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he discovery of vitamins resulted from the 
searches for the cures of diseases caused by diets T deficient in such micronutrients. The further in- 

vestigation of specific roles has clarified most of the 
metabolic alterations that are necessary to convert vi- 
tamins to functional forms, which include conversions 
of water-soluble B complex vitamins to coenzymes. 
More recent work is providing information on how 
these metabolic conversions are regulated. Importantly 
different cells have somewhat different means for facil- 
itating uptake, often with relative specificity for any 
one of the different structural groups of vitamins. Clo- 
sure of the knowledge gap as to how vitamins are 
transported into the cell and how processing of vitamins 
within the cell are connectedly related is the thrust of 
ongoing studies. Our own work in this area will be the 
primary base for this Minireview. 

Since such vitamins as riboflavin, Bg, biotin, and 
C have been the focus of considerable investigation in 
our laboratory, they will serve as primary examples to 
make both detailed statements as well as comparisons 
that often apply broadly. In particular, we have studied 
the importing of these vitamins into the parenchymal 
liver cells and proximal tubular kidney cells from the 
rat as a convenient animal model, because less was 
known about vitamin uptake in these ’tissues than in 
the small intestine. One interesting possibility for future 
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application of some of the knowledge gained may be to 
piggyback a bioactive compound, e.g., drug or signal 
transducer, onto a transported solute, e.g., vitamin or 
other nutrient, that gains facilitated entry into a cell 
and is, thereafter, metabolized to release the active 
compound. 

Cellular Uptake 
In general, the subject of transport through plasma 

membranes of cells has progressed from a classic phys- 
iologic description to the identification of mechanisms 
and components of specific transporters at the biophys- 
ical and biochemical level (1). It seems appropriate to 
be reminded of those mechanisms that apply to vita- 
mins as well as most nutrients and metabolites before 
distinguishing particular examples. 

With many transportable biomolecules, one proc- 
ess that becomes evident at higher concentrations is 
nonmediated transport or simple diffusion. This proc- 
ess, often of more pharmacologic than physiologic 
meaning, is a linear function of the difference in con- 
centration of a solute on the two sides of the membrane. 
This is governed by the Nernst-Planck equation relating 
flux to mobility and electrochemical potential gradient. 
For uncharged molecules, the relationship simplifies to 
Fick‘s first law of diffusion, which states that a sub- 
stance diffuses in the direction that eliminates its con- 
centration gradient at a rate proportional to the mag- 
nitude of this gradient. 

Of major importance within the range of physio- 
logic concentrations of transported molecules, includ- 
ing the vitamins, is the process of mediated transport, 
which occurs through the action of specific “carrier” 
proteins, e.g., transporters. One type frequently encoun- 
tered is passive-mediated or facilitated diffusion. In this 
type of transport, a solute again flows from higher to 
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lower concentration as from one side of the membrane 
to the other. The second type of mediated process to 
be encountered is ATP-driven active transport, in 
which specific molecules are transported against a 
gradient from low to high concentration. Among 
characteristics that distinguish both types of mediated 
transport processes, and differentiate them from non- 
mediated diffusion, are the greater speed, relative spec- 
ificity, and saturation kinetics. The permeability coef- 
ficient of a molecule that gains facilitated entry to a cell 
is expectedly much greater than that of the same mol- 
ecule with a flux rate dependent only on diffusion. The 
initial rate of uptake in a mediated process is greater 
than one of passive diffusion. The aspect of specificity 
is of importance in that a significant number of different 
transport proteins decrease the chance for unwanted 
competition between entering solutes that are essential 
for the cell. Yet one reflection of the relative specificity 
is the susceptibility to competitive inhibition by similar 
structures. The common finding of saturation kinetics 
for mediated processes is evidence for a finite number 
of sites (transporters) involved. 

