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The cffect of aging on the intestina! transport of thiamin was studied using small intestinal microvillous vesicles prepared from
groups of rats aged 1, 2, 6, .2 and 24 months, respectively. The vesicles (enrichment 14.6-17.8-fold) were incubated with 0.125 to
12.5 uM tritiated thiamin ard the radioactivity taken up was measured radiometricaliy after rapid filiration. The time course and
cumulative uptake curves o thiamin and the inhibiting potency of .he thiamin structural analogs pyiithiamin, amprolium and
oxythiamin on the saturabic component of thiamin transpoii were determined. The vesicle diameter was mceasured by using a
computerized morphometsic procedure, and found to be decreased in aged rats. The K, and J,,, values of the saturable
component of transport increased with increasing age, the difference with younger groups being statistically significant at 24 and
12 months. The inhibitory potencies of pyrithiamin: and amprolium gradually decreased with increasing age, while oxythiamin was
devoid of significant inhibitory activity. Passive permeability coefficients decrcased with increasing age, reaching their lowest
value at 24 months. These results show that aging is associated with intrinsic alterations of the enterocytic plasma membrane
resulting in a decrcase of the affinity for thianiin, associated with a faster rate of the saturable component of thiamin transport,
and with a significant depression of the non-saturable comporent.

Introduction The aira of the present investigation was 1o assess
whether aging can modify the intestinal absorption of
thiamin by inducing intrinsic alterations of the entero-
cytic plasraa membrane. Experiments were carried out
in vitro by using brush border membrane vesicles of rat
sinall intesiine, a well known preparationi which is
capable of transporting efficiently substances in the
absence of metabolic and circulatory influences. We
have previously found that thiamin transport in this
preparation is a membrane process accounted for by a
dual mechanism, which is saturable at thiamin concen-
irations lower than approx. 2 uM, and non-saturable
at higher concent:adons 1Y,10].

Rats of different ages ranging trom i to 24 months
were used to evaluate: (1) the diameter of the microvil-
lous vesicles, as an index of the physical characteristics
of the brush border membrane; (2) the time course and
the rate of thiamin transport in the vesicles; (3) the
apparent Kinetic constants K, and J,, of thc sat-
urable transport con:ponent and the inhibitory potency
of the structura! analogs pyrithiamin, amprolium and
Correspundence: G. Rindi, Institute of {!uran Physiclogy. Univer- oxythiamin; (4) the apparent passive pertneability coef-
sity of Pavia, Via Forlanini 6. 27100 Pavia, Italy. ficients (K ) of the non-saturable compor:ent.

Aging is associated with several functional and mor-
phological changes in the gastrointestinal tract [1].
These include modifications in the intestinal absorp-
tion of different substrates, and altcrations in the com-
position and fluidity of the brush border membranes
[2), which can influcnce their function. The intestinal
absorption of thiamin also appears to be modified bty
aging, but the resuits reported in the literature are
controversial. Some authors de«cribed a reduction in
thiamin absorption in man [3.4] and rat [5,6), while
others did not find any modificaiion {7,8]. These stud-
ies were performed in vive in the iniact rat, a situation
which does not allow to exclude the effect of metabolic
and circuvi tory changes induced by age. In addition,
the doses of thiamin used in the experiments men-
tioned above weie raiher high (> 2 uM), within a
range in which thiamin intestinal transport is predomi-
nantly a diffusion process [9,:0].
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A nreliminary report of some data has been pub-
lished (Gastaldi et al. [11]).

Materials and Methods

Animals

Malc albino rats of the Wistar strain, rcarcd on the
standard complete dict of Randoin and Causeret [12),
which contained 12 ug/g of thiamin, were used. The
animals were divided into five age groups. which were
classified as: very young (1 months of age, weighing
80.6 + 2.8 g); young (2 months of age, weighing 244.8 +
7.6 2); adult (6 months of age, weighing 460.0 + 11.2 g):
matare (12 months of age, weighing 357.0 £ 8.2 g), old
(24 months of age, weighing 525.0 + 109 g). This classi-
fication resembles that proposed by Esposito et al. [13).

