IV shows the estimated kinetic constants for
the experimental results depicted in Figs. 1-3. It will be
noted that higher absorption in young than old sub-
jects and adaptation to a low calcium diet is associated
with an increase in Vma. rather than a decrease in ap-
parent Km.8 The agreement between the corrected points
and the formula for nonlinear regression was excellent,
with r values approaching unity. This indicates that the
formula for nonlinear regression is an excellent descrip-
tion of our corrected experimental results.

8 Apparent Km is used to signify that the results have
not been corrected for the effect of unstirred layers (28,
29). Such corrections are probably impossible in vivo and
have never been estimated in vitro for calcium transport.

DISCUSSION
Previous studies have shown that the pH of intestinal
contents after normal food varies from 3.5 to 6.7 in the
proximal jejunum, with most values below 6.0. Beyond
the mid-small bowel the pH rises to an average level of
7.6, and no samples have a pH lower than 6.5 (21).
These values are of significance because in the presence
of phosphorus and other dietary constituents calcium
tends to precipitate above a pH of 6.1 (30). Therefore,
under normal conditions dietary calcium is probably
maximally soluble (and therefore more absorbable) in
the duodenum and proximal jejunum and in most experi-
mental animals the proximal small bowel has a greater
capacity for active calcium transport than more distal
segments of the small bowel. Previous studies also indi-
cated the calcium concentrations normally found in the
proximal small bowel after eating normal food. After a
meal of steak, toast, butter, and salad (which if ingested
three times a day would correspond to a calcium intake
of 216 mg of calcium per day), calcium concentration in
the proximal small bowel varied between 0.3 and 2 mM,
whereas after a meal containing 250 ml of milk (which
would correspond to 939 mg of calcium per day), the
calcium concentrations in the proximal bowel were be-
tween 3 and 8.5 mM(21). Thus, the physiologically im-
portant calcium concentrations in the proximal small
bowel vary between 0.3 and 8.5 mMwhen subjects ingest
a low and moderately high amount of dietary calcium.

Using the triple-lumen perfusion system we therefore
studied calcium absorption in 60 cm of proximal jejunum,
starting at the ligament of Treitz, and used four different
test solutions containing 1.0, 2.5, 5, and 10 mMcalcium
as 'calcium gluconate. The sodium, potassium, and
chloride concentrations in the jejunal lumen were main-
tained constant at levels approximating those of the ex-
tracellular fluid, and the composition of the test solutions
was designed to maintain a flow rate of about 10 ml/min
throughout the 60 cm jejunal segment. The normal je-
junum adjusts its luminal contents to a pH near 6.2,
probably by Na: H exchange (19, 20), so that the in-
testinal fluid pH was constant at a level near 6.2 without
the addition of buffer to the test solutions. At this pH
calcium gluconate is about 99% ionized.

By our method, disappearance of calcium from the
intestinal lumen is assumed to represent absorption of
calcium. Theoretically, however, calcium might be taken
up by the intestinal cells, accumulate there, and later be
resecreted into the intestinal lumen. Under this condition,
disappearance of calcium from the lumen is not equal to
absorption of calcium into the body. Wethink this pos-
sibility is unlikely for two reasons. First, all our calcium
absorption studies lasted 2 h and were begun after a 1 h
equilibration period. It seems likely that a steady state
would have been reached after these relatively long per-
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fusion periods and that calcium disappearing from the
lumen would be balanced by calcium entering the body.
Second, the absorption studies before and after a 20 mM
calcium infusion argue against the accumulation-rese-
cretion theory. Calcium accumulation within the mucosa
would be expected to be greater during a 20 mMcalcium
perfusion than in any of our other absorption studies
since the highest concentration of calcium infused during
the absorption studies was 10 mM. If calcium accumu-
lated in intestinal cells is later resecreted into the intesti-
nal lumen, a 20 mMcalcium solution infused into the
lumen should reduce the subsequent rate of calcium dis-
appearance from the lumen. However, the data revealed
that calcium disappeared from the jejunal lumen (2.5
mMperfusion) at the same rate before and after the
jejunum was perfused for 90 min with a 20 mMcalcium
solution. For these reasons, we think it is likely that
calcium absorption rates as measured by intestinal per-
fusion are true measures of net intestinal absorption into
the body. Admittedly, definitive proof is not available.

