EXPERIMENTAL MEGALOBLASTIC ANEMIA AND
SCURVY IN THE MONKEY

V. NATURE OF THE RELATION OF ASCORBIC ACID DEFICIENCY TO
THE METABOLISM OF FOLIC ACID COMPOUNDS !

CHARLES D, MAY,? AGNES HAMILTON AND CHARLES T. STEWART

Departments of Pediatrics, Colleges of Medical Science, University of Minnesota,
Minneapolis, and State University of Towa, Towa City

ONE FIGURE
(Reeeived for publication July 7, 1952)

Once 1t was found that a deficiency of folic acid compounds
and megaloblastic anemia developed regularly in scorbutic
monkeys (May et al., ’51, ’52a), it became interesting to de-
termine what influence ascorbie acid deficiency had on the
metabolism of foliec acid compounds.

The experiments deseribed in this report were devised to
answer the question: Does ascorbic acid deficiency disrupt
the normal metabolism of folic acid at one or more points,
or do some non-specific factors operating in scurvy increase
the requirements for folic acid? To this end a systematic
examination of the effects of ascorbic acid deficiency on each
of the known phases in the metabolism of folic acid eom-
pounds was undertaken.

Present understanding of the metabolism of folic acid com-
pounds may be outlined as follows (Welch and Heinle, ’51) :
Primates do not appear to synthesize folic acid compounds

'This study was made possible by the generous support of the M and R
Laboratories, Columbus, Ohio, and Wyeth, Ine.,, Philadelphia, Pa. Dietary sup-
plements were provided by the Eli Lilly Co., Indianapolis, Indiana, and Distilla-

tion Products Industries, Rochester, N. Y., for which we are most grateful.

*Present address: Department of Pediatries, State University of Towa, Towa
City.
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but obtain them from the diet or from the synthetic activities
of the bacteria in the intestine. In both instances the folie
acid usually occurs almost entirely in a conjugated form, a
folic acid heptaglutamate. Presumably the folic acid must be
liberated from the conjugate prior to utilization in metabolic
reactions. This is accomplished by conjugases in the tissues,
notably the kidney and liver. Folic acid can be converted by
enzymes in the liver to a derivative, folinic acid (citrovorum
factor), which may be the biologically active form. Folic acid
or folinic acid plays a role in the synthesis of nucleic acids
essential for normal hematopoiesis. Some workers are of the
opinion that folinic acid and its conjugate are the naturally
oceurring forms and that folic acid is merely produced by
alterations during isolation. This consideration does not re-
quire any modification of the present outline.

Consequently, it was necessary to test the effect of ascorbic
acid deficiency on: (1) the bacterial synthesis of folic acid
compounds, (2) the absorption of the conjugate from the in-
testine, (3) the liberation of the folic acid by the action of
the conjugase, (4) the conversion of folic acid to folinic acid,
and (5) the comparative activity of folic acid and folinie acid
on megaloblastosis in scurvy.

ARRANGEMENT OF EXPERIMENTS AND METIHODS

The general management, diets, and descriptions of the
monkeys used in the experiments were as previously de-
seribed (May et al, ’51, ’52a). The methods used in miecro-
bioassay of the folic acid compounds have also been published
(May et al, ’52a). F'ree folic acid (PGA) was determined in
the specimens with S. fecalis after autoclaving, and total PGA
after subsequent treatment with hog kidney conjugase. Free
folinic acid (F'NA) was determined with L. citrovorum after
autoclaving the specimens without enzyme treatment. It will
be recalled that ‘“‘total PGA’’ as determined with S. fecalis
includes folinic acid compounds as well as folic acid com-
pounds. Free I'NA may be a more accurate measure of bio-
logically active material.
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RESULTS

In the previous paper data were reported on the PGA in
the diet and feces (May et al., ’52a). The milk diet fed the
monkeys was found to contain 2.6 png total PGA per liter.
The control animals consumed 400 to 600 ml a day, making
the intake of total PGA approximately 1 pg a day. The most
anorexic of the scorbutic animals drank 100 ml daily, leading
to a reduction of PGA intake to about one-fourth. The PGA
in milk may be predominantly in the free form (Hodson, '49).

The average daily feeal exeretion of total PGA was found
to be the same in the scorbutic monkeys as in the controls,
about 29 pg a day. The PGA was almost entirely in the con-
jugated form in both cases. This indicates that ascorbic acid
deficiency probably did not affect the bacterial synthesis of
folic acid compounds in the intestines of these monkeys.