Regarding water-soluble vitamins, an examination 
of suitable ranges of concentration in comparison with 
initial uptake rate usually reveals both the mediated, 
saturable transport, reflected by nonlinear behavior 
predominant at the lower physiologic level, and the 
nonmediated transport due to simple diffusion, which 
is evidenced by a linear continuation at higher phar- 
macologic vitamin level. Examples of this can be seen 
by the uptake of riboflavin (Fig. 1) and L-ascorbate (Fig. 
2) by epithelial cells isolated from the proximal tubules 
of rat kidneys. The capacity of the ascorbate transporter 
to facilitate entry of up to -150 pmol/liter of this very 
water-soluble vitamin, which occurs at relatively high 
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Figure 1. The effect of riboflavin concentration on its initial uptake 
by proximal tubular cells isolated from rat kidney (2). Results from a 
membrane-filtration method are the mean k SE of six separate cell 
preparations. Subtracting the linear component (dashed line) reflect- 
ing diffusion from the overall curve (0) gives the saturable component 
(solid line) reflecting the mediated, facilitated transport. 
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Figure 2. The effect of ascorbate concentration on its initial uptake 
by proximal tubular cells isolated from rat kidney (3). Results from a 
Percoll-centrifugation method are the mean f SE of four separate 
cell preparations. Subtracting the linear component (dashed line) 
reflecting diffusion from the overall curve (0) gives the saturable 
component (solid line) reflecting the mediated, facilitated transport. 

physiologic concentration (- 100 pmol/liter) in rat 
plasma (4), considerably exceeds the more limited abil- 
ity of the riboflavin transporter to facilitate cellular 
entry of up to -15 pmol/liter of the less water-soluble 
flavin, which occurs at a lower plasma concentration 
(< 1 pmol/liter). This correspondence of capacity, re- 
flected by the concentration required to saturate, to the 
physiologic range of a given vitamin also extends to 
other cases. For example, hepatic (5) or renal (6) cell 
uptake of pyridoxine as a common and commercial 
form of vitamin B6 exhibits saturation reasonably above 
the pmollliter range, which is approximately the level 
of total B6 vitamers found in the plasma of mammalian 
species (7). With biotin, which occurs in trace levels of 
2-20 nmol/liter in plasma (7, 8), mediated uptake in 
rat hepatocytes may saturate with a few pmol/liter (9). 

A summary of the kinetically related constants 
measured for uptake of selected vitamins in cells from 
the liver and kidney of rats is given in Table I. With 
hepatocytes from riboflavin-deficient rats, a higher Vmax 

