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The mechanism of riboflavin (RF) uptake by intestinal basolateral membrane vesicles (BLMV) was examined in this study.
BLMYV were isolated by an established Percoll-gradient methodology from rabbit small intestine. Uptake of riboflavin was mainly
the result of transport of the substrate into an osmotically active intravesicular space with less binding to membrane surfaces.
Uptake of RF with time was similar in the presence of a Na* and a K* gradient (out > in) and was not significantly influenced
by changes in incubation buffer pH. The initial rate of uptake of riboflavin as a function of concentration was saturable in both
jejunal and ileal BLMV and occurred with apparent K values of 50 uM and 4.4 uM and V,,, values of 91.6 and 60.8
pmol/mg protein per 5 s, respectively. Unlabeled riboflavin and the structural analogues lumiflavin, isoriboflavin and 8-
aminoriboflavin all caused significant inhibition (but to different degrees) in the uptake of [*Hlriboflavin. On the other hand,
8-hydroxyriboflavin, lumichrome, lumazine and p-ribose failed to inhibit [*H]riboflavin uptake. Trans-stimulation of [>H]ribofla-
vin efflux from preloaded BLMV by unlabeled riboflavin or lumiflavin was also observed. Altering transmembrane electrical
potential by anion substitution and valinomycin-induced K* diffusion did not affect the riboflavin uptake process. These results
demonstrate the existence of a specialized carrier-mediated mechanism for riboflavin uptake by intestinal BLMV. Furthermore,
the system appears to transport the vitamin by a process which is Na*- and pH-independent, and electroneutral in nature.

Introduction

The micronutrient riboflavin (RF), a member of the
water-soluble B-family of vitamins, is essential for nor-
mal cellular functions, growth and development. Hu-
mans and other mammals cannot synthesize RF, there-
fore, they must obtain the vitamin from the diet by
intestinal absorption. Absorption of RF from the in-
testinal lumen into the blood represents the vectorial
movement of the vitamin across the highly polarized
enterocyte. This process represents transport of the
vitamin across two membranes that have different
structure, composition and permeability — namely the
brush-border membrane (BBM) and the basolateral
membrane (BLM). A number of previous studies, in-
cluding those from our laboratory, have examined the
overall absorption process of RF [1-5], but limited
information is available regarding the mechanism(s)
and regulation of the individual transport event of the
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absorption process. Such studies are crucial for de-
tailed understanding of the physiology of the absorp-
tion process of RF and of the factors that control and
interfere with it. Recent investigations from our labo-
ratory and others have begun to address these issues
and have shown the existence of a specialized carrier-
mediated system for RF transport across the BBM of
human, rabbit and rat enterocytes [6-8]. Nothing, how-
ever, is known about the mechanism of exit of RF out
of the absorptive cell, i.e., transport across the BLM.
The aim of the present study was, therefore, to address
this issue using BLM vesicles (BLMYV) isolated from
rabbit intestine by a well established procedure.

Materials and Methods

Materials. [G->HIRF with specific activity of 40
Ci/mmol and radiochemical purity of 98% was pur-
chased from American Radiolabeled Chemical, St.
Louis, MO. 8-Aminoriboflavin (8-NH,-RF), isori-
boflavin (isoRF) and 8-hydoxyriboflavin (8-OH-RF)
were a generous gift from Dr. Vincent Massey of the
University of Michigan-School of Medicine. Filters
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(cellulose nitrate, pore size 0.45 wm) were obtained
from Milipore, Bedford, MA; other chemicals and
reagents were of analytical quality and was obtained
from commercial sources.

Methods. Intestinal BLMV were isolated from the
jejunum (or ileum) of a 2.5-3.5 kg adult New Zealand
white rabbits using a self-generating Percoll-gradient
method [9] as described in detail by us previously
[10-12]. Isolated BLMYV were suspended in a transport
‘intravesicular’ buffer of 280 mM mannitol and 20 mM
Hepes-Tris (pH 7.4) to achieve a final protein concen-
tration of 3 to 7 mg/ml. Transport studies were per-
formed on freshly prepared BLMYV using a rapid-filtra-
tion technique [13] as described before [10-12]. The
reaction was started by mixing 20 ul of vesicle suspen-
sion with 80 ul of incubation buffer (final concentra-
tions: 100 mM KClI or NaCl, 80 mM mannitol and 20
mM Hepes-Tris (pH 7.4); when the study was done at
pH 6.5 and lower, Mes-Tris was used as the buffering
system) containing labeled and unlabeled RF and other
constituents. The reaction was stopped at the desired
period by adding 1 ml of ice-cold stop solution (100
mM Na(l, 100 mM mannitol and 10 mM KH,PO,, pH
7.4), vortexed, and filtered. The filter was then washed
with ice-cold stop solution, transferred to a scintillation
vial, and counted for radioactivity.