In both young and old subjects on both high and low
calcium diets, calcium was absorbed from the jejunum
when the luminal calcium concentration was less than
plasma diffusible calcium concentration (1.5 mM) and
less than plasma ionized calcium concentration (1.2 mM)
(25). Thus, jejunal calcium absorption occurred against
a calcium concentration gradient, in accord with the re-
sults of previous studies by Wensel, Rich, Brown, and
Volwiler (15) and by Ewe (31). Since the test solutions
in the present study were designed so that water ab-
sorption would be near zero (water absorption rates by
actual determinations were less than 5% of the infused
test solution), this calcium absorption against a con-
centration gradient cannot be attributed to solvent drag.
In previous studies we have shown that the normal je-
junum has a potential difference (PD) of near zero
(20) when it is perfused with solutions similar to those
used in the present studies; therefore, calcium absorption
rates reported herein were probably not influenced by
an electrical gradient. Although PD was not determined
in the present studies, it can be indirectly estimated from
the final (distally collected) potassium concentration in
the jejunal lumen relative to plasma potassium concen-
tration (27). The results suggested that the jejunal PD
was about 3 mV, lumen side negative. Thus, calcium
was absorbed against both an electrical and a concentra-
tion gradient, when water flow was near zero. These
findings are indicative of active intestinal transport,
which has been demonstrated previously in animal prepa-
rations in vitro and in vivo.

The rate of calcium absorption increased progressively
as luminal calcium concentration was increased from 1 to
10 mM. These results are in contrast to those reported
by Ewe, who studied calcium absorption in a 30 cm seg-

ment of human jejunum isolated between two balloons
and found that calcium absorption did not increase as
luminal calcium concentration was increased above 2.25
mM(31). The reason for this discrepancy between our
study and the results of Ewe is not clear.

Although jejunal calcium transport did not attain a
level of saturation within the range of concentrations
studied, the rate of absorption did begin to plateau at
the higher calcium concentrations (Figs. 1-4). This
would be compatible with both active carrier mediated
calcium transport and passive calcium diffusion secondary
to concentration gradients. That there is some passive
calcium diffusion in response to concentration gradients
is evident from the fact that when the luminal contents
were initially calcium free, calcium was secreted into the
jejunal lumen. The magnitude of this passive secretion,
in relation to absorption rates at higher luminal concen-
trations, is depicted in Fig. 4.

The present results demonstrate that calcium absorp-
tion at all four luminal calcium concentrations was en-
hanced when subjects had been on a 300 mg calcium diet
for 4-8 wk, compared with calcium absorption rates when
the same subjects had ingested a 2,000 mg calcium diet
for a comparable period. This confirms previous work in
laboratory animals (3, 7-11) and in humans (12, 14, 32)
studied by calcium balance and isotopic techniques. The
mechanisms whereby the intestine adapts its rate of ab-
sorption to meet the needs of the body is unknown, al-
though it has been suggested that the effect may be medi-
ated by an increased level of calcium binding protein in
the intestinal mucosa (33) and/or by the stimulus of
hypocalcemia, resulting in secretion of parathyroid hor-
mone, which in turn stimulates the synthesis in the kidney
of 1,25-dihydroxycholecalciferol (34, 35).

Some insight into the adaptation mechanism might re-
sult from an analysis of the kinetics of calcium trans-
port on a high and a low calcium diet. Walling and
Rothman conducted such a study in rats in vitro, and
they found that animals on a low calcium diet had the
same Vmax but a much lower Km than animals on a high
calcium diet (10). They postulated that the low calcium
diet enhanced the affinity of the active transport site for
calcium in some manner, possibly by an increase in cal-
cium-binding protein within mucosal cells. They con-
cluded that since Vmax was unchanged by diet, the total
amount of active transport carrier was presumably
unchanged.