Preparation of vesicles

The animals were killed by decapitation after about
12 h fasting with water ad libitum. The small intestinal
microvillous vesicles were prepared at 0-4°C by using
the Ca®'-precipitation method f Kessler ot al. [14)
with minor modifications. The purity of microvillous
mcembranes was estimated by assessing the degree of
enrichment of individual preparations expressed as the
increment in saccharase activity [135] of the final prepa-
ration with respect to the initial mucosal homogenate.
Protein content was determined according to Lowry ¢t
al. [16]). using bovine serum albumin as standard. Spece-
trophotometric measurements were carried out by us-
ing a Beckman DUS spectrophotometer (Irvine, CA,
USA).

Uptake determivation

In the experiments designed o evaluate the time
course of thiamin uptake, the vesicles were incubated
at 25°C with 0.25 uM [*H]thiamin 750 mCi/mmol,
Amersham International p.le.. Amersham, UK), for
time intervals ranging from 30 s to 30 win.

For the evaluation of K, and J,, . the vesicles
were incubated for 4 & at 25°C with [ ‘*H]thiamin at
concentrations ranging from 0.°25 to 12,5 u M. In inhi-
bidion experiments, the structural analogs of thiamin
were added initinlly at concentration 10 times as high
as that of thiamin (0.5 gm), and the ncubation was
carried out for 30 s at 25°C. In these eaneriments, the
non-saturable component was evaluated by incubating
the vesicles at 0°C. A STRUMA short-time incubation
apparatus (Innovativ-Lavor AG. Adliswil, Switzerland)
was used to measure rates of reaction according to the
{ollowing proedure. 20 ul of vesicular suspension were
mixed with 20 u! of incubation medium containing
(mM. final concentrations): 106, p-mannitol; 2, MgSO;;
10, Tris-Hepes (pH 7.5); 109, N2Cl and [*H]thiamin at
the selected conrentration. The reaction was stopped
at the fixed times by adding 1.5 ml of ccld (approxi-

maicly 3°C) *stopping’ solution containing (mM, final
concentrations): 150, NaCl and 1. Tris-Hepes (pH 7.5).
The amount of labelled thiamin taken up by the vesi-
cles was mecasured by a rapid filtration procedure,
using cellulose nitrate microfilters (Microtiitration Sys-
tem, Dublin, CA, USA) with (.65 um porc diameter,
previously saturated with unlabelled thiamin [9]. The
radioactivity of labelled thiamin non-specifically ad-
sorbed on the microfilter was cvaluated in cach experi-
ment by using appropriate blanks, the values of which
were subtracted from the total radioactivity retained
on the filter. All radioactivity mcasurements were car-
ricd out by using a Packard Tri-Carb 2000 CA Ana-
lyzer (Packard Instrument Co., Inc., Downer Growe,
1., USA).

Concentration currves

Plots of tiiamin uptake versus thiamin concentra-
tions (concentration curves) were obtained by fitting
the experimental poiits by computerized least-squares
regression. ‘The saturable and non-saturable compo-
nents were separiated from comulative curves by using
the graphical procedure described by Gastaldi et al.
[17), while the respective K, and /. of the saturable
component and the K constant of the non-saturable
component were salculated by using the compuierized
Graphpad program (IS, 1987).