In one study, BLMV were preloaded with [*H]RF
(1.12 uM) for 10 min at room temperature, pelleted,
washed twice with 20 ml of ice-cold buffer, then incu-
bated in a K*-containing incubation buffer in the ab-
sence and presence of 20 uM unlabeled RF and lumi-
flavin to study possible trans-stimulation in [*HJRF
transport across the intestinal BLM [14].

Uptake results are presented in this paper as mean
+ S.E. and are expressed in either pmol /mg protein
per unit time or as a percentage relative to simultane-
ously performed controls. Data are from multiple
transport determinations from 2-4 different BLMV
preparations from different rabbits. As seen before
with this membrane preparation [10-12], slight quanti-
tative variations in the absolute amount of RF uptake
were noticed in some BLMYV preparations. For this
reason, simultaneously performed controls were run
with each study to permit proper comparison of the
results, Data were analyzed using regression analysis
and the Student’s t-test. Transport kinetics parameters
of the observed saturable component of RF uptake
(i.e., the V,_,, and the apparent K ) were calculated
(following subtraction of the diffusion component, de-
termined from the slope of the uptake lined between
the point of origin and 100 uM, from total uptake)
using a computerized model of the Michaelis-Menten
equation as described by Wilkinson [15]. Protein con-
centrations of BLMV preparations were determined
using the method of Lowry et al. [16]. Purity of rabbit
intestinal BLMV used in this study was confirmed by

demonstrating an average enrichment of 10.86- and
0.73-fold in the activities of the BLM marker K*-
stimulated phosphatase and the BBM marker enzyme
enzyme leucine aminopeptidase, respectively, in the
final vesicular preparations compared to initial mu-
cosal homogenates. These results are similar to those
found for rat and human intestinal BLMV [10-12].
The purity of the stock [*H]RF and the determina-
tion of the metabolic form of the radioactivity taken up
by the vesicles following incubation with [*H]RF were
determined using silica-gel precoated thin-layer plates
and a solvent system of ethanol /water (9:1, v/v) [3].

Results

Uptake of RF by intestinal BLMV: effect of time, osmo-
larity and incubation buffer pH

Fig. 1A depicts the uptake of a physiological con-
centration (0.11 wM) of [*HIRF as a function of time
in the presence of a Na™ and a K* gradient (outside
100 mM, inside 0 mM). Uptake of RF increased lin-
early with time for up to 20 sec; following that uptake
rate slowed reaching a plateau at approx. 40 s and
stayed at that level for the rest of the 60 min incuba-
tion. No significant difference was seen in RF uptake
in the presence of a Na* and a K* gradient. Similar
results were obtained for the time dependent uptake of
20 uM RF (Fig. 1B).

In another study, we examined the effect of varying
the incubation medium osmolarity (using mannitol) on
equilibrium uptake of RF (i.e., uptake at 60 min). The
aim of this study was to differentiate between uptake
that occurs due to transport of the substrate into the
intravesicular space and that due to membrane bind-
ing. The results (Fig. 2) showed an inverse and linear
(r = 0.97) relationship between RF uptake and medium
osmolarity. Extrapolating the uptake line to infinite
osmolarity yielded a y-intercept of 0.75 pmol /mg pro-
tein per 60 min. From these findings, it was calculated
that uptake of RF at equilibrium and under isoosmotic
condition was mainly (73%) the result of transport of
the vitamin into the intravesicular space and the re-
mainder was due to binding to membrane surfaces.

The effect of varying the incubation buffer pH on
RF uptake was also examined in jejunal BLMV loaded
with transport buffer pH 7.4 and incubated in K*
incubation buffer (outside 100 mM, inside 0 mM) at
different pH values. No significant difference in RF
uptake was seen at the different incubation buffer pH
values (uptake of 1.84 +0.24 (n=15), 1.96 + 0.23 (n =
6), 212+ 017 (n=6), 207+ 023 (n=5), 1.8 +0.35
(n =3) and 1.95 + 0.18 (n = 6) pmol /mg protein per 5
s, was found at incubation buffer pH of 5.0, 5.6, 6.4,
6.9, 7.4 and 7.8, respectively).

