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Abstract. Previously we demonstrated that proliferation of peripheral blood mono-
nuclear cells (PBMC) causes a five-fold increase In cellular uptake of biotin; this
Increase Is mediated by an Increased number of biotin transporters on the PBMC
surface. In the present study, we Investigated the specificity of this phenomenon by
determining whether the cellular uptake of riboflavin also Increases In proliferating
PBMC and whether the Increase Is also mediated by an Increased number of trans-
porters per cell. We characterized rH]rlboflavln uptake In both quiescent and prolif-
erating PBMC. In quiescent PBMC, rH]rlboflavin uptake exhibited saturation kinetics
and was reduced by addition of unlabeled riboflavin (P < 0.05) or lumichrome (P <
0.01). These observations are consistent with transporter-mediated uptake. rH]Rlbo-
flavin uptake was reduced at 4°C compared with 37°C(P < 0.01)and by 2,4-dlnltrophe-
nol (P < 0.05) but not by ouabain or Incubation In sodium-free medium. These data
provide evidence for an energy-dependent but sodium-independent transporter. Pro-
liferating PBMC accumulated approximately four times more rH]rlboflavln than qui-
escent PBMC (P < 0.05). Because both transporter affinity and transporter number per
cell (as Judged by maximal transport rate) were similar In quiescent and proliferating
PBMC, we hypothesize that the increased riboflavin uptake by proliferating PBMC
reflects only increased cellUlar volume. To test this hypothesis, PBMC volume was
reduced using hyperosmolar medium; rH]rlboflavin uptake decreased to about 50%
of isotonic controls (P < 0.01). Thus we conclude that proliferating PBMC increase
cellular content of riboflavin and biotin by two different meChanisms.

[P.S.E.B.M. 2000, Vol 225:72-79)

Peripheral blood mononuclear cells (PBMC) represent
a heterogeneous population of immune cells (B cells,
T cells, and various granulocytes) that arise from plu-

ripotent hematopoietic stem cells in the bone marrow (1).
PBMC account for cellular and humoral immune responses;
some PBMC (B and T cells) have the inherent ability to
proliferate rapidly after antigenic and mitogenic stimula-
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tion. PBMC often have been used in models of nutrition
research; for example, vitamin status can be assessed by
measuring activities of vitamin-dependent enzymes in
PBMC (2,3), and vitamin uptake has been studied in PBMC
(4-6).

We have recently shown that proliferation of PBMe
has substantial effects on cellular biotin metabolism. For
example, proliferating PBMC increase biotin uptake five
fold compared to quiescent PBMC; this increase is mediated
by an increased number of biotin transporters on the cell
surface (7). Moreover, proliferating PBMC use biotin to
increase activities of biotin-dependent carboxy lases (8) and
increase biotinylation of histones (9). These observations
raise the following questions about the effect of prolifera_
tion on the cellular status of other vitamins in PBMe: (i) Do
vitamin status assessments that are based on cellular vitamin
concentrations need to be adjusted for the physiologic state
of the cells (e.g., proliferating versus nonproliferating
cells)? (ii) Does the vitamin requirement of cells increase



with proliferation? (iii) Does proliferation of cells (e.g., im-
mune cells or rapidly growing fetal tissues) cause an in-
creased vitamin requirement of the whole organism? (iv) Do
vitamins such as biotin play important roles in cell cycling
and gene expression, perhaps acting by covalent modifica-
tion of histones by biotin?

The overall goal of the studies presented here was to
determine whether proliferation of PBMC affects a second
water-soluble vitamin, riboflavin. We chose riboflavin be-
cause riboflavin uptake into cells is mediated by a distinct
transporter that shares few characteristics with the biotin
transporter. For example, previous studies in various cell
lines concluded that cellular uptake of riboflavin is not so-
dium dependent (10-14) whereas the biotin uptake into
PBMC is sodium dependent (4). Also, riboflavin does not
compete with biotin for uptake into renal epithelial cells or
liver cells (13, 14). Moreover, riboflavin and biotin are not
structurally similar and are metabolized by very different
pathways (15-19).