Morphonietric araivsis

For morphemetric analysis, a vesicle suspension was
mixed with fixative solution containing 3% (v/v) dis-
tilled glutaraldchyde in 0.1 M Na-cacodylate buffer
(pH 7.35). Afier 30 min prefixation, thin pellets were
obtained by centritugation at 100000 < g tor 60 min
and left in the same solution for 2 b, Pelicts were then
cut into tiny blacks, washed and stabilized osmotically
in 0.1 M Na-cacodylate buffer (pH 7.35) containing
2.5% (w/v) saccharose (315 mosmol/kg H,0). Post-
fixation was carried out in 1.33% (w,/v) OsO, s-col-
lidine (Merck. Darmstadt, Germany) buffered solution
(pH 7.35). The tiny blocks were subsequently processed
according to conventional clectron microscopy ech-
nique. Electron microscopic observations and micro-
graphs were made by using a Zeiss EM 1Y transmis-
sion clectron microscope. Interactive / automated mor-
phometric analysis was carried out by using a Zciss-
Kontron IBAS 2 computerized imaege analyzer, pro-
vided with a TV camera stand for the input of imaies
directly from negative films, on negative pictures (56 x
72 mm°) of ultrathin scctions obtained at 20000 X
clectren magnification. Particular care was taken in tie
seleciion of the vesicles o be used for morphometric
analysis. The following seicction criteria were used, as
recommended by Hunter ¢t al. [18]: (a) the vesicle
membrane must he clearly visible around the whole
vesicular perimetes, (b) vesicles must appear as single



structures, without a dense core and devoid of any
smaller vesicle inside. The morphometric parameters
determined were the diameter D (nm) of the arca-
cquivalent circle and the shape factor (D, /D,,..). in
arder to assess the sphericity’ of the vesicles and to
calculate the corresponding volume. Further details
about the procedures used for sample preparation and
morphometric analysis have been described by Gastaldi
et al. [19].

Siatistics

Significance of the differences among kinetic con-
stants, among inhibition percentages and among vesic-
ular diameters was tested by analysis of variance fol-
lowed by Newman-Keuls's Q-test [20].

Meterials

All reagents were of asuytical grade and supplied
by Sigma Chenacal Co, (St Louis, MO, USA) and
BDH Ltd. (Poole, UK). Pyritliiamin bromide hydrobro-
mide and 4'-oxythiamin chloride wore obtained from
Sigma Chemical Co. (St. Louis, MO, USA). Ampro-
lium was obtained from Merck, Sharp and Dohme
(Pavia, Italv).

Results

The enrichment in brush border membrances in rats
from different age groups ranged from 14.6- to 17.8-
foid. without any .tatisiically significant differcnce
among the various groups. Examination of morphomet-
ric parameters (Table 1) showed that the vesicles were
consistentiy spherical, thicir shape faciors being approx-
imately 1. Vesicle diameters and volumes showed a
progressive and significant decrease with increasing
age. The smallest diameter. which was observed in old
rats (24 months of age), was (9% of the value observed
in very voung animals (1 month of age).

TABLE 1

t9
|

20,

Thiomin uptake (pmol/mg protein)

/
L 7 1

10 30

Time (min)

Fig. 1. Time course of thianmin untake by small intestinal microvillous
vesicles from rats of different ages. Uptake was measured in the
presence of 0,25 pM [P Hithiamin (Gpecific activiiy, 756 mCi /ool
and of an initial gradient of {00 mM NaCl (out). Incubation medium
(mM_ final con entration): 100 p-mannitol: 2 Matk0,: 10-Tris-Fiepes
(pH 7.5). Symbols represent the means of determinations (in repli-
cates of at least 3) for five ditferent preparations, cach including
intestinal mucosa from 2-6 rats, according to aee. S.E. values
(omisted Dor clarity) were within 107, Are (monthsy: @, 1: &. 2 1. &
ool Al 24,

The time-course profiles of thiamin uptake by vesi-
cles were simiiar for all ag2 groups (Fig. ). In spite of
the differences i vesicle diamcters, no statistically
significant difference was found among the various
Curves.

‘e profiles of the conceniraiton curves ior the
cumulative uptake of thiamin were qualitatively sinmlar
for the vesicles of all age groups, but the uptake rates
differed according to age, being lowest in very young
rats (1 month of age) (Fig. 2 and upper portion A).
Each of the curves could be resolved into a linear and

Morphometric parameters of small inicstinal microvillous vesicles from rats of different ages

Data represent means + S.LE.

