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1302 HEMATOPOIETIC AGENTS: GROWTH FACTORS, MINERALS, AND VITAMINS [Chap. 54]

of children with methylinalonic aciduria (Cooper,
1976).

FOLIC ACID

Chemistry and Metabolic Functions, The struc-
tural formula of pieroylglutamic acid (PteGlu,) is
shown in Figure 54-9. Major portions of the mole-
cule include a pteridine ring linked by a methylene
bridge to paraaminobenzoic acid, which is joined
by an amide linkage to glutamic acid. While ptero-
ylglutamic acid is the common pharmaceutical
form of folic acid, it is neither the principal folate
congener in food nor the active coenzyme for intra-
ce]lular metabolism. Following absorption, PteGlu,
is rapidly reduced at the 5, 6, 7, and 8 positions to
tetrahydrofolic acid (H,PteGliy). which then acts
as an acceptor of a number of one-carbon units.
These are attéched at either the 5'or the 10 position

of the pteridine ring or bndge these atoms to forma
new five-membered ring. The most’ important
forms - of the coenzyme that ‘are synthesized by
these reactions are listed in Figure 54-9. Each
plays a specific role in irtracellular metabohsm
summarized as follows (seé also previous section
on Relationships between Vitamin B,, and Folic
Atid, as well as Figure 54-6): -

1. Conversion of homocysteineé to_methionine.
This reaction requires CH3H PteGlu as a methyl
donor and utilizes vitamin B;, as a cofactor.

2. Conversion of serine to glycine. This reaction
requires tetrahydrofolate as an acceptor of a meth-

" ylene group from serine and utilizés pyridoxal

phosphate as a cofactor. It results in the formation
of 5,10-CH,;H,PteGlu, an essential coenzyme for
the synthesis of thymidylate.

3. Synthesis of thymidylate. CH;H,PteGlu do-

Pteroyl

nates a methyl group to deoxyuridylate for the syn-
thesis of thymidylate—a rate-limiting step in DN 4
synthesis.

4. Histidine metabolism. H,PteGlu also acis as
an acceplor of a formimino group in the conversion
of formiminoglutamic acid to gluiamic acid.

S. Synthesis of purines. Two sieps in the synthe-
sis of purine nucleotides require the participation of
derivatives of folic acid. Glycinamide ribonucleo-
tide is formylated by 5,10-CHH,;PteGlu; S-amino-
imidazole-4-carboxamide ribonucleotide is for-
mylated by 10-CHOH,PteGlu. By these reactions
carbon atoms at positions 8 and 2, respectively, are
incorporated into the growing purinc ring.

6. Utilization or generation of formate. This re-
versible "reaction utilizes H PteGlu and 10-
CHOH,PteGlu. s

Daily Requirements. Virtually all food
sources are rich in folates, especially fresh
green vegetables, liver, yeast, and some

fruits. However, protracted cooking can

destroy up to 90% of the folate content-of
such food (Herbert; 1973). Generally, a
standard U.S. diet provides 50 to 500 ug of
absorbable folate per day, although individ-
uals with high intakes of fresh vegetables
and meats will ingest as much as 2 mg per
day. In the normal adult, the minimal daily
requirement has been estimated at 50 ug,
while the pregnant or lactating female and
patients with high rates of cell turnover
(such as patients with a hemolytic anemia)
may require as much as 100 to 200 ug or

Monohepiuglutumote

g O—-f

COOH

ot CH,
' CO—NH—Xy_;
! Position Radical Congener
N' —CH, CHgH PreGlu Methyltetrahydrofolate
i NS —CHO 5-CHOH PteGlu Folinic acid {Citrovorum Factor)
i 1o —CHO 10:CHOH, PteGly 10-Formyltetrahydrofolote
i s 5,10-CHH, PreGlu 5,10-Methenyltetrahydrofolate
: N3=10 —CH,— 5,10-CHH,PleGlu  5,10-Methylenetetrohydrofolote
N3 —CHNH CHNHH,PleGlu Formiminotetrahydrofolate
i : N30 —CH,OH CH,OHH,P1eGlu Hydroxymethyltetrahydrofolate
! Figure 54-9. The structures and nomenclature of pteroylglutamic acid (folic acid) and conge-

ners.

s

See text for explanation. X represents additional residues of glutamate; polyglutamates are
storage forms of the vitamin. The subscript that designates the number of residues of glutamate
is frequently omitted because this number is vanable.
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more per day. Recommended: diemry al- Nontropical and tropical sprue are common

lowances of folate are presented in Table
XVI-1.