( 1 19 pmol/ 1 O6 cells min) but similar Kt compared with 
controls suggests a greater capacity for the deficient 
cells to accumulate the vitamin (10). At near equilib- 
rium conditions, the riboflavin concentration was 2.5- 
fold (control cells) and 5.2-fold (deficient cells) greater 
than the external concentration. With hepatocytes from 
vitamin B6-defiCient rats, however, both Vmax ( 125 
pmol/ 1 O6 cells a min) and Kt compared closely with 
controls where vitamin B6 concentration was twice that 
of external medium (5). This lack of adaptive capacity 
in hepatocytes in regard to. B6 is also seen in biotin 
deficiency (9); therefore, some, but not all, cases may 
have compensatory adjustments at the level of liver cell 
uptake during a given deficiency. 
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Table 1. Kinetic Constants Relating to Uptake of Vitamins into Cells from the Livers and Kidneys of 
Normal Male Rats 

~~~ 

Liver Kidney 
Vitamin 

voa Vmax" KP v," VmaP KP 

8 (2) 
1.3 (6) 

Riboflavin 13 (10) 82 (10) 12 (10) 9 (2) 42 (2) 
Pyridoxine 2 (5) 106 (5) 28 (5) 6 (6) 14 (6) 
Biotin 0.02 (9) 0.1 (9) 
L-Ascorbate 17 (3) 310 (3) 36 (3) 

a Initial (v,) and maximal (Vmax) velocities are in pmol/l O6 cells-min; concentrations of vitamins used in incubations to obtain v, are given in terms 
of molarity: riboflavin, 3 pM; pyridoxine, 0.5 pM; biotin, 20 nM; L-ascorbate, 50 pM. References to literature are in parentheses. 
The transport constant (K,) is equivalent to K,,, and is in pmollliter. References to the literature are in parentheses. 

Clearly there are rate-related differences in uptake 
for different vitamins for a given cell as well as for the 
same vitamin with different cells. The mediated types 
of mechanisms that are operable may be passive or 
active. For example, the proximal tubular renal cell is 
epithelial in nature and, based on ouabain sensitivity 
and ion replacement, a secondary active transport sys- 
tem coupled to Na+ cotransport seems involved in the 
uptake of L-ascorbate (3). With uptake of pyridoxine, 
this renal cell (6) and vesicles prepared from the brush 
border membranes (1 1) similarly exhibit dependency 
on an Na+,K+-ATPase; however, inhibition by amilor- 
ide, a competitive inhibitor of Na+,H+ exchange, was 
also found (6). With riboflavin importing by renal cells, 
there is Na+ dependency, but insensitivity to ouabain 
suggests that facilitated entry of this vitamin involves 
Na+ cotransport by a means not dependent upon the 
Na+,K+-ATPase (2). For the bipolar hepatocyte, im- 
porting of riboflavin (1 0) or pyridoxine (5) seems not 
to be driven by Na+,K+-ATPase and does not exhibit 
Na+ dependency; however, biotin uptake into hepato- 
cytes is similar to other organic acid anion transporters 
(classic ligandins or glutathione S-transferase B) in that 
an Na+ and ATP-dependent process is involved (9). 

Some aspects of specificity, an earmark of mediated 
transport, are summarized in Table 11. In all cases, the 
uptake of radiolabeled vitamin is expectedly decreased 
competitively by unlabeled vitamin. Alterations in the 
lo-( 1 '-D-ribityl) side chain of riboflavin, which in some 
cases is the result of metabolic action on the vitamin, 
e.g., the 2'-hydroxyethylflavin, lead to modest inhibi- 
tors that compete with entry. Changes in the nature of 
substituents within the benzenoid or pyrimidinoid por- 
tions of the ring system also result in compounds vary- 
ingly able to compete with riboflavin for cellular entry. 
Although pyridoxamine, as one vitamink form of €36, 
competes fairly effectively against pyridoxine for up- 
take, pyridoxal does not. The 4'-aldehyde form of B6 
reacts both with amines and other functional groups on 
proteins and with itself to form the cyclic hemiacetal 
with the 5 '-hydroxymethyl substituent. Synthetic ana- 
logs with methyl groups replacing the hydroxymethyls 
at position 4' and 5' in pyridoxine are fairly effective 

competitive inhibitors against B6 uptake. With analogs 
of biotin, alteration of the carboxylate terminus less 
severely affects competitive entry behavior than does 
extension of side chain length, as in homobiotin or 
biocytin especially. Analogs that lack either the thiolane 
ring sulfur, i.e., dethiobiotin, or the ureido carbonyl 
function, i.e., the diaminocarboxylate, still compete 
modestly against biotin uptake. Isoascorbic acid, a syn- 
thetic stereoisomer of vitamin c, and dehydroascorbic 
acid, a natural interconvertible form of C, are both able 
to compete with the uptake of L-ascorbate. 

In connection with specificity, it should be noted 
that this property has already allowed the afinity pu- 