Our studies, on the contrary, suggest that a change
in Vmax rather than Km is associated with the intestinal
adaptation to a low calcium diet. However, it must be
pointed out that it is difficult to measure accurately Vmax
and apparent Km of the active calcium transport carrier
in vivo. This is because it is impossible to measure di-
rectly the passive transport of calcium as intraluminal
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calcium concentration is raised above plasma calcium
concentration. A method for estimating the passive com-
ponent was presented in the Results sectioI1', and wvhen
calculated net passive absorption or secretion is sub-
tracted from observed absorption or secretion, the active
component of transport is derived indirectly. Due to the
uncertainty involved in estimating the diffusion com-
ponent, the kinetic constants derived from this analysis
must be regarded as approximations. The results are of
interest, however, in that they suggest that adaptation to
a low calcium diet is associated with an increase in Vm..
rather than a fall in apparent Km. As already noted, this
is in conflict with the results of Walling and Rothman
in rats in vitro, where a low calcium diet led to a lower
apparent Km but no change in Vmlx (10). Until better
methods are devised for measuring calcium diffusion rate
at different luminal calcium concentration in vivo, it
will be impossible to say if this discrepancy is due to
species variation, to differences in in vivo and in vitro
preparations, or to inaccuracy in our estimate of the
passive calcium transport rate.

Two other observations are of interest in regard to
adaptation of the jejunum in response to dietary calcium
intake. First, whatever the mechanism of enhanced ab-
sorption after a period of low dietary calcium intake,
our results indicate that calcium absorption cannot be
suppressed acutely by intrajejunal infusion of a high
concentration of calcium. Second, the fact that our sub-
jects on a low calcium diet absorbed slightly but sig-
nificantly more sodium, potassium and water than when
they were on the high calcium diet suggests that other
jejunal transport mechanisms than calcium may be en-
hanced by a low calcium diet. Studies specifically de-
signed to test this hypothesis should be carried out.

Our comparative calcium absorption studies in young
adult and old normal subjects revealed that young people
absorb more calcium at any given luminal calcium con-

centration than old people. This was true for both the
high and low calcium diets but was more marked on the
low calcium diet. When the absorption rates from the
high and low calcium diets were compared, the data
suggested that young subjects adapt better to a low cal-
cium diet than old subjects. For instance, with the 10
mMcalcium solution the young subjects previously on a

low calcium diet absorbed calcium at a rate 56% higher
than when they had been on a high calcium diet. By
contrast, the corresponding value in the older subjects
was only 16%.

Previous animal studies in vivo and in vitro as well
as human studies using isotopic calcium to estimate cal-
cium absorption have also shown higher calcium ab-

sorption in young than in old subjects, but the mecha-
nism is not clear. There is no reason to attribute our

results to differences in diet or sunlight. Our young sub-

jects were all employed full-time or enrolled in graduate
programs that kept them indoors much of the time,
whereas most of our elderly subjects were active, spend-
ing more daytime hours out of doors than their younger
counterparts. The intake of calcium and vitamin D by the
young and old subjects prior to beginning our study,
as estimated by dietary survey, did not differ in the two
groups.

Our kinetic analysis suggests that young people have
a higher Vmax and a similar apparent Kmcompared with
the older subjects. This in turn suggests that young
people simply have more active transport carrier than
older people. As already emphasized, the reliability and
significance of calcium kinetic constants in vivo must be
accepted with caution.

It is of interest to compare the calcium absorption
rates observed here with the jejunal calcium concen-
trations after ingestion of normal food (21). After a
low calcium meal jejunal calcium concentration varies
from 0.3 to 2 mM, whereas after a moderately high cal-
cium meal the luminal calcium concentration increases to
as high as 8.5 mM. Figs. 2 and 3 show that jejunal ab-
sorption rate would increase fivefold in young subjects
and fourfold in old subjects as luminal calcium concen-
trations increased from 0.7 to 8.5 mM, provided they
were adapted to a low calcium diet. If they were adapted
to a high calcium diet, absorption rate increased 7.5-fold
and 6-fold in young and old subjects as luminal cal-
cium concentration increased from 0.7 to 8.5 mM. These
results illustrate the critical importance of luminal cal-
cium concentration (i.e., dietary calcium) in determining
the amount of calcium absorbed from the human jejunum,
especially in older subjects. It should be noted that this
conclusion would not have been reached had jejunal
calcium absorption become saturated at the very low level
(2.25 mM) reported by Ewe (31).