Absorption, Distribution, and Elimina-
tion. As with vitamin B,,, diagnosis and
management of deficiencies of folic acid
depend on an understanding of the trans-
port pathways and intracellular metabolism
of the vitamin (Figure 54-10). Folates
present in food . are largely in the form
of reduced polyglutamates (Tamura and
Stokstad, 1973), and absorption requires
transport and the action of a pteroyl-y-
glutamyl carboxypeptidase associated with
mucosal cell membranes (Rosenberg,
1976). The mucosae of the duodenum and
upper part of the jejunum are rich in dihy-
drofolate reductase and are capable of
methylating most,. if not all, absorbed, re-
duced folate. Since most absorption occurs
in the proximal portion of the small intes-
tine, it is not unusual for folate deficiency
to occur when the jejunum is diseased.

DIET LIVER

@ CH:,HQP’GG‘U‘-G CHzH4PteGlug

CH3HePIGGIu, ~PteGluy
' Hj or Hq PleGlu,

\Plosmo binding —
protem

(;H3H4P1eG|u1 Hj or He PleGluy
@

Hydrolysis
Reduction
Methylation

TISSUE CH3HqPteGlug

Figure 54-10. Absorpuan and dxslrxbuuan of .
folate derivatives.

Dietary sources of folate polyglutamates are
hydrolyzed to the ‘monoglutamate, reduced,
and melhylated to CH,;H,PteGlu, during gas-
trointestinal transport. Folate deficiency com-
monly rcsults from (I) inadeqnate dielary sup-
ply and (2) smau intestinal disease. In patiénts
with uremia, alcoholism, or hepalnc disease
there may be defects in (3) the concentration of
folate binding proteins in plasma and (4) the
flow of CH;H,PteGluy, into bile for reabsorp-
tion and transport to tissue (the folate entero-
hepatic cyclc) Finally, vitamin B;.deficiency
will (5) ““trap”" folate as CH;H,PteGlu, thereby
reducing the availability of H,PteGlu, for its
essential roles in purine and pyrimidine syn-
thesis.

causes of folate deficiency and megaloblas-
tic anemia (Wellcome Trust Colhboratwe
Study, 1971).

Once absorbed, folate is rapidly trans-
ported to tissues as CH;H;PteGlu,. While
certain plasma proteins do bind folate de-
rivatives, they have a greater affinity for
nonmethylated analogs. The role of such
binding proteins-in folate homeostasis is not
well understood (Rothenberg et al., 1977).
An increase in binding capacity is detecta-
ble during deficiency of folate and iri certain
disease states, such as urémia, cancer, and
alcoholism, but how-binding affects trans-
port and tissue supply rcqu1res further in-
vestigation.

A constant supply of" CH3H4PteGlu1 is

maintained by food and by an ‘enterohepatic

cycle of the vitamin. The liver actively re-
duces and methylates PteGlu, (and H, or
H,PteGlu;)) -and then -transports - the
CH3H,PteGlu, into bile for reabsorption by
the gut.and subsequent delivery ‘to tissués
(Steinberg et al., 1979): This pathway may
provide as much as 200 pg or more of folate
each day for ‘recirculation to tissues. The
importance of the enterchepatic ¢ycle “is
suggested by studies in-animals that show a
rapid reduction of the concentration of fo-
late in plasma following either drainage of
bile or ingestion -of alcohol, which appar-

“ently block the release of CH;H,PteGluy

from hepatic parenchymal cells (Hlllman
et al., 1977).