rification of two B6-binding proteins from the brush 
border plasma membranes of renal proximal tubular 
cells (1 2). Extension of such techniques should allow 
isolation of similar protein transporters, such as the 
riboflavin-binding protein in the plasma membrane of 
hepatocytes (1 3). 

From all of the preceding, it is clear that water- 
soluble vitamins enter cells under physiologic condi- 
tions by mediated, saturable, and relatively specific 
means that for some cases, additionally reflect depend- 
ency on Na+. Some broader examples of such compar- 
isons are to be found in fairly general reviews (1 4, 15). 

Cellular Disposition 
Upon entry into the cell, most of the water-soluble 

vitamins are metabolically altered in such a manner as 
to trap them within the cell. Typically this "metabolic 
trapping" occurs as a consequence of conversion to 
coenzymes that are more charged, often anionic, and 
thereby less able to escape through the relatively hydro- 
phobic plasma membrane. Additionally, the coenzymes 
combine with appropriate apoenzymic proteins to con- 
stitute catalytically active holoenzymes that remain in 
situ. Upon turnover and catabolic action on coenzyme 
or excess free vitamin, the latter or metabolites can 
then exit cells. 

The above generalized processes are well reflected 
by considering how vitamin B6 and riboflavin are met- 
abolically managed upon carrier-mediated entry into a 
representative mammalian cell, as illustrated in Figure 
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Table II .  Relative Specificities of Cellular Transporters for Some Water-Soluble Vitamins 

Vitamin + analog 
As percentage of control rate 

Liver Kidney 

Riboflavin (3 CJM) + Lumiflavin (23" or 15 ' pM) 
+ 2'-Hydroxyethylflavin (3" or 15' pM) 
+ 7,8-Dichlororiboflavin (3" or 15' pM) 
+ N3-Methylriboflavin (1 5 pM) 

Pyridoxine (0.5" or 0.3' pM) 
+ Pyridoxamine (5 pM) 
+ Pyridoxal (5 pM) 
+ 5'-Deoxypyridoxal(5 pM) 
+ 5'-Deoxypyridoxine (0.5" or 5' pM) 
+ 4'-Deoxypyridoxine (0.5" or 5' CJM) 

+ Biotinol (0.2 pM) 
+ Homobiotin (0.2 pM) 
+ Biotin methyl ester (0.2 pM) 
+ Biocytin (0.2 pM) 
+ Dethiobiotin (0.2 pM) 
+ Diaminocarboxylate (0.2 pM) 

+ lsoascorbate 
+ Dehydroascorbate 

Biotin (20 nM) 

L- Ascorbate 

100 (10) 
66 (1 0) 
64 (1 0) 
62 (1 0) 

100 (5) 

85 (5) 
65 (5) 

100 (9) 
51 (9) 
75 (9) 
49 (9) 
86 (9) 
62 (9) 
68 (9) 

Kj = 34" (3) 
Kj = 13" (3) 

a Concentration with liver cells. 
Concentration with kidney cells. 
Competitive inhibitory constant in mmol/liter. 

Note. References to the literature are in parentheses. 
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Figure 3. Principal processes in common to disposition of vitamin Bs and riboflavin by mammalian cells. 

3. After transit of these vitamins through the plasma 
membrane at the brush border side of an epithelial cell, 
they are metabolically trapped by kinase-catalyzed con- 
versions to the 5'-phosphate esters within the cyto- 
plasm. Both pyridoxal kinase (16, 17) and flavokinase 
( 18, 19) preferentially utilize Zn2+ as a 1 : 1 chelate with 
ATP in different stereospecific presentations (20, 2 1) 
during phosphorylation of the vitamins in mammalian 
systems. In the case of the vitamin B6 group, the 5 ' -  
phospho forms of pyridoxine and pyridoxamine are 
oxidized by molecular oxygen to form the coenzyme 
pyridoxal 5 '-phosphate and hydrogen peroxide. The 
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flavin mononucleotide-dependent oxidase responsible 
for this is not only relatively specific for the 5'-phos- 
phate ester of 4'-substituted B6 compounds (22-26), 
but obviously sensitive to riboflavin status (27,28) and 
O2 supply (23,29). The intrinsic activity of this cytosolic 
oxidase is affected by supply of substrates but is criti- 
cally regulated by its product, pyridoxal 5'-phosphate 
(30, 3 1). With riboflavin 5'-phosphate, which serves as 
coenzyme flavin mononucleotide for a modest number 
of enzymes, most is further converted to flavin adenine 
dinucleotide (FAD) by a second ATP-requiring step 
catalyzed by FAD synthetase. This Mg'+-preferring en- 



zyme is really not a phosphorylase, since it strongly 
favors catalysis only in the direction of FAD (32, 33). 
This product, the predominant flavocoenzyme of most 
tissues, is also inhibitory to the synthetase and thereby 
confers regulation (34). Hence, unlike classic biosyn- 
thetic pathways where the first committed step is usu- 
ally the one regulated by feedback inhibition from the 
endproduct of the pathway, the two-step pathways for 
formation of pyridoxal 5'-phosphate or FAD are neg- 