Age Microvillous vesicles
(months) Mumber Diameter *"
(nm)
1 T s 45 +2.09¢
2 74 116.31 +1.93 ¢
O 00 89.609+ 1,95 "
12 110 B4 14+ 2.04
24 110 79.71 + 1.14

Shape Area ! Volume ¢
factor © (nm-) (nm")
Toxes T T e 786811
(0.¢17 42499 823853
().8K4 25272 377773
.879 22241 311893
205178

).886 19961

4 Dianmieter of the arca-cquivalent circle.

M Value measured directly with an automated system (see Materials and methods)

¢ Ratio between the smaller and the larger diameter.
J Cualculated value.

¢ P < 005 versus 6, 12 and 24 months. Post-variance test: Newman-Keuls's Q test [20].
I P <0.05 versus 12 and 24 months. Post-variance test: Newman-Keuls's O test [20].
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a non-lincar component, as indicated above {17]. This
confirmed that, irrespectively of age, a dual mechanism
is involved in thiamin membrane transport: a saturable
component at low (<2 uM), physiological concentra-
tions, and a non-saturable component at higher con-
centrations. All the concentration curves of the sat-
urable coniponent showed a clearly hyperbolic course,
transport rates being higher in the older groups (rais
aged 12 and 24 months) (Fig. 3 and upper portion A).

For the calculation of the apparent kinetic constants
(K, and J,), 4 s was chosen as the carlicst timc
point which could be reliably used in the concentration
curves in all age groups. Te validate the use of this
time point for this purpose, we had established in
previous experiments that the time courses are reason-
ably linear for up to at lcast o s in vesicles from all age
groups, and that the extrapolation of the curves to zero
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Fig. 2. Curaulative uptake of thiamin by small intestinal microvillous

vesicles from rats of different ages. Uptake was measured after 4 s

incubation with different thiamin concentrations. The initial part of

the curves (A), which refers to physiological concentrations, is shown

in detail with expanded scale in the upper portion of the figure.
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Fig. 1 Saturable component of thiamin uptake by small intestinal

microvillous vesicles {rom rats of different ages. The initial part of

the curves {A) which refen (o physiofogicai concentrations, is shown

n detail with expanced scale in upver portion of the figure. The plot

was obtained graphically from the comulative uptake curve shown in
Fig. 2. Symbols as in Fig. 1.

time goes through the origiv (data not shown). Under
these conditions, the apparent kinetic constants of the
saturable comporient were found to increase with in-
creasing age. However, the differences were statisti-
cally significant only for the mature (12-month old) and
old (24 months) animals as compared to the other
groups. A statistically significant difference was also
found between the old and the mature groups (Fig. 4,
A and B).

Among the thiamin structural analogs tested, pyri-
thiamin and amprolium were found to be active in
inhibiting the saturable component of thiamin uptake,
whereas oxythiamin was virtually inactive (Fig. 5). The
inhibitory potency of each of the active analogs de-
creased significantly during aging and reached in 24-
month old rats values which were 35% (for pyrithi-
amin) and 20% (for amprolium) of those found in very
youny animals. No statistically sig-ificant differences,
however, were found between the aciwvity of pyrithi-
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Fig. 4. Kinetic parameters of thiamin uptake by small intestinal microvillous vesicles from rats of different ages. A and B, K, and J,,,, values of

the saturable component: C, K values of the non-saturable component. The apparent Kinetic constants were calculated from the data shown in

Fig. 2 by using the computerized Graphpad program (ISI, 1987). Bars represent means + S.E. In A and B: *, P < 0.05 vs. 1-, 2-, 6-moath old rats;

P < 005 vs. 12-month old rats. In C: *, P < 0.05 vs. 1+, 2-, 6-, 12-month old rats; . P < 0.05 vs. 1-, 6-, 12-month old rats. Post-variance test:
Newman-Keuls™ Q-test [20).

amin and that of amprolium in vesicles from the same
age group.