We also examined the metabolic form of the trans-
ported radioactivity into jejunal BLMYV following incu-
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Fig. 1. Uptake of [H]RF by rabbit jejunal BLMV with time in the
presence of an inwardly directed Nat and a K* gradient. BLMV
were preloaded with a buffer of 280 mM mannitol and 20 mM
Hepes-Tris (pH 7.4). Incubation was done in a buffer of 100 mM
NaSCN (closed circles) or KSCN (opened circles) or, 80 mM manni-
tol and 20 mM Hepes-Mes (pH 7.4). RF at 0.11 uM (A) and 20 uM
(B) was added to the incubation medium at the beginning of the
study. Each point is the mean+S.E. of 4-9 separate transport
determinations from two or three different BLMV preparations from
different rabbits. Osmolarity is in mosmol /1.

UPTAKE (pmol/mg protein)

bation of vesicles with 0.11 M [*H]RF for 60 min as
described in Methods. The results showed that 98% of
the radioactivity transported into the intravesicular
space to be in the form of intact RF.

Uptake of RF as a function of concentration

Initial rate of uptake of RF was examined as a
function of concentration (0.11-20 uM) in jejunal and
ileal BLMV isolated from the same rabbits. In both
areas of the small intestine, uptake of RF was found to
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include a saturable component (Fig. 3). Kinetic param-
eters of the saturable component were calculated as
described in Methods and found to be 5.0 uM and 4.4
uM for the apparent K, and 91.6 and 60.8 pmol /mg
protein per 5 s for the V. in jejunal and ileal BLMYV,
respectively.

Effect of unlabeled RF and related components on the
uptake of [’H|RF

In these experiments, we examined the effect of
adding to the incubation medium different concentra-
tions of unlabeled RF and related compounds (see Fig.
4 for structure) on the initial rate of uptake (5 sec) of
0.11 uM [3H]RF by jejunal BLMV. The results (Table
I) showed that 25 and 50 wM unlabeled RF and
lumiflavin cause similar and significant inhibition in
[’HIRF uptake. IsoRF and 8-NH,-RF also caused
significant inhibition in RF uptake both at 25 and 50
1M but the degree of inhibition was less than that seen
with unlabeled RF and lumiflavin. Lumichrome, 8-OH-
RF, lumazine and p-ribose did significantly inhibit RF
uptake.

We also examined possible trans-stimulation of
[*HIRF movement across the BLM by unlabeled RF
and lumiflavin. This was done as described before [14]
by examining the efflux of [*HJRF from preloaded
jejunal BLMV (see Methods) incubated in the absence
and presence of 20 uM unlabeled RF or lumiflavin.
The results showed significantly lower [*HJRF content
in BLMV incubated in medium containing unlabeled
RF and lumiflavin compared to simultaneously per-
formed control BLMV incubated in the absence of
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Fig. 2. Effect of incubation medium osmolarity on the uptake of RF
by jejunal BLMV. BLMV were preloaded with a buffer of 280 mM
mannitol and 20 mM Hepes-Tris (pH 7.4), and incubated for 60 min
in a buffer of 100 mM NaSCN, 20 mM Hepes-Mes (pH 7.4) and
different amount of mannitol to give the indicated osmolarity. RF
(0.11 xM) was added to the incubation medium at the beginning of
the study. Each point is the mean+S.E. of five or six separate
transport determinations from two BLMYV prepared from different
rabbits.
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unlabeled RF and lumiflavin. (A vesicle content of
[*HIRF of 9.24 + 1.49 (n = 4), 3.94 + 0.25 (n = 6) and
3.65 + 0.24 (n =6) pmol/mg protein following 30 s
incubation was found for control and in the presence
of unlabeled RF and lumiflavin in the incubation
medium, respectively.)