Followung uptake into cells by a process
of - receptor-mediated endocytosis (Kamen
et al., 1988), CH3H,PteGlu-acts as'a methyl
donor for’ the formation“of methylcobala-
min and as-a sourte of HyPteGlu and éther
folate congeners, as described above. Fo-
late is storéd within cells as polyglutamates
(Baugh and Krumdleck 1969 Hoﬂ‘brand
et-al., 1977)

Folste Deﬁcnency. 'F'olate deficiency is a
common complication of diseases of the
small intestine, which interfere with the
absorption of folate from food and the recir-
culation of folate through the enterohepatic
cycle. In acute or chronic dlcoholism, daily
intake of folate in food may be severely re-
stricied, and the enterohepatic cycle of the
vitamin may be impaired by the toxic effect
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of alcohol on hepatic parenchymal cells;
this is perhaps the most common cause of
folate-deficient megaloblastic erythropoie-
sis. However, it is also the most amenable
to therapy, inasmuch as the reinstitution of
a normal diet is sufficient to overcome the
effect of alcohol. Disease states character-
ized by a high rate of cell turnover, such as
hemolytic anemias, may also be compli-
cated by deficiency of folate (Lindenbaum,
1977). Additionally, drugs that inhibit dihy-
drofolate reductase (e.g., methotrexate, tri-
methoprim) or that interfere with the ab-
sorption and storage of-folate in tissues
(e.g., certain anticonvulsants, oral contra-
ceptives) are capable of lowering the con-
centration of folate in plasma and at times
may cause a megaloblastic anemia (Steb-
bins et al., 1973; Stebbins and Bertino,
1976).

Folate deficiency is recognized by its
impact on the hematopoietic system. As
with vitamin B,,, this fact reflects the in-
creased requirement associated with high
rates of cell turnover. The megaloblastic
anemia that results from folate deficiency
cannot be distinguished from that caused
by a-deficiency of vitamin B;,. This finding
is to be expected, because of the final com-
mon .pathway of the- major intracellular
metabolic roles of the two vitamins. At the
same time, folate deficiency is rarely if ever
associated with neurological abnormalities.
Thus, the observation of characteristic ab-
normalities in vibratory and position sense
and in motor and sensory pathways rules
against the presence of an isolated defi-
ciency of folic acid.

The appearance of megaloblastic anemia
following deprivation of folate is much
more rapid than that caused by the inter-
ruption of the absorption of vitamin B,
(e.g., gastric surgery). This observation re-
flects the fact that stores of folate are quite
limited in vivo. In Herbert's classical study
of a single normal individual maintained on
a diet low in folate for several months, meg-
aloblastic erythropoiesis appeared after
approximately 10 to 12 weeks (Herbert,
1962). Subsequent studies have shown that
the rate of induction of megaloblastic eryth-
ropoiesis varies according to the population
studied and the dietary background. of the
individual (Eichner et al., 1971). A folate

HEMATOPOIETIC AGENTS: GROWTH FACTORS. MINERALS, AND ViTaMINS [Chap. 54

deficiency state may appear in 1 to 4 weeks,
depending on the individual's dietary habitg
and stores of the vitamin.

Folate deficiency is best diagnosed from mea-
surements of folate in plasma and in red cells by
use of a microbiological assay or a competitive
binding technique. The concentration of folate ip
plasma is extremely sensitive to changes in dietary
intake of the vilamin and the influence of inhibitorg
of folate metabolism or transport, such as alcohol.
Normal folate concentrations in plasma range from
9 to 45 nM (4 to 20 ng/ml). A deficiency state may
be considered to be present whenever the value is
below 9 nM. In the case of the alcoholic, the
plasma folate concentration falls rapidly to values
indicative of deficiency within 24 to 48 hours of
steady ingestion of alcohol, while megaloblastic
erythropoiesis becomes apparent after 1 to 2 weeks
(Eichner and Hillman, 1971, 1973). At the same
time, the plasma folate concentration will quickly
revert to normal once such ingestion is stopped,
even while the marrow 1is still megaloblastic. Such
rapid fluctuations tend to detract from the clinical
utility of the plasma folate concentration. Measure-
ment of folate in red cells or the adequacy of stores
in lymphocytes (by use of the deoxyuridine sup-
préssion test) may be employed to diagnose ‘a long-
standing deficiency of folic acid (Herbert-ef al.,
1973). (n this test, deoxyuridine fails to suppress
the synthesis of DNA if normal amounts of folate
are present in the cells.) For either test to be posi-
tive, a state of deficiency must have existed for a
sufficient time to allow the production of a new
population of cells with deficient stores of folate.