Specifically we sought to (i) identify the mechanism(s)
for uptake of riboflavin in PBMC; (ii) determine whether
proliferation causes an increased riboflavin uptake into
PBMC; and (iii), if increased, determine whether the in-
creased riboflavin uptake is mediated by an increased num-
ber of transporters per cell, as has been observed for biotin.

Materials and Methods
Materials. eH)Riboflavin (specific radioactivity 2.15

TBq/mrnol) was purchased from Sigma (St. Louis. MO).
Radiochemical purity of [3H]riboflavin was greater than
95% as determined by thin-layer chromatography (see be-
low). To avoid photodecomposition, riboflavin and its ana-
logs were protected against exposure to light by using am-
ber vials and aluminum foil. eH]Thymidine (specific radio-
activity 1.29 TBq/mmol) was purchased from ICN
Pharmaceuticals, Inc. (Costa Mesa, CA). Riboflavin-free
RPMI-I640 was prepared by Atlanta Biologicals (Norcross,
GA). All other chemicals were purchased from Sigma.

Subjects. This study was approved by the Human
Research Advisory Committee of the University of Arkan-
sas for Medical Sciences, Little Rock, AR. Written, in-
formed consent was obtained from all subjects.

Fifteen subjects (10 women) donated blood for isola-
tion of PBMC; most subjects donated blood on more than
one occasion (i.e., for different experiments). The age of the
subjects spanned a range of 28-52 years; all subjects were
nonsmokers. None of the subjects consumed vitamin
supplements that contained more than the Recommended
Dietary Allowance of riboflavin (20). Individuals receiving
thyroid hormone therapy were excluded because thyroid
hormones interfere with riboflavin metabolism (21, 22).

Isolation of PBMC. PBMC were isolated from an
individual's blood by gradient centrifugation as described
previously (4, 23). The studies described below were per-
formed using either quiescent, nonproliferating PBMC or
mitogen-stimulated, proliferating PBMe.

Quantitation of [3H]Riboflavin Uptake and Me-
tabolism in Quiescent PBMC. The PBMC pellet from
120 ml of blood was suspended in '" 30 rnl of phosphate-
buffered saline containing 5.5 mM D-glucose. Cell density
in the suspension and cell viability were determined as de-
scribed before (7). Cell density was 5.3 ± 1.6 x 106 cells/ml;
viability was greater than 99%. The uptake rates of [3H]ri_
boflavin were normalized by 106 viable cells.

Cellular riboflavin uptake was measured in l-ml ali-
quots of the PBMC suspension, as described previously,
with one alteration (4); eH]biotin was replaced with [3H]ri_
boflavin. Transport was studied in the linear range, and
effects of inhibitors and flavin analogs were studied as de-
scribed previously (4). Typically, eH]riboflavin uptake
over a lO-min period was determined at 37°C using a physi-
ologic concentration of riboflavin (100M) in the medium
(24). Immediately after incubation, extracellular [3H]ribo-
flavin was removed by washing with phosphate-buffered
saline followed by liquid scintillation counting of the cell
pellet as described before (4). We confirmed that PBMC"do
not release measurable quantities of intracellular eH)ribo-
flavin during washing with phosphate-buffered saline at 4°C
(data not shown). Blanks were prepared by replacing PBMC
suspension with cell-free medium; blank values were sub-
tracted from samples values.

For solubility reasons, some transport inhibitors and
flavins had to be dissolved in either dimethyl sulfoxide (ri-
boflavin, ouabain, 2,4-dinitrophenol) or methanol (lumi-
chrome). To exclude solvent artifacts, we assessed eHlri-
boflavin uptake in the presence of dimethyl sulfoxide and
methanol at the highest final concentration of these solvents
used in the current studies (5% by vol); neither significantly
affected riboflavin uptake (data not shown).