Effect of membrane transport inhibitors on [ 3HIRF up-
take

The effect of the membrane transport inhibitors
4,4'-diisothiocyanatostilbene-2,2 -disulfonic acid (DI-
DS) and 4-acetamido-4'-isothiocyanatostilbene-2,2'-
disulfonic acid (SITS) (both at 1 mM) and that of folic
acid (100 M) on the uptake of 0.11 uM [*HIRF by
jejunal BLMV was examined. Incubation was done for
5 s at 37°C. None of the compounds tested were found

A. Jejunum
80

60

40 S (4

20

12 16 20

B. lleum

UPTAKE (pmol/mg protein/5 sec)
-3
o

40+

20+

T T T T 1

4 8 12 16 20

RIBOFLAVIN CONCENTRATION (pM)

Fig. 3. Initial rate of RF uptake as a function of concentration in
jejunal (A) and ileal (B) BLMV. BLMV were isolated simultaneously
from the jejunum and the ileum of the same rabbits and were
preloaded with a buffer of 280 mM mannitol and 20 mM Hepes-Tris
(pH 7.4). Incubation was done for 5 s (initial rate) in a buffer of 100
mM NaSCN, 80 mM mannitol and 20 mM Hepes-Mes (pH 7.4).
Different concentrations of RF (1-20 uM) were added to the
incubation medium at the onset of incubation. Data represent up-
take by the carrier-mediated process determined as described in
Methods. Three to six separate transport determinations were done
on two different BLMV prepared from different rabbits.

TABLE I

Effect of RF related compounds on the initial rate of uptake of [ SHIRF
by jejunal BLMV

BLMYV were preloaded with 280 mM mannitol and 20 mM Hepes-Tris
(pH 7.4) and incubated for 5 s in a buffer of 100 mM NaSCN, 80 mM
mannitol and 20 mM Hepes-Tris (pH 7.4), containing 0.11 M
[*HIRF and the compound under investigation. Results were calcu-
lated in terms of percentage relative to simultaneously performed
controls. The number in parentheses is the number of separate
transport measurements from two or three separate BLMV prepara-
tions from different rabbits. The P values were calculated using the
Student’s ¢-test. n.s., not significant.

Condition Concn.  Uptake (% of simultaneously P
(uM)  performed controls
Control 100
Unlabeled RF 25 4830+ 4.35(5) <00
50 3770+ 4.35(5) <00
Lumiflavin 25 4240+ 3.26(5) <0.01
50 34.80+ 4.35(5) <0.01
Iso-RF 25 62.90+ 8.30(7) <0.01
50 50.30+ 4.84(7) <0.01
8-NH,-RF 25 77 +11.10(5) < 0.01
50 65.40+ 7.86(7) < 0.01
Lumichrome 25 95.10 + 10.90 (4) n.s.
50 90.30+ 7.61(6) n.s.
8-OH-RF 25 107 +10.10(8) n.s.
50 9220+ 6.54(7) n.s.
Lumazine 25 101 + 6.29(6) n.s.
50 91.20+ 8.81(6) n.s.
p-Ribose 25 104 +15.70(5) n.s.
50 97.50+13.20 (3 n.s.

to affect RF uptake into BLMV. (The uptake ex-
pressed as percentage relative to simultaneously per-
formed controls of 100 was, 94.3 + 5.18 (n =35), 943 +
9.33 (n=6) and 96.9 + 431 (n=06) for DIDS, SITS
and folic acid, respectively.)

Effect of transmembrane potential on uptake of RF
The effect of altering transmembrane electrical po-
tential on the uptake of RF by jejunal BLMV was
examined using anion substitution and valinomycin in-
duced K™*-diffusion methodologies [10-12,17-20]. In
the anion substitution method, the initial rate of RF
uptake was examined in the presence of anions of
different membrane permeability (SCN~> C17> gluco-
nate ) (incubation with a permeable anion would cre-
ate a greater transient negative intravesicular electrical
potential than a less permeable anion, thereby affect-
ing any potential sensitive component of RF uptake).
The results showed similar uptake of RF in the pres-
ence of the different anions (1.59 + 0.16 (n = 8), 1.40
+0.06 (n=7) and 150 + 0.12 (n = 8) pmol /mg pro-
tein per 5 s for SCN, Cl™ and gluconate™, respec-
tively, indicating that the RF uptake process is elec-
troneutral in nature. This conclusion was further con-
firmed by the findings of the valinomycin-induced K*
diffusion method which showed similar uptake of RF
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Fig. 4. Structure of riboflavin and certain structural analogues.

following induction of a positive intravesicular space
compared to ‘voltage clamp’ condition (Table II).

Discussion

The present study examined the mechanism of up-
take of RF by BLMYV isolated form rabbit intestine.
Uptake of RF with time was found to be similar in the
presence of a Na™ and a K™ gradient. Uptake was also
found to be largely the result of transport of RF into
an osmotically active intravesicular space with less
binding to membrane surfaces. In addition, the uptake
process was found to be independent of the pH of the
incubation medium. No metabolic alteration was found
in the transported radioactivity following incubation of
BLMV with [*H]RF.