ACKNOWLEDGMENTS
The authors wish to acknowledge the expert assistance of
Stephen G. Morawski, Martha Irvin, Lottie Isaacks, Bar-
bara Taylor, and Vicki Jones in carrying out these studies
and of Jean Harber and Carolyn Wickwire in typing the
manuscript. The authors also thank Doctors Floyd C.
Rector, Charles Y. C. Pak, and A. B. C. Dowdey for
helpfully discussing the methods and results presented in
this paper.

These studies were supported by Research Grant 5 R01
AM 06506, and Dr. Ireland's work was performed as a

trainee under grant 5 T01 AM 05490 from the National
Institute of Arthritis and Metabolic Diseases, National In-
stitutes of Health.

REFERENCES
1. Henry, K. M., and S. K. Kon. 1945. Effect of advancing

age on the assimilation of calcium by the rat. Biochem.
J. 39: xxi.

2680 P. Ireland and J. S. Fordtran



2. Harrison, H. E., and H. C. Harrison. 1951. Studies
with radiocalcium: the intestinal absorption of calcium.
J. Biol. Checmi. 188: 83.

3. Hansard, S. L., C. L. Coomar, and M. P. Plumlee.
1951. Effect of calcium status, mass of calcium admin-
istered and age ort Ca45 metabolism in the rat. Proc.
Soc. Exp. Biol. Med. 78: 455.

4. Schachter, D., E. B. Dowdle, and H. Schenker. 1960.
Active transport of calcium by the small intestine of the
rat. Am. J. Physiol. 198: 263.

5. Taylor, D. M., P. H. Bligh, and M. H. Duggan. 1962.
The absorption of calcium, strontium, barium and
radium from the gastrointestinal tract of the rat. Bio-
chem. J. 83: 25.

6. Walling, M. W., and S. S. Rothman. 1969. Phosphate-
independent, carrier-mediated active transport of cal-
cium by rat intestine. Am. J. Physiol. 217: 1144.

7. Zornitzer, A. E., and F. Bronner. 1970. In situ studies
of calcium absorption in rats. Calcif. Tissue Res. 4
(Suppl.): 161.

8. Nicolaysen, R., N. Eeg-Larsen, and 0. J. Malm. 1953.
Physiology of calcium metabolism. Physiol. Rev. 33:
424.

9. Schachter, D., D. V. Kimberg, and H. Schenker. 1961.
Active transport of calcium by intestine: action and bio-
assay of vitamin D. Am. J. Physiol. 200: 1263.

10. Walling, M. W., and S. S. Rothman. 1970. Apparent
increase in carrier affinity for intestinal calcium trans-
port following dietary calcium restriction. J. Biol. Chem.
245: 5007.

11. Kemm, J. R. 1971. Adaptation to changes in dietary
calcium intake in rats. J. Physiol. 214: 35P.

12. Avioli, L. V., J. E. McDonald, and S. W. Lee. 1965.
The influence of age on the intestinal absorption of 47Ca
in women and its relation to 47Ca absorption in post-
menopausal osteoporosis. J. Clin. Invest. 44: 1960.

13. Bullamore, J. R., R. Wilkinson, J. C. Gallagher, B. E.
C. Nordin, and D. H. Marshall. 1970. Effect of age on
calcium absorption. Lancet. 2: 535.

14. Malm, 0. J. 1958. Calcium requirement and adaptation
in adult men. Scand. J. Clin. Lab. Invest. 10(Suppl.
36): 1.

15. Wensel, R. H., C. Rich, A. C. Brown, and W. Volwiler.
1969. Absorption of calcium measured by intubation and
perfusion of the intact human small intestine. J. Clin.
Invest. 48: 1768.

16. Cooper, H., R. Levitan, J. S. Fordtran, and F. J. Ingel-
finger. 1966. A method for studying absorption of water
and solute from the human small intestine. Gastroenter-
ology. 50: 1.