To investigate whether PBMC metabolize riboflavin
during transport studies, we incubated the cells with 100M
eH)riboflavin at 37°C. At timed intervals (lO, 30, 90 min
after addition of eH]riboflavin), PBMC were harvested by
centrifugation at 2260g for 90 sec; PBMC pellets were sus-
pended in 40 III of phosphate-buffered saline, followed by
lysis with 5 1110.5% Triton X-IOO and 5 J.Ll of 2 M trichlo-
roacetic acid. After vortexing, 10 III of this lysate were
spotted onto a silica gel plate for thin-layer chromatogra-
phy; the plate was developed in the dark using benzene:
l-butanol: methanol: water (1: 2: 1: I, by vol; upper phase)
as solvent (16). Lanes of the dried chromatography plate
were cut into equal pieces, and radioactivity was determined
by liquid scintillation counting of the pieces. Authentic
standards of riboflavin, flavin adenine dinucleotide, flavin
mononucleotide, and lumichrome were run on the same
plate and located under a Mineralight lamp (16).

Quantltatlon of [3H]Rlboflavln and [3H]Thyml-
dine Uptake In Mitogen-Stimulated, Proliferating
PBMC. PBMC were isolated aseptically as described be-
fore (7). After the final wash, the PBMC pellet was sus-
pended in sterile-filtered RPMI-I640 (originally free of ri-
boflavin) containing 10% autologous plasma (v/v), 100
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I.U.lml penicillin, and 100 J.Lglml streptomycin; unlabeled
riboflavin was added to produce a final concentration of 5
oM. The cell number per ml of medium was adjusted to 4 x
106 PBMC/ml by dilution with medium. Then, either the
T-cell mitogen concanavalin A (final concentration 20 J.Lg/
ml) or the T and B cell mitogen pokeweed lectin (2.0 ug/rnl;
from Phytolacca americana) was added to the PBMC sus-
pension. These suspensions were then incubated at 37°C for
3 days in an atmosphere of 95% air and 5% CO2 to induce
proliferation; nonproliferating controls were incubated
without mitogen. After incubation, cell numbers per ml and
cell viability were determined again (7). The uptake rates of
eHlriboflavin were determined as described above; the spe-
cific radioactivity of eH]riboflavin was adjusted for the
concentration of unlabeled riboflavin in the medium. The
uptake rates of eH]thymidine were determined as described
previously (7).

Statistics. Significance of differences among groups
(e.g., among the two different mitogens and the control)
were tested by one-way ANOVA. Dunnett's posthoc pro-
cedure was used for posthoc testing; Dunnett's compares
the mean of each treatment group (e.g., mitogen-stimulated
cells) to that of a designated control (e.g., unstimulated
cells) (25, 26). Effects of incubation time and temperature
were tested by two-way ANOYA (time by temperature).
Paired comparisons were made using the paired, two-tailed
t test. SuperANOYA 1.11 and StatYiew 4.5 (Abacus Con-
cepts, Berkeley, CA) were used to perform all calculations.
Differences were considered significant if P < 0.05. Popular
central tendency and dispersion are expressed as mean ±

1 SO.

Results
We initially determined whether uptake of eH]ribofla-

vin into PBMC was temperature dependent and whether
uptake increased linearly with time. Riboflavin uptake into
quiescent PBMC was significantly greater at 37°C than at
4°C (Fig. 1). When quiescent PBMC were incubated with

physiologic concentrations of riboflavin (10 oM), the mean
riboflavin uptake of five subjects increased linearly with
incubation time for at least 20 min (Fig. 1). Because ribo-
flavin uptake into PBMC of two of these subjects exhibited
a tendency to plateau after about 15 min, an incubation time
of 10 min was used for all subsequent experiments. Ribo-
flavin uptake into PBMC also increased linearly with time
(r = 0.949) when PBMC were incubated with a pharma-
cologic concentration of riboflavin (i.e., 1000 oM). Thus,
the studies of saturation kinetics (see below) were not con-
founded by saturating transport prematurely (i.e., before ter-
mination of the lO-min incubations) when pharmacologic
concentrations of eH]riboflavin were used.