Preparations. Folic acid (FOLVITE) is marketed
as oral preparations, alone or in combination with
other vitamins or minerals, and as an aqueous solu-
tion for injection. Tablets of folic acid contain ei-
ther 0.1, 0.4, 0.8, or 1 mg of pteroylglutamic acid.
Folic acid injection is an aqueous solution of the
sodium salt of pteroylglutamic acid.

Leucovorin (folinic acid, 5-CHOH (PteGlu, cit-
rovorum factor) is also available for oral adminis-
tration or parenteral injection as the Ca’* salt
(weLLCOVORIN), Tablels contain either 5, 10, 15, or
25 mg of leucovorin. The principal indication for
the use of folinic acid is to circumvent the action of
inhibitors of dihydrofolate reductase, suchas meth-
otrexate (see Chapter 52). It is not indicated for use
in the treatment of folic acid deficiency. Certainly,
leucovorin should never be used for the treatment
of pernicious anemia or other megaloblastic ane-
mias secondary to a deficiency of vitamin B,,. Just
as with folic acid, its use can result in an apparent
response of the hematopoietic system, but neuro-
logical damage may occur or progress if already
present,

Untoward Effects. There have been rare
reperts of reactions te parenteral injections
of both folic acid and leucovorin. If a pa-
tient describes a history of a reaction before
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the drug is given, caution should be exer-
cised. Oral folic acid is not toxic for man.
Even with doses as high as 15 mg per day,
there have been no substantiated reports of
side effects. Folic acid in large amounts
may counteract the antiepileptic effect of
phenobarbital, phenytoin, and primidone
and increase the frequency of seizures in
susceptible children (Reynolds, 1968).
While some. studies have not supported
these contentions, the U.S. Food and Drug
Administration has recommended that oral
tablets of folic acid be limited to strengths
of 1 mg or less. :

General Principles of Thérapy. The ther-
apeutic use of folic acid is limited to the
prevention and treatment of deficiencies of
the vitamin. As with vitamin B, therapy,
effective use of the vitamin depends on ac-
curate- diagnosis and an understanding of
the mechanisms that are operative in a spe-
cific disease state. The following general
principles of therapy should be respected:

1. Prophylactic administration of folic
acid should be undertaken only when there
is a clear indication. Dietary supplementa-
tion is necessary when there is an increased
requirement that is not satisfied by normal
dietary sources. Pregnancy, with the in-
creased demands of the fetus, or lactation,
where as much as 50 pg of folate is lost
each day in the breast milk, is an indication
for supplementation with folate. The most
popular form of supplementation for this
situation is a multivitamin preparation that
contains 400 to 500 pg of pteroylglutamic
acid. Patients with a disease state charac-
terized by high levels of cell turnover (e.¢.,
a hemolytic anemia) should also receive
folic acid prophylactically, usually one or
two 1-mg tablets of folic acid each day. Pa-
tients receiving total parenteral nutrition
should also receive a daily folic acid supple-
ment.

2. As with vitamin B,, deficiency, any
patient with folate deficiency and a megalo-
blastic anemia should be carefully evalu-
ated to determine the underlying cause of
the deficiency state. This should include
evaluation of the effects of medications, the
amount of alcohol intake, the patient’s his-
tory of trave!, and the function of the gas-
trointestinal tract.

3. Therapy should always be as specific
as possible. Multivitamin preparations
should be avoided unless there is good rea-
sOn to suspect deﬁuency of several vita-
mins.