17. Church, C. F., and H. N. Church. 1970. Food Values
of Portions Commonly Used. J. B. Lippincott Company,
Philadelphia. 11th edition.

18. Dillard, R. L., H. Eastman, and J. S. Fordtran. 1965.
Volume-flow relationship during the transport of fluid
through the human small intestine. Gastroenterology. 49:
58.

10. Fordtran, J. S., F. C. Rector, and N. W. Carter. 1968.
The mechanisms of sodium absorption in the human
small intestine. J. Clin. Invest. 47: 884.

20. Turnberg, L. A., J. S. Fordtran, \N \V. Carter, anld
F. C. Rector, Jr. 1970. Mechanism of bicarbonate ab-
sorption and its relationship to sodium transport in
the human jejunum. J. Clin. Invest. 49: 548.

21. Fordtran, J. S., and T. W. Locklear. 1966. Ionic con-
stituents and osmolality of gastric and small-intestinal
fluids after eating. Am. J. Dig. Dis. 11: 503.

22. Fordtran, J. S., F, C. Rector, Jr., M. F. Ewton, N.
Soter, and J. Kinney. 1965. Permeability characteristics
of the human small intestine. J. Clin. Invest. 44: 1935.

23. Klein, B., P. A. Read, and A. L. Babson. 1960. Rapid
method for the quantitative determination of serum alka-
line phosphatase. C/in. Chew. 6: 269.

24. Fiske, C. H., and Y. Subbarow. 1925. Colorimetric. de-
termination of phosphorus. J. Biol. Chein. 66: 375.

25. Moore, E. NV. 1970. Ionized calcium in normal serum,
ultrafiltrates, and whole blood determined by ion-ex-
change electrodes. J. Clin. Invest. 49: 318.

26. Cramer, C. F. 1963. Quantitative studies on the absorp-
tion and excretion of calcium from Thiry-Vella in-
testinal loops in the dog. In The Transfer of Calcium
and Strontium Across Biologic Membranes. R. H.
Wasserman, editor. Academic Press, Inc., New York.
75.

27. Bieberdorf, F. A., P. Gorden, and J. S. Fordtran.
1972. Pathogenesis of congenital alkalosis with diar-
rhea. J. Clin. Invest. 51: 1958.

28. Dietschy, J. M., V. L. Sallee, and F. A. Wilson. 1971.
Unstirred water layers and absorption across the in-
testinal mucosa. Gastroenterology. 61: 932.

29. Wilson, F. A., and J. M. Dietschy. 1973. Surface area
of the unstirred layer in the intestine and its effect on
the kinetics of active transport. Am. J. Physiol. In press.

30. Albright, F., and E. C. Reifenstein. 1948. The Parathy-
roid Glands and Metabolic Bone Disease. Williams &
\Vilkins Company, Baltimore.

31. Ewe, K. 1968. Resorption und Sekretion von Calcium
im menschlichen Jejunum. KliMi. 'oclheschr. 46: 661.

32. Phang. J. M., M. Berman, G. A. Finerman, R. MI. Neer,
L. E. Rosenberg, and T. J. Hahn. 1969. Dietary per-
turbation of calcium metabolism in normal man: com-
partmental analysis. J. Clin. Invest. 48: 67.

33. WVasserman, R. H., and A. N. Taylor. 1968. Vitamin D-
dependent calcium binding protein response to some
physiological and nutritional variables. J. Biol. Chew.
243: 3987.

34. Boyle, I. T., R. MV. Gray, and H. F. DeLuca. 1971.
Regulation by calcium on in vivo synthesis of 1,25-
dihydroxycholecalciferol and 21,25-dihydroxycholecalcife-
rol. Proc. Aat/. A cad. Sci. U. S. A. 68: 2131.

35. Garabedian, M., M. F. Holick, H. F. DeLuca, and I. T.
Boyle. 1972. Control of 25-hydroxycholecalciferol me-
tabolism by parathyroid glands. Proc. NatI. Acad. Sci.
U. S. A. 69: 1673.

Effect of Dietary Calcium and Age on Human Jejunal Calcium Absorption 2681