To assess whether riboflavin uptake into quiescent
PBMC exhibits saturation kinetics, PBMC were incubated
with eH]riboflavin at concentrations between 5 and 1000
oM. Using a physiologic concentration of [3H]riboflavin (10
oM) in the medium, cellular uptake was 484 ± 212 amol/
(106 cells x 10 min) at 37°C. In each of the five individuals
studied, riboflavin uptake into PBMC approached a plateau
at high riboflavin concentrations consistent with saturation
kinetics (Fig. 2). Each data set was accurately fit (r = 0.999
± 0.001) by nonlinear regression using the Michaelis-
Menten equation (plots not shown). Mean Michaelis-
Menten constant (Km ) was 955 ± 344 oM; mean maximal
transport rate (Vmax) was 36.5 ± 20.1 fmoV(106 cells x 10
min). These observations concerning temperature and satu-
ration are consistent with carrier-mediated uptake.

We further investigated the putative riboflavin trans-
porter by assessing inhibition of transport by four sugar
alcohols (ribitol, xylitol, glucitol, and mannitol) that have
structural similarities to the ribityl side chain of riboflavin.
We incubated quiescent PBMC with 10 oM [3H]riboflavin
and 10 J.LM sugar alcohols (= 1000-fold higher). Uptake of
[3H]riboflavin did not decrease significantly compared with
control without sugar alcohol (data not shown). To assess
the effect of a water-soluble vitamin, similar competition
experiments were performed with 10 J.LM biotin; no signifi-
cant competition was observed (data not shown).
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Figure 2. Saturation kinetics of [3Hlriboflavin uptake into human
PBMC. Data from fIVe subjects are depicted. PBMC were incubated
with 5-1000 nM [3Hlriboflavin at 37°C for 10 min.

3rc

~ 2000
CDo
'b 1600:;;
0
E
~ 1200
CII
~

S
0.
:>
c:

~
.8a:

5 10 15 20 25
Time (min)

Figure 1. Effects of incubation time and temperature on the up~ke
of [3Hlriboflavin (10 nM) into human PBMC. Means :t SO from five
subjects are depicted. Effects of time and temperature were both
significant (P < 0.01 by two-way ANOVA). At 4°C: uptake = 6.7 x
time - 1.1 (r =0.897); at 37°C: uptake =62 x time + 28 (r =0.983).
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To assess the importance of various regions of the ri-
boflavin molecule for binding to the transporter, we con-
ducted a series of competition experiments with riboflavin
analogs of WOO-fold greater concentration. Quiescent
PBMC were incubated with 10 nM eH]riboflavin in the
presence (10 IJM) of either unlabeled riboflavin (intact iso-
alloxazine ring and ribityl side chain), flavin mononucleo-
tide (FMN; ribityl side chain is phosphorylated), ribose
(analog of the ribityl side chain), lumichrome (intact isoal-
loxazine ring without ribityl side chain), or flavin adenine
dinucleotide (adenosine diphosphate attached to the ribityl
side chain); the control was incubated without unlabeled
riboflavin or any analog. The uptake of eH]riboflavin was
reduced significantly by unlabeled riboflavin and lumi-
chrome to 53 ± 22% and 38 ± 13%, respectively, of control
(Fig. 3). FMN reduced the cellular uptake of eH]riboflavin
to 64% of control values; however, this effect did not reach
statistical significance. Analysis by thin-layer chromatogra-
phy revealed that FMN did not contain detectable amounts
of riboflavin impurities. Further, PBMC did not hydrolyze
FMN in the extracellular medium (data not shown). Thus,
the partial effect of FMN on cellular [3H]riboflavin uptake
is attributable to FMN rather than riboflavin impurities or
FMN hydrolysis. Ribose and flavin adenine dinucleotide
did not significantly affect the cellular uptake of eH]ribo-
flavin. These findings suggest that the ribityl side chain is
not important for binding to the transporter because ribose
(side chain analog) did not compete for cellular uptake,
whereas lumichrome (missing side chain) did compete for
cellular uptake. However, the data indicate that increasing
the size of the molecule, either by adding phosphate or
adenosine diphosphate to the side chain can reduce the abil-
ity to bind to the transporter, suggesting a steric effect.
Overall, these data provide evidence that a transporter me-
diates at least some of the cellular uptake of riboflavin.