The non-saturable component of thiamin transpori
was characterized by calculating the slope of the linear
portion of the concentration curves (Fig. 2). According
to Thomson [21], the slope represciiis the apparent
passive permeability cocfficient of the non-saturabie
component of transport and provides an index of the
passive permeability of the microvillous membrane.
The greatest passive prermeability to thiamin was ob-
served in the brush be-der membrane from young rats
(2-month old) (Fig. 4, C). Permeability cocfficients
decreased progressively and significantly with increas-
ing age, rcaching in old (24 months) rats a value which
was 18% of thai obscrved in young (2-month old)
animals (Fig. 4, C).

When the two components of thiamin transport
were compared, the transport rate of the saturable
component was markedly higher than that of the non-
saturable componen® in old rats. in particular, at a 2
1M initial conceniration of thiamin in the incubation
medium, which is in thc physiological range, the sat-
urable component accounted for 94% of the cumula-
tive uptake in old (24 months) rats, while in the other
groups the saturable componeni was consisienify about
S07% (Figs. 2 and 3). Overall, the microvillous mem-
brane vesicies from old (24 months) rats were charac-
terized, in comparison to those from younger animals,

by a higher saturable (specific) component of transport,
associated with a sharp decrease in passive pecrmeabil-

ity to thiainin. Based on the data shown in Fig. 2, it can
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Fig. 5. Powency of various thiamin analcgs (OT, 4'-oxythiamin; PT,
pyrithiamin: AM, amprolium) in inhibiting the saturable transport oi
thiamin in small intestinal microvillous vesicles from rats on diffeient
ages. Thiamin analogs were added in the incubation medium at an
initial concentration 10 times as Hiigh as that (0.5 M) of [*Hlda-
min. The saturable component of thiamin transport was measured at
30 s by subtracting the diffusionz] component (measured at 8°C)
from the cuniulative uptake (measured at 25°C). Incubation mediun
and number of determinations as in Fig. 1. Bars represent means of
percentage inhibition +S.E, *, P < (.05 vs, 1-, 2-, 6-month old rats;
2 P <005 vs, i-, 2-month old rats: °, P <G5 v, i-, Z-iveih ol
rats. Post-variance test: Newman-Keuls's Q test [20}.
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be calculated that, at the highest thiamin concentration
used (12,5 M, much higher than K, values), the
passive permeability rates accounted for 87-90% of
the cumulative transport in the vesicles from the 1- to
12-month old groups, and for only 309 of the cumula-
tive transport mn the vesicles from the 24-month old
groups.

Discussion

It is well established that aging is associated with
changes in the composition and structure of the brush
border membrane of the small intestine. In the nui-
veovillous  restinal membranes of old rats  higher
cholesterol / phospholipid and protein/lipid ratios as
well as lower double bond index for faty acids have
been reported in comparison to membranes trom young
vats [22]). Similar alterations have been found in the
suiall intestine of old rabbits [2.23.24]. so that the
microvillous membrane of young animals can be con-
sidered to be inherently more flaid than that of old
animalds, These structural features could conceivably
account in our study tor the larger volumes of the
microvillous vesicles from young rais.

Intestinal absorption is also frequently aftected by
aging, though age-related absorptitn changes difter
from one substance to another {11 Using brush boyder
membrane vesicles, Esposito et al [13] reported a
reduced p-glucose entry in old (12-24 months) as com-
parcd to young (45-60 days) and adult (2--12 months)
rats, a tinding confirmed by Doubel and Armbrecht,
who reported o reduction of . only [25] by Freves
ct al. [26] and. in part. by Hirst and Wallis {27]. In
guinea pig ilewn brush-border vesicles, however., aging
enhances the transport of 1-proline (but oot that of
teleucine) (28] The Rineties of c=proline transport in
vesicles of aged animals shows a decrease in K, value,
while /. is unaltered as compared to younger ani-
mals,

Prescint findings show that thiamin ransport is also
affected by aging: both the J,,  2nd the K, values of
the saturable eomnonent - ppear to be increased. while
passive permeability is reduced.