RF uptake in both jejunal and ileal BLMV was
found to be saturable as a function of concentration
indicating the involvement of a carrier-mediated sys-
tem. The similar apparent K, (5.0 and 4.4 uM, re-

TABLE 11

Effect of transmembrane electrical potential on RF uptake by jejunal
BLMV

BBMYV were preloaded with a buffer of 50 mM K-gluconate, 80 mM
mannitol and 20 mM Hepes-Tris (pH 7.4) (voltage clamp) or 280 mM
mannitol and 20 mM Hepes-Tris (pH 7.4) (positive membrane poten-
tial) and were preincubated with valinomycin (10 ug/mg protein) for
10 min at room temperature. Incubation was performed at 37°C in
an incubation buffer of 90 mM Na-gluconate, 50 mM K-gluconate
and 20 mM Hepes-Tris (pH 7.4). [’HJRF (0.11 uM) was added to
the reaction mixture at the start of the experiment. The number in
parentheses is the number of separate transport assays from three
separate BBMV preparations from different rabbits.

Time (s) Uptake (pmol /mg protein)
voltage clamp positive membrane potential
5 1.5340.09 (9) 1.51+0.09 (8)
20 1.87+0.06 (8) 2.04+0.19 (6)

spectively) of the uptake systems in jejunal and ileal
BLMYV suggests that these systems are similar. If this is
the case, then the higher (50%) the V_, of the puta-
tive uptake carrier in the jejunum compare to the
ileum (91.6 vs. 60.8 pmol /mg protein per 5 s, respec-
tively) may suggest a greater distribution (and /or activ-
ity) of the RF carrier in the jejunum.

The existence of a carrier-mediated system for RF
uptake in jejunal BLMV was further confirmed by the
findings that unlabeled RF and certain structural ana-
logues caused significant inhibition in [*H]RF uptake
when added to the incubation medium and by the
observed trans-stimulation in [*HJRF efflux from
preloaded vesicles by unlabeled RF and lumiflavin.
The study with different analogues also provided im-
portant information about the structural requirement
in the RF molecule that are needed for recognition
and efficient interaction with the uptake carrier. First,
replacing the ribityl side chain at position 10 of the RF
molecule by a methyl group appeared to have no effect
on the ability of the analogue compound (lumiflavin) to
interact with the carrier system as indicated by the
similar degree of inhibition caused in [*H]JRF uptake
by unlabeled RF and lumiflavin. On the other hand,
total removal of the side chain led to disappearance of
significant interaction as indicated by the inability of
lumichrome to induce significant inhibition in [*H]RF
uptake. These findings demonstrate the importance of
having a group at position 10 of the isoalloxazine ring
for proper ligand-carrier interaction. Second, having a
-CH, group at position 8 also appeared to be some-
what important for efficient interaction with the up-
take carrier as removal of this group or its replacement
with an amino group led to a decrease in the degree of
inhibition by the new compounds (isoRF and 8-NH ,-
RF) of [*HIRF uptake compared to unlabeled RF. On
the other hand, replacing this -CH; group with a
hydroxyl group led to disappearance of the ability of
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the new compound (8-OH-RF) to inhibit the uptake of
[*H]RF. The inability of 8-OH-RF to inhibit [*H]RF
uptake may be due to the changes in the physio-
chemical property of 8-OH-RF due to ionization of the
-OH group (the pK, of RF is 10.2 and becomes 4.8
when the compound is converted to 8-OH-RF [21]).

It has been suggested that RF might behave as an
anion with regard to its transport across biological
membranes [22]. For this reason we examined the
effect of the anion transport inhibitors DIDS and SITS
on the vitamin uptake by BLMV. Neither inhibitor
altered the RF uptake process. Similarly, the anionic
folic acid (which has been shown to interact with RF
transport across biological membranes [23]) was found
to have no effect on RF uptake. In other studies, the
effect of altering the transmembrane electrical poten-
tial on RF uptake by jejunal BLMV was examined
using well established methodologies of anions substi-
tution and valinomycin K *-induced electrical potential.
Neither method, however, was found to affect RF
uptake indicating that the uptake process is elec-
troneutral in nature.

In summary, the present study shows for the first
time the involvement of a specialized carrier-mediated
system or transport of RF across the BLM of rabbit
intestine. This system is independent of Na* and pH,
and moves the substrate by an electroneutral process.
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