atively controlled by endproducts at the last (second) 
step. 

The catabolic routing of such coenzymes typically 
involves hydrolytic release of the vitamin and subse- 
quent oxidative alterations of the fraction of the latter 
that is not recaptured by the coenzyme biosynthetic 
machinery. As expected, enzymes involved in catabolic 
events are localized in membranes and organelles as 
distinct from the biosynthetic enzymes of the cyto- 
plasmic locus. Again with vitamin €36 and riboflavin as 
examples (Fig. 3), nonspecific phosphatases can release 
pyridoxal (35) and riboflavin (36, 37) from their 5'- 
phosphocoenzymes. Pyridoxal is ultimately oxidized to 
4-pyridoxic acid by aldehyde oxidase (38) and dehy- 
drogenase (39) systems, and a fraction of riboflavin is 
oxidized in the 7- and 8-methyl functions by the action 
of mixed function oxidase (40). These and other inter- 
connected relationships of B6 and riboflavin have been 
reviewed elsewhere (4 1 ). 

Similar metabolic management occurs with biotin 
in that it is trapped by conversion to the 5'-adenylate, 
which is both utilized to link the coenzymic biotinyl 
moiety to the E-amino groups within a ocarboxylases 
and, with excess, converted to the CoA thioester that is 
catabolically degraded by successive @-oxidative cleav- 
age of the valeryl side chain (42). The events with 
thiamin, which is pyrophosphorylated to form coen- 
zyme, or folate, which is reduced and polyglutamated, 
are further examples of the ways in which metabolic 
trapping interconnects uptake, function, and ultimate 
catabolism or transfer of vitamins among mammalian 
cells. 

Basic Questions and Application Potential 
Now that a larger picture of what occurs with water- 

soluble vitamins during transport, metabolism, and 
function has emerged, it will be instructive and poten- 
tially useful to examine some of the details to see where 
further clarity is needed. Too little has been done to 
elucidate mechanisms involved with exporting vitamins 
from cells. Less work has been done with the basolateral 
and plasma membranes essential to this process than 
with the brush border or luminal-side membrane in- 
volved with import. At the molecular level, too little is 
known about the specific nature and action of mem- 
brane proteins participating in transporter function for 
most cases. 

Since there are some qualitative as well as quanti- 
tative differences in the way in which different cells 
assimilate vitamins, the possibility exists for utilizing 
this knowledge especially as entails specificity. We have 
already shown that one can piggyback a bioactive com- 
pound onto a vitamin as a means for facilitating entry 
of the compound (43, 44). One has first to determine 
what substituent function of the given vitamin or other 
transported nutrient can be chemically altered without 
too markedly impairing facilitated entry of the vitamin 
(nutrient). This, of course, is simply a matter of circum- 
scribing the structural specificity tolerated by the trans- 
port system. Next, one has to determine what linkage 
should be used to couple the bioactive compound to be 
delivered into a given cell with the vitamin (nutrient) 
that will enhance its entry. The use of a covalent link 
that can be metabolically unlinked inside the cell is an 
obvious choice. 

The illustration of the above principles with vita- 
min B6 was done with cells from kidney (43) and liver 
(44) utilizing synthetic N-(4 '-pyridoxy1)-amines. Here 
it was known that the B6 transporter would tolerate 
alterations at the 4'-position of the vitamin, as would 
both the kinase and oxidase required for internal release 
of pyridoxal 5 '-phosphate and the originally attached 
amine. An example of a biologically encountered deriv- 
ative of B6 that competes with its transporter and is 
subsequently hydrolyzed within the cell to release free 
vitamin is the pyridoxine-5 '-p-D-glucoside that com- 
monly occurs in plants (45). Other cases for transporter- 
enhanced delivery and metabolic release of bioactive 
compounds include the 4-formyl function of pyridoxal 
with such effectors as neuroactive or signal transducing 
amines; the 5 '-hydroxymethyl group on riboflavin and 
carboxyl functions of biotin and niacin offers other 
possible linkage sites for esterification of bioactive com- 
pounds. These and other possibilities are being consid- 
ered. 

The synthesis and testing of transporter-enhanced 
complexes (transplexes) designed to selectively deliver 
drugs and metabolic modulators to specific types of 
cells is a concept whose time has come. 
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