Absorption and utilization of folic
heptaglutamate

The extent to which the conjugated PGA in the feces is
avallable to the animals can be estimated from the following
experiments:

To compare the absorption and utilization of folie acid
compounds, equal amounts of folie acid in the free and con-
jugated forms were given to control and scorbutic monkeys,
orally and intramuscularly, and the amount of free folic acid
excreted in the urine was measured. It was found, by treating
the urine with conjugase, that conjugated folic acid was not
exereted as such in the urine even when injected intramus-
cularly, by either the control or the scorbutic monkeys. The
data presented in table 1 indicate that orally administered
free and conjugated PGA are absorbed equally well by the
secorbutie and the control animals and that probably conju-
cated PG A is poorly absorbed by both.

The liberation of PGA from the heptaglutamate was per-
formed normally by the scorbutic animal, as judged by the
appearance of 80% or more of the intramuscularly adminis-
tered conjugated PGA as free PGA in the urine. This was



C. D. MAY, A, HAMILTON AND C. T. STEWART

124

osednluod s Juomrad} 19338 JuLIn 91} ul punoy sem Y J owdF ul asuvaaoul ON .
"$1DIf
g 3 Lesse puu asvdnluos ja juswuguody Aq poutuaogop se Ljranoe pae a0y yo I g Jo judreainbe oyj popracid ojvijussuoy
sty 3o sweadyuuu oay-Ljuosey ojvuenifeidoy 956270 uivjuod 0} LI103BIONE] N0 Ul padessy ‘suog puw qqinbg " *{ ‘euanin) (I
preyary "I o Lsajanod 2y} ydnoayy parddns pue (6f, ‘ouswin) 1seal woly poantap ajuweinidejday prow 210 JO 9RIJUSIUCY Y

AUON eg Apemosnumesjut (; 9BIJuIU0d HVOHJ dwer) vo g paiednluos 39 g ar BST
QUON ¥ qnour £q (; 93eajuoou0d DyHJI Jwgl) vHd pojednluod 34 o0z av 83T
QU0 N F3 : wq ¥OJI 37 003 ar 13T

NMnQL008
QUON 6e Lraemasnuesjut (; 2lerjuaaund JyVHd dwer) voHd pajednluos 39 g3 AF ZFI
¢ DUON 3 qnow £q (;o3er3uasued DVOHL Jwer) vod pajusnluod 3 03 d¥ ¥l
0% femosnwesjur g 8 [ pue Aprenasnweaiur vog 37 goc aF Le
98 Lpemasnwnijul yvo.g 37 goe aI¥ 0e
LT qynom £q yHJ 37 00¢ da¥ 6¢

(Lprep proe orqrodse Jw ()¢) $10.43U0))

ﬁ&

vOd paiednluod sy YO J 991 8V ‘ON

LAIA

. IVRIKY
PFENO0H Pg NIHLIM ANIHA NI IXLIFOXE

sfiayuows 1049u00 pup ounqiods fiq (D¥Hd) 2wwwvin)bvrday agof puv (FHJ) pwo 9of Jo uorvaiifl
I ATHV.L



METABOLISM OF FOLIC ACID IN SCURVY 125

substantiated by the finding of: (1) the same ratio of free
to total PGA in the livers of control and ascorbic acid-deficient
monkeys (table 2) and, (2) that liver from scorbutic monkeys

TABLE 2
Free vs, total PGA in livers of monkeys

(Miecrograms per gram, wet)

AVERAGH AVERAGE
CONDITION OF
MONKEYS TEE:T‘ TPEGHf
Adequate ascorbie acid 0.60 0.27 (45%)
Ascorbic acid deficiency 0.13 0.07 (54%)

TABLE 3

In vitro folic acid conjugase activity of monkey livers

G FOLIC ACID
TREATMENT OF YEAST EXTRACT ! LIBERATED PER
GREAM DRIED YEAST

No treatment (free PGA) 0.6
Hog kidney “‘eonjugase’’ (total PGA) 25
Control monkey liver “‘conjugase’’ 23
Scorbutic monkey liver *‘eonjugase’™’ 20

o —— = . — r————

' Preparation of yeast extract:

Five grams of dried brewers’ yeast were suspended in 50 ml distilled water, ad-
justed to pH 6.5, autoclaved 5 minutes at 15 pounds, cooled, centrifuged, and the
supernatant solution was made up to 100 ml.

Preparation of hog kidney and monkey liver **conjugase’’:

The tissue was passed through a tissue press and weighed. Three parts of
distilled water were added and the suspension homogenized in a Potter-Elvehjem
homogenizer.