We further characterized the transporter as follows:

PBMC were incubated with [3H]riboflavin in the presence
of one of the following transport inhibitors (all at 1 mM):
ouabain (an inhibitor of Na-K-ATPase), iodoacetate (a com-
pound that covalently modifies sulfhydryl groups), or 2,4-
dinitrophenol (a respiratory chain inhibitor that reduces in-
tracellular ATP levels); controls were incubated without in-
hibitors. Ouabain did not significantly affect riboflavin
uptake (Fig. 4), suggesting that riboflavin uptake is not so-
dium dependent. Iodoacetate did not significantly affect ri-
boflavin uptake. In separate experiments, treatment of
PBMC with a different sulfhydryl-modifying agent (0.5 mM
p-hydroxymercuriphenyl sulfonic acid) also caused no sig-
nificant decrease of riboflavin uptake (data not shown).
Taken together, the observations using these two sulfhydryl
reagents provide evidence that sulfhydryl groups of the
transport protein are not directly involved in uptake. In con-
trast, treatment with 2,4-dinitrophenol decreased riboflavin
uptake to 76 ± 14% of control values (P < 0.05), providing
evidence that riboflavin uptake is energy dependent.

Absence of cation requirement was further examined in
experiments in which PBMC were incubated with [3H]ri_
boflavin in medium containing 150 mM choline, lithium, or
ammonium rather than sodium; controls were incubated in
sodium-containing medium. Replacement of sodium did not
significantly affect riboflavin uptake, providing additional
evidence that cellular riboflavin uptake does not require
co-transport with sodium (data not shown).

Next, we sought to determine whether quiescent PBMC
metabolize riboflavin during incubation times used in the
transport studies. We incubated PBMC with 10 nM [3H]ri_
boflavin and collected cell pellets after 10, 30, and 90 min.
Tritium within PBMC was separated by thin-layer chroma-
tography followed by liquid scintillation counting (see Ma-
terials and Methods). By 90 min, no metabolism of ribofla-
vin was detectable. Figure 5 depicts the lO-min and 90-min
samples. The arrows in Figure 5 denote the chromato-
graphic position expected of flavin metabolites. Riboflavin

Control Ouabain lAC 2,4-DNP
Figure 4. The effects of ouabain, iodoacetate, and 2,4·dinitrophenol
(all at 1 mM) on the uptake of [3Hlriboflavin (10 nM) Into human
PBMC. Means ~ SO from seven subjects are depleted. Controls
were incubated without transport inhibitors."P < 0.05 versus control
(by one-way ANOVA and Dunnett's posthoctest).IAC = iodoacetate;
2.4-DNP =2,4-dinitrophenoJ.
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Figure 3. The effects of riboflavin (RFL). lumichrome (LUM). flavin
mononucleotide (FMN), flavin adenine dinucleotide (FAD), and ri-
bose (RIB; all at 10 IJM) on the uptake of [3Hlriboflavin (10 nM) into
human PBMC. Means ~ SO from five subjects are depicted. Controls
were incubated without transport competitors."P < 0.05 versus con-
trol; "P < 0.01 versus control (by one-way ANOVA and Dunnett's
posthoc test).
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fmoV(106 cells x 10 min)
39 ±20
23± 10
28± 19