As far as the saturable component is concerned., our
data may indicate that in aged microvillous membranes
the number (or the activity) of thiamin carriers is
increased (resulting in a higher J, ). while the affinity
for thiamin is reduced (resnlting in @ higher &) This
suggests that in aged rats the characteristics of the
carriers ditier from those ebseoved in young animals.
The occvrrence of an age relatod alteration in the
characteristics of the caricrs is also indicated by the
cesults of ishibition expeiiments: the inhivitory po-
tency of pyrithiamin and amprolium. two well known
competitive inhibitors of the saturabie companent of
thiamin transport [9]. was reduced by aging. a finding
which suggests a lower affinity of the thiamin carrier

for these compainds. On the contrary, oxythiamin, a
thiamin analog virtually inactive on thiamin transport
[9], did not influence the satusable component, irre-
spectively of the age group in which it was tested.

Since the enrichment in the marker enzvme of mi-
crovillous membranes was the same for all age groups,
the observed differences in K, and J,,, values should
be considered as a reliable finding. Aging is associated
with a delayed generation time of epithelial cells and
with a reduced extrusion of these cells from the villus
tip. Thercfore, the cells lining the villus are more
mature and may display enhanced functional abilities,
including enhanced enzvmic activities and substrate
transport [1,2,29]. The age-dependent changes in ki-
netic parameters observed in our study may be related
to alterations in microvillous membrane compaosition,
especially lipid concentration and type, but also con-
tent in extrinsic (enzymes) and intrinsic (transport, ete.)
proteins, possibly modulated by the fluidity state of
lipids [30).

As far as the non-saturable component of transport
is concerned, our data show that microvillous vesicles
from old rats exhibit a greatly reduced passive perme-
ability to thiamin, This could be related to the general
trend of the passive permeability of smal! intestinal
mucosi to decrcase with increasing age. as shown for
many substances inciuding water, clectrolytes, glucose,
-valine. and macromolecules [21,.23,31.32). Since there
was no - gross correlation between apparent  passive
permeabiity coefficients and vesicular volumes (Fig.
AC and Table D the reduction in permeability in
vesicles from mature ¢12 months) and old (24 months)
animals s fikely to result mainly from changes in
membrane structure @nd composition. Indeed. &+ men-
tioned above, microvillous membranes from aged rats
(and rabbits) are characterized by higher protein,lipid
and cholesterol/ phospholipid  ratios [22.23]. ‘Tacse
membranes also show an increased protein, facty acids
and wtal cholesterol content as well as qualitative
changes in tatty acid and phospholipid compaosition
[2.22]. while their glycolipid content is reduced [23).
The decreased passive permeability of vesicular mem-
branes to thiamin, as shown by the changes in K
values, may reduce coasiderably the transport rate of
high concentrations of vitamin (= K ), for which p.s-
sive diffusion is the imain mechanism of intestinal ab-
sorption [9.10]. A decreased diffusion of thiamin, possi-
bly associated with an age-induced decrease in small
intestinal blood flow (33.34], may caplain thie reduced
thiarin absorption reported in vivo in old rats [5.6]. In
tact, the doses of thiamin used in these in vivo experi-
ments were well above those which can be handled by
the saturable (specific) transport system, so that under
those conditions passive diffusion could be considered
as the main process involved ip the intestinal absorp-
tion of the vitamin.



Interestingly, an in vitro studv on p-glucose trans-
port by rabbit intestine found azing to be associated
with increased /.. and K values, and with a de-
creased passive permeability [21], a finding similar (o
that obscrved in our investigation on thiamin vesicular
transport. The increase in J for glucose transport
was considered o represent a compensateiy mecha-

nism {for the lower affinity and permeability typical of

old brush border membranes, an interpretation which
may also apply to present findings.
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