Procedure: _

To 5 ml of yeast extraet were added 5 ml of Mellvaine’s phosphate buffer (pH
4.5) and 1 ml of the ‘*eonjugase’’ preparation to be tested for activity. The well-
mixed suspension was then incubated for 20 hours at 37°C,, placed in a boiling
water bath for two minutes, neutralized with 109% NaOH, made up to a volume of
20 ml with distilled water, filtered, and diluted for assay with 8. fecalis.

was almost as effective a source of conjugase for liberating
PGA from the conjugated form in yeast as was the standard
hog kidney conjugase preparation or liver from a control
monkey (table 3).
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Conversion of PGA to FNA

An attempt was made to ascertain the efficiency of conver-
sion of folie acid to folinic acid by measuring the amount of
free FNA excreted in the urine following an intramusecular
test dose of free PGA (40 pg per kilogram). The concentra-
tion of FNA excreted by both the control and the scorbutic
monkeys was too small for aceurate analysis, although 25%
of the administered PGA was recovered from the urine.

Another approach to detecting any effect of ascorbie acid
deficiency on the metabolism of folic-acid compounds, inelud-
ing the conversion of PGA to F'NA, was to compare the ac-
cumulation of these compounds in the liver with the effeet
on the megaloblastic marrow when free or conjugated folic
acid was administered to scorbutic megaloblastic monkeys,
orally or intramuscularly. Data from this study are presented
in table 4. The following considerations should be employed
in evaluating the data in this table: The scorbutic megalo-
blastic animals were selected to be as similar as possible, so
that the liver stores and marrows would be in nearly the same
state before treatment. They were grouped so that test doses
were given in equal amounts for the same length of time be-
fore comparing the marrows and killing the animals for liver
assays. Animals to be compared were treated simultaneously
with the same solutions of test materials. The diets were
essentially the same, thus keeping the trace of PGA com-
pounds obtainable from this source at a constant level.

It is evident that the scorbutic animal accumulated IF'NA
in the liver after small doses of PGA, free or conjugated,
with corresponding alleviation of the megaloblastosis in the
marrow, without the aid of ascorbiec acid (note animals 92
and 123). Also it may be seen that larger doses are required
orally than intramuscularly. (Compare animals 120 and 119
with 92 in the case of free PGA, and 122 with 123 in the
case of conjugated PGA.) The better absorption of orally
administered free PGA versus conjugated PGA is not so
clearly demonstrated as in table 1. It appears that scorbutic
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animals absorb conjugated PGA poorly (note animals 122,
124) but no more so than control animals (see table 1). It
was not possible on the basis of these data to determine
whether ascorbic acid might augment the conversion of PGA
to FNA in viwo in the monkey, as Nichol and Welch (’50)
have reported it did during i vitro experiments with rat liver
slices. It can only be asserted that an abundance of ascorbic
acid does not appear to be necessary for the conversion of
PGA to I'NA m vwo in the monkey. In other studies serial
observations of the marrow showed the rate of recovery from
megaloblastosis to be equally rapid in scorbutic animals fol-
lowing large doses of PGA or ascorbic acid (Sundberg et al.,
'02).

Comparative actwity of folic and folinic acids on
megaloblastosis in scurvy

That synthetic folinic acid does not require ascorbie acid for
its action has already been reported in preliminary form
(May et al, ’50b). Figure 1 presents data from that study
in graphic form to show that the rate of disappearance of
megaloblasts from the marrows of scorbutic monkeys was as
rapid after 7.5-ug doses of folinic acid as it was after 750-pg
doses of folic acid, and that 50-ug doses of folic acid were
unable to halt the progression of the megaloblastic process.
This might be interpreted as indicating that the conversion
of PGA to I'NA is inefficient in scurvy if FNA is considered
as the biologically active form. Scurvy is the only condition
in which a defective conversion of PGA to FFNA has been
suggested, and provides the best circumstances in which the
relative biologie potency of PGA and FNA might be com-
pared more extensively.

DISCUSSION

On the basis of these studies, the conversion of PGA to
FNA is the only area in which a deficiency of ascorbie acid
might be considered to affect the metabolism of folie acid
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compounds. All other phases in the metabolism of these
compounds were found to be unaffected in scurvy. It has
been pointed out that whereas the efficiency of conversion of
PGA to FNA may be impaired in scurvy, the evidence for
this in these studies in the monkey was scanty. The conver-
sion proceeded sufficiently well in scurvy to permit small doses

Experimental Megaloblastic Anemia
Effects of Folic I and Folinic Acids on the Marrow
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Fig. 1 Comparison of effects of folic and folinic acids on megaloblastic mar-
rows in scorbutic monkeys. (From data in study by May, Sundberg and Schaar,

'50b). The symbol O indicates that the marrow was not examined at the cor-
responding time interval.

of PGA to be used effectively for correction of the deficiency
of FNA and elimination of the megaloblastosis.