NS

nM
594 ± 395
513 ± 470
537 ± 375

NS

Table I. Transport Kinetics of Riboflavin in
Mitogen-Stimulated PBMC

medium to produce final osmolarities of either 305 (con-
trol), 405, 505, 605, or 805 mOsm; increased osmolarity of
the medium causes cell shrinkage (29). PBMC were allowed
to equilibrate for at least 30 min at 37°C before transport
studies were conducted with eH]riboflavin. In both quies-
cent and mitogen-stimulated PBMC, eH]riboflavin uptake
decreased significantly with increasing osmolarity of the
medium (Fig. 6). At 805 mOsm, eHlriboflavin was 38% to
55% of that in isotonic medium. These two to three times
reductions are consistent with the hypothesis that most of
the increased uptake of riboflavin into proliferating PBMC
can be attributed to the increased cellular volume routinely
associated with blastogenesis.

Is the increased influx of riboflavin into proliferating
PBMC mediated by a transporter or by simple diffusion
across the cell membrane? To distinguish between these two
mechanisms, we determined uptake of eH]riboflavin (l0
nM) in pokeweed-stimulated PBMC in the presence (10
J.LM) of either unlabeled riboflavin or lumichrome. Both
unlabeled riboflavin and lumichrome caused a significant
decrease of cellular uptake of [3H]riboflavin (58% ± 70%
and 34% ± 13% of control; P < 0.01). These findings are
consistent with the hypothesis that the increased uptake of
riboflavin into proliferating PBMC is a transporter-
mediated process.

We also assessed whether proliferating PBMC metabo-
lize riboflavin and thereby enhance net transport by meta-
bolic trapping. We induced proliferation of PBMC by incu-
bation with pokeweed lectin (2.0 ug/ml) for 3 days. The
proliferating PBMC were incubated with 10 oM eH]ribo-
flavin for 10, 30, and 90 min. Analysis of Iyzed cell pellets
by thin-layer chromatography revealed no detectable me-
tabolism (<5%) of riboflavin in proliferating PBMC.

To further assess whether the increased riboflavin up-
take in mitogen-stimulated PBMC results from PBMC pro-
liferation, we investigated the time course of stimulation of
riboflavin uptake into proliferating PBMC. In these experi-
ments, we added either concanavalin A (final concentration
20 ~glml) or pokeweed lectin (final concentration 2.0 ~gI

rnl) to a suspension of PBMC (4 x 106celis/mI). Stimulation

Treatment

Concanavalin A
Pokeweed lectin
Control (no mitogen)
Pvalue

Note. PBMC were incubated with either concanavalin A (20 IJglml)or
pokeweed lectin (2.0 IJglml) to stimulate proliferation; controls were
incubated without mitogen. On Day 3, cells were harvested and cel-
lular [3Hlriboflavin uptake was measured using rHlriboflavin concen-
trations of 5-1,000 nM in the medium. Km (Michaelis-Menten con-
stant) and Vmax (maximal transport rate) were determined by non-
linear regression. NS = values within the same column are not
significantly different by one-way ANOVA (n = 5).
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Figure 5. Riboflavin metabolism in quiescent human PBMC. Cells
were incubated with rHlriboflavin (10 nM) for 10 or 90 min. Contents
of Iyzed cells were chromatographed using thin-layer chromatogra-
phy. The TLC lanes were cut into 15 equal pieces, and flavins were
quantitated by liquid scintillation counting of the TLC pieces. Arrows
indicate the chromatographic mobility of authentic standards of ex-
pected metabolites. FMN, flavin mononucleotide; FAD, flavin ad-
enine dinucleotide.

migrates discretely from the other flavins in this TLC sys-
tem. In a controlled experiment, we confirmed that sample
preparation does not cause acid hydrolysis of flavin adenine
dinucleotide.