4. The potential of mistreating a patient

‘who has vitamin B, deficiency with folic

acid must be kept in mind. The administra-
tion of large doses of folic acid can result in
an apparent improvement of the megalo-
blastic anemia, inasmuch as PteGlu is con-
verted by dihydrofolate reductase 1o
H4PteGlu, this .circumvents the methyl-
folate ‘‘trap.’’ However, folate therapy
does not prevent or alleviate the neurologi-
cal defects of vitamin B,; deficiency, and
t}]Iese may progress and become 1rrever31-
ble -

Treatment of the Acutely Ill Patient. As de-
scribed in detail in the section on vitamin B, treat-
ment of the patient who is acutely ill with megalo-
blastic anemia should begin with intramuscular
injections of both vitamin B,, and folic acid. Inas-
much as the patient requires therapy before the
exact cause of the disease has been defined, it is
important to avoid the potential problem of a com-
bined deficiency of both vitamin B,, and folic acid.
When both are present, therapy with only one vita-
min will not provide an optimal response. -Long-

standing nontropical sprue is one example of a dis-’

ease in which combined deficiency of Bu and folate
is common. When ' indicated, both vitamin By,
(100 wg) and folic acid (I to 5 mg) should be admin-
istered intramuscularly, immediately, and the pa-
tient should then be maintained on daily oral sup-
plements of 1 to 2 mg of folic acid for the next 1 to
2 weeks. Recommendations’ for admlmstratxon of
vitamin B,, are described above. .
Oraladministration of folate is generally satisfac-

tory for all patients who are not acutely ill, regard-
-less of the cause of the deéficiency stafe. Even the

patient with tropical or nontropical sprue and a
demonstrable defect in absorption of folic acid will
respond adequately to such therapy. Abnormalities
in the activity of pteroyl-y-glutamyl carboxypepti-
dase and the function of mucosal cells will not pre-
vent passive diffusion of sufficient amounts of
PteGlu across the mucosal barrier'if dosage is ade-

duate, and continued ingestion of alcohol or other

drugs will also not prevent an adequate therapeutic
response, The effect of most inhibitors of folate
transport-or dihydrofolate reductase is easily over-
come by administration of pharmacological doses
of the vitamin. Perhaps the only situation in which
this tenet is not true is when vitamin C is severely
deficient. The patient with scurvy may suffer from
a megaloblastic anemia despite increased intake of
folate and normal or high concentrations of the vi-
tamin in plasma and cells. .

The therapeutic response may be monitored by
study of the hematopoietic system in a fashion
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identical to that described for vitamin B;,. Within
48 hours of the initiation of appropnate therapy,
megaloblasnc erythropoxesxs disappears and, as
efficient erythroponcsxs begins, the concentration
of iron in plasma falls to normal or below-normal
values. The reticulocyte count begins to rise on the
second or third day and.reaches a peak by the fifth
to seventh day; the renculocytc index reflects the
proliferative state of the marrow. Finally, the he-
matocrit begins to rise “during the second- week.

. Ttis possible to use this reliable pattemn of recov-
ery as the basis fora thcrapeutic trial. For this pur-
pose, the patient should receive a daily parenteral
injection of 50 to 100 ag of folic acid. Administra-
tion of doses in excess of 100 ug per day entails the
risk of inducing a’ hematopomnc responsé in pa-
tients who are deficient in vitamin B,;, while oral
administration-of the yvitamin may be unreliable
because of intestinal ma]absorptlon. A number of
other complitations’ may alsp inteifere with the
therapeutic tral: The patient with sprue and defi-
ciencies of other vitamins or iron may fail to re-
spond because of these inadequacies. In cases of
alcoholism, the presence of hepatic disease, inflam-
mation, or iron deficiency. can:act to blunt the pro-
liferative ‘response of the marrow and to prevent
the correction of the anemia, For thesereasons, the
therapéutic trial for the evaluatiod -of the patient
with -a. potential deficiency of fohc acnd has not
gamed grcat pOpulanty
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