It therefore seems necessary to seek an explanation other
than ascorbic acid deficiency to account for the development
of so profound a deficiency of PGA and FNA as oceurs in
scurvy. It would seem more reasonable to attribute this de-
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ficiency to inability to meet an increased requirement for PGA
in scurvy, due to greater use or wastage of PGA because of
non-specific factors operating in scurvy. This may be ex-
pressed as follows:

Increased daily requirement for PGA in scorbutic
monkeys on milk diets

Potentially available PGA :
1. Milk diet, 2 pg free PGA.
2. Feces, 30 pg conjugated PGA which may be poorly
absorbed.

With this intake:

Controls, ascorbie acid-adequate, do not develop PGA
deficiency. Scorbutics develop PGA deficiency. Supple-
ments of 5 pg of free PGA daily cannot prevent deficiency
(May et al., ’50a), but 70 ug daily will prevent deficiency
(animals 30, 37, 39, table 4).

Thus the scorbutic monkeys could not obtain enough PGA
from the milk diet and their feces to maintain the tissue
stores at a normal level, but required a supplement of PGA
to prevent deficiency.

It is also pertinent to recall that PG A deficiency sufficiently
severe to lead to megaloblastosis rarely developed until signs
of scurvy had been manifest in the monkey for about two
weeks (May et al., ’51). It was not merely a deficiency of
ascorbic acid alone, but actual clinical scurvy with its at-
tendant tissue hemorrhages and pathology, which caused the
difficulty. It can be seen in table 5 that the stores of ascorbic
acid declined rapidly on the deficient diet, reaching a level
nearly as low as that found in scurvy in about 30 days, though
securvy did not appear for another 50 to 60 days. The levels
of folic acid compounds fell more gradually until signs of
scurvy appeared, and then a sharp decrease in PGA and par-
ticularly in FNA occurred.

This raises the question: What causes the sharp decline
of PGA compounds in the tissues upon the advent of scurvy?
At present we suspect that securvy is complicated by a defi-



METABOLISM OF FOLIC ACID IN SCURVY 131

ciency of PGA and FNA and by megaloblastosis primarily
because of non-specific factors in seurvy which cause in-
creased use or loss of PGA, rather than because of any
specific role of ascorbie acid in the metabolism of folie aecid
compounds. The diffuse pathology of scurvy may be con-
sidered a form of ‘“stress.”” The effect of ‘‘stress’’ situations
on the tissue stores of foliec acid compounds has been under
investigation (May et al., ’62b) ; infeetion causes marked de-
pletion of tissue stores of folic acid compounds, even when
the concentration of ascorbic acid in the tissues is normal.

TABLE 5
Eelation between development of ascorbie acid deficiency and folic acid deficiency

S

. ABCORBIQ TOTAL FHEE "
ANIMALS ACID PGA PN A MARROW

pg/gm wet liver

Controls (average)’ 129 1.10 0.026  Normoblastic
No aseorbie acid
30 days (No. 157) biopsy 12 0.96 0.018 Normoblastic
82 days (No. 157) biopsy 6 0.52 0.023  Normoblastie
101 days (No. 157) seurvy 7 days 4 0.23 0.003 Megaloblastie

*From tables 2 and 4 in previous paper (May et al., ’52a).

It is possible that vitamin B, is involved in the metabo-
lism of foliec acid compounds. Our scorbutic monkeys were
not markedly deficient in vitamin By,. If vitamin B,, requires
ascorbi¢ acid to funetion normally, then the metabolism of
folic acid compounds might be disturbed in scurvy in this
indirect manner. A suggestion to an obstetrical colleague,
that B;, might be more effective in the megaloblastic anemia
of pregnancy if ascorbic acid were given first, led to the find-
ing that this was the case (Holly, ’51). The interrelations
of B,,, ascorbic acid and folic acid will have to be studied
by means of animals made deficient in B,. as well as ascorbic
acid.

CONCLUSIONS

As a result of a systematic study of the effect of ascorbic
acid deficiency on the metabolism of folic acid compounds it
was concluded that:
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1. The conversion of folic acid to folinic acid in vive may
be less efficient in scurvy, but ascorbic acid is not necessary
for this conversion to take place. All other phases of the
metabolism of foliec acid compounds tested were found to
proceed normally in seurvy; ascorbie acid is not required.

2. Ascorbic acid deficiency was not accompanied by a
marked deficiency of folic acid compounds until signs of
scurvy had become well advanced.

L]

3. The severe deficiency of folic acid ecompounds which oe-
curred regularly as a complication of seurvy in monkeys fed
milk diets was probably due to non-specific factors operating
in seurvy.

4. The net effect of scurvy was to cause increased require-
ments for folic acid compounds which could not be met by

the supply of these compounds obtainable from the milk diet
and the feces.
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