The effect of PBMC proliferation on the cellular uptake
of riboflavin was assessed at a physiologic concentration of
eH]riboflavin. Proliferating PBMC did accumulate signifi-
cantly more vitamin than unstimulated controls: 261 ± 180
amoU(I06 cells x 10 min) in quiescent controls; 1088 ± 468
amoU(106 cells x 10 min) in concanavalin A-stimulated
PBMC; 1015 ± 504 arnoV(l06 cells x 10 min) in pokeweed
lectin-stimulated PBMC (P < 0.05 by one-way ANOV A
and Dunnett's posthoc test). Proliferation of mitogen-
stimulated PBMC was confirmed by cellular eH]thymidine
uptake. Mitogen-stimulated PBMC accumulated greater
than 16 times more thymidine than quiescent controls (P <
0.0 I; data not shown).

To explore the mechanism of increased uptake, quies-
cent and mitogen-stimulated PBMC were incubated with
eH]riboflavin at concentrations from 5 to 1000 nM. As
judged by the Michaelis-Menten constants (Table I), prolif-
eration did not affect affinity of the transporter for ribofla-
vin, and the number of riboflavin transporters on the PBMC
surface did not change significantly.

By what mechanism could proliferating PBMC in-
crease cellular riboflavin uptake without altering transporter
affinity or transporter number per cell? One potential
mechanism is increased cellular volume. Such an increase
during PBMC proliferation has been reported (27, 28) and
could cause increased passive influx (simple diffusion or
facilitated diffusion) of riboflavin per cell, thereby increas-
ing the content per cell without increasing the cellular con-
centration of riboflavin. To assess the effect of altered cell
volume, crystalline mannitol was added to the incubation

76 RIBOFLAVIN UPTAKE INTO PBMC



12.000

10.000 t ~
8.000 i i
8.000 Ii

12.000

10,0001 ~
8,000 ~ t
6,000 i ~

4,000 f3. i
2,000

14,0001400 Concanavalin A

:? 1200

., E 1000'><0

t:-
800::J ..

l! 800

iI 400

.!. 200

20 40 60 80
TIme (h)

1400 Pokeweed lectin

::::: 1200
c:

i~ 1000

~.! 800

1 8 600='b

it 400

200

0
20 40 60 80

nme(h)
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mitogen-stimulated human PBMC. Cells were incubated with either
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Figure 6. Effects of osmolarity of the medium on riboflavin uptake
into human PBMC. Quiescent or mitogen-stimulated PBMC (3 days
with either 20 ~glml concanavalin A or 2.0 ~glml pokeweed lectin)
were transferred into media in which the osmolarities were increased
as shown by addition of mannitol; controls were incubated in isotonic
(305 mOsm) medium. After 30 min, uptake of 10 nM [3H)riboflavin
was measured. Means :t: SO from three to six samples are depicted.
Upper panel, quiescent PBMC; middle panel, concanavalin A-
stimulated PBMC; bottom panel, pokeweed lectin-stimulated PBMC.
•p < 0.05 versus control; "p < 0.01 versus control (by one-way
ANOVA and Dunnett's posthoc test).

of riboflavin uptake reached maximal values 48 hr after
addition of either mitogen to the medium (Fig. 7). The in-
crease of riboflavin uptake paralleled the increase of
eHlthymidine uptake.

Discussion

The data of this study provide evidence that riboflavin
uptake into human PBMC is mediated by a structurally
specific, energy-dependent transporter that is not sodium
dependent. This conclusion is based on the following ob-
servations: (i) riboflavin uptake is temperature dependent;
(ii) riboflavin uptake exhibits saturation; (iii) an excess of
unlabeled riboflavin and some riboflavin analogs competi-
tively decreases the uptake of [3H]riboflavin; (iv) 2,4-
dinitrophenol reduces the uptake of riboflavin; (v) sugar
alcohols and biotin do not compete with riboflavin for cel-
lular uptake; (vi) riboflavin uptake does not decrease when
extracellular sodium is replaced by other cations; and (vii)
ouabain does not affect riboflavin uptake. However, our
studies also provide evidence that riboflavin uptake into
PBMC is affected by cell volume and thus by diffusion
processes (see below).

For riboflavin, the increase is apparently mediated
largely by an increase in cell volume during blastogenesis.
The mean cell volume of mitogen-stimulated PBMC is two
to four times greater than quiescent PBMC (27, 28). There
is precedence for such an effect. For nicotinamide dinucleo-
tide (NAD), increased cell volume accounts for the increase
of NAD content of PBMC (28). The intracellular NAD
concentration remains constant during proliferation whereas
the NAD content per cell increases in parallel with the in-
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crease in cellular volume. We hypothesize that a similar
mechanism accounts for the increased riboflavin content of
proliferating PBMC. Observations presented here and re-
ports of others support this hypothesis: (i) If the osmolarity
of culture medium is increased by "= 76% by increasing from
0.85 to 1.5 g/lOO ml sodium chloride, the volume of human
PBMC decreases to 70% of isotonic controls (29). (ii) In the
present study, when osmolarity of the medium was in-
creased by 67% (from 305 mOsm to 505 mOsm), the ribo-
flavin content of quiescent PBMC decreased to 58% of
controls; values for mitogen-stimulated PBMC were simi-
lar. Taken together, these studies suggest that net riboflavin
uptake into PBMC is directly affected by cellular volume.

The volume-augmented increase of riboflavin uptake is
likely to have been augmented by facilitated diffusion. For
example, rat liver cells accumulate riboflavin by facilitated
diffusion followed by metabolic trapping by flavokinase-
catalyzed phosphorylation to flavin mononucleotide; Km for
this transporter is "= 12 IJ-M (10). Unless such metabolic
trapping occurs, diffusion processes cannot generate con-
centration gradients across cell membranes; the concentra-
tion inside the cell will approach the concentration outside
the cell. We propose that diffusion without metabolic trap-
ping likely accounts for the increased riboflavin uptake into
proliferating PBMC for the foIlowing reasons: (i) Micha-
elis-Menten constant and maximal transport rates were
similar in quiescent and proliferating PBMC, suggesting
that substrate affinity and transporter number per cell did
not change during proliferation. (ii) In both quiescent and
proliferating PBMC, ceIlular uptake of [3H]riboflavin was
inhibited by excess of unlabeled riboflavin or lumichrome
suggesting that [3H]riboflavin uptake is mediated by facili-
tated diffusion rather than by simple diffusion across the
cell membrane. (iii) Reduction of cellular volume in hyper-
osmolaric medium decreased riboflavin uptake. (iv) PBMC
did not use eHlriboflavin to synthesize flavin mononucleo-
tide or flavin adenine dinucleotide during our short-term
incubations for up to 90 min, suggesting that metabolic
trapping does not occur in PBMC. However, we cannot
exclude the possibility that binding of riboflavin to intra-
ceIlular immunoglobulins in secretory vesicles may tran-
siently augment the influx of riboflavin. Immunoglobulins
are quantitatively important riboflavin-binding proteins in
plasma (30). Whether the increased riboflavin content but
constant concentration of proliferating PBMC is a response
to increased cellular demand is unclear from the current

study.
Most likely, the riboflavin transporter in human PBMC

is similar to the riboflavin transporters in Xenopus laevis
oocytes, HK-2 cells (a human renal proximal tubule epithe-
lial cell line), rat liver basolateral membrane vesicles, and
human-derived liver ceIls HepG2 (11-14). This conclusion
is based on the observation that the affinities for riboflavin
are very similar; Km values range from 410 to 3550 oM.
Substrate specificities are also similar. and riboflavin uptake
is sodium independent for all these transporters.
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In summary, the studies presented here provide evi-
dence that uptake of riboflavin and biotin occurs by differ-
ent mechanisms. Increased riboflavin uptake into prolifer-
ating PBMC appears to result primarily from an increase in
cell volume. In contrast, the increase of biotin uptake is
likely mediated by transporter synthesis. We speculate that
the increase of biotin uptake may be a response to increased
demand for biotin-dependent carboxylases (8) or biotinyla-
tion of histones (9) or both.
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