STUDIES ON THE METABOLISM OF THE FILARIAL WORM,
LITOMOSOIDES CARINII*

By ERNEST BUEDING, M.D.

(From the Depariment of Pharmacology, School of Medicine, Western Reserve
University, Cleveland)

(Received for publication, October 1, 1948)

During the miltiary operations in the Pacific Theatre members of the Armed
Forces not infrequently were exposed to filariasis. This circumstance resulted
in the initiation of a series of investigations of the chemotherapy of this disease
(1-7). For a better understanding of the mechanism of action of available,
and for the potential development of new, antifilarial drugs it was considered
desirable to obtain information about the metabolism of filariae. Since the
human forms of the filarial worm, Wuchereria bancrofti and Wucheria malayi as
yet cannot be obtained for biochemical investigations, it was decided to study
the metabolism of a morphologically closely related filarial worm, Litomosoides
carinit (2). This organism is a common inhabitant of the pleural cavity of the
wild cotton rat.

Methods

The organisms were removed from the pleural cavity of infested cotton rats and were placed
in a salt medium. The medium used in the experiments described below, and referred toasa
“basic filarial medium,” had the following composition: 0.137 M NaCl; 0.0027 m KC1; 0.0003 M
CaCly; 0.001 M MgCly; 0.06 M sodium phosphate buffer (pH 7.6). After repeated washings
with this medium, the filariae were blotted with No. 50 Whatman filter paper, weighed on
a torsion balance, and transferred to Warburg respirometer vessels. Unless otherwise stated,
15 to 25mg. of worms were placed into 0.8 ml. of medium in each vessel; the total volume of the
vessels varied between 4 and 5 ml. The center cup contained a roll of filter paper moistened
with 0.1 ml. of 40 per cent KOH. Incubation and measurement of the oxygen uptake were
carried out at 37.5°C. in the conventional Warburg apparatus in an atmosphere of air. Car-
bon dioxide production was measured by the direct method of Warburg (8). Glucose (9),
lactic acid (10), pyruvic acid (11), and steam-volatile acids were determined in aliquots of the
medium, before and after incubation of the filariae.

Steam-volatile acids were determined in an aliquot of the medium placed in the distilling
flask of an all glass micro steam-distilling apparatus. An amount of molar phosphate buffer
(2 volumes M H;POq; 1 volume M NaH:POy; pH 1.8) equivalent to one-fifth of the volume of
the sample was then added to the latter. The steam distillate was collected in a layer of ice
cold distilled water into which the lower end of the condensing tube was immersed. Steam

* The investigation described in this paper was started under contracts between the Office
of Scientific Research and Development, and later between the Office of the Surgeon General,
United States Army, and Western Reserve University. The studies have been continued
with the aid of a grant from the Division of Grants and Fellowships of the National Institute
of Health, United States Public Health Service.
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distillation was carried out until the volume of distillate was twelve times greater than that of
the sample to be analyzed. During the distillation sufficient heat was applied to the distilling
flask to keep the volume of the sample constant. The steam distillate was saturated with
nitrogen (5 minutes) and then titrated with 0.005 ¥ NaOH (indicator bromothymol blue).
Nitrogen was passed through the distillate throughout the whole period of titration in order to
keep contamination by CO; at a minimum.

The total carbohydrate content of the worms was determined by the following procedure.
The organisms (20 to 60 mg. wet weight) were ground in an all glass homogenizer with 5 ¥
H;S0, (2 ml.). The mixture was transferred to a calibrated centrifuge tube and was heated
for 20 minutes in a boiling water bath (during this period the mouth of the tube was covered
with a glass marble). As demonstrated by Sahyun (12), complete hydrolysis of glycogen
occurs under these conditions; no further increase in reducing sugar was observed when heating
of the ground worms in 5 N H3;SO, was continued up to 180 minutes. After cooling, neutraliza-
tion, and precipitation with Somogyi’s (9) Ba(OH); and ZnSO, reagents, aliquots of the
filtrate were taken for the determination of fermentable sugar (9), both before and after treat-
ment with yeast (13). Glucose added to such filtrates was fermented completely by this
treatment.

For the analysis of filarial polysaccharide, the worms (20 to 60 mg.) were ground in 30 per
cent KOH and the mixture was heated for 20 minutes in a centrifuge tube covered with a glass
bulb. The polysaccharaide was then precipitated according to the method described by
Good, Kramer, and Somogyi for glycogen (14). The residue was suspended in 5 N H.50,
(2 ml.) and hydrolysis and determination of fermentable sugar were carried out in the same
manner as described above for the analysis of total filarial carbohydrate.

The determination of cyanide in the filarial medium was based on the reaction of cyanide
with iodine to form cyanogen iodide (15). This reaction can be measured by the decrease in
the optical density in the presence of starch. The starch-iodine solution was prepared in the
following manner: 1 ml. of a KIO; solution (0.01 N) was placed in a 250 ml. volumetric flask
containing about 150 ml. of distilled water. After addition of 2 ml. of KI (5 per cent), 1 ml. of
HzPO, (0.17 M), and 2 ml. of freshly prepared starch solution (1 per cent) the mixture was
diluted to 250 ml. with distilled water. To 5 ml. of this starch-iodine solution in a colorimeter
tube was added 0.8 ml. of the cyanide solution (concentration range, 1 X 10 to 2 X 1075 u;
solutions with a higher concentration of cyanide should be diluted appropriately). To a
control tube containing 5 ml. of the starch-iodine solution was added 0.8 ml. of basic filarial
medium. The contents of the tubes were mixed well, allowed to stand for 15 minutes in the
dark at room temperature, and the optical densities of the solutions were read in a colorimeter
using a red filter (filter No. 66 of the Klett-Summerson instrument). The decrease in optical
density is proportional to the cyanide concentration. The accuracy of this prodecure is =45
per cent.

RESULTS

Oxygen Uptake of L. carinii—When filariae were incubated in basic filarial
medium they remained motile for a much longer period of time in an atmosphere
of air than in an atmosphere of nitrogen. Thus, it became evident that these
organisms take up oxygen and that at least part of the energy required by them
for motility is supplied by oxidative reactions. When the medium contained
no substrate the oxygen uptake of the filariae gradually decreased over a period
of 7hours (Table I). In the presence of glucose the oxygen uptake of the organ-
isms was about twice as high as in the absence of this substrate and it remained
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constant for at least 7 hours (Table I). The motility of the organisms was pre-
served in the presence of glucose; otherwise a gradual decrease in the motility
of the worms occurred. Fructose and mannose were as effective as glucose in
increasing the oxygen uptake and in preserving the motility of the filariae. On
the other hand, addition of the following substances to the medium produced no
change in the rate of respiration and in the motility of the worms: galactose,
ribose, sodium lactate, pyruvate, succinate, fumarate, glutamate, formate, ace-
tate, propionate, butyrate, or valerate. The respiratory quotient of the filariae
in the absence of glucose varied in 12 experiments between 0.35 and 0.57 (aver-
age, 0.44; standard deviation, 220.07); in the presence of glucose the ®r.Q. varied
between 0.87 and 1.03 (14 experiments; average, 0.94; standard deviation,
+0.07).

TABLE 1
Oxygen Uptake of Filariae in the Absence and in the Presence of Glucose
Qo"

Tim:xz;)%g:nsé:: tof No glucose ’ Glucose (0.04 M)

No.1 | No.2 | No.3 | No.4 | No.5 | No.1 | No.2 | No.3 | No.4 | No.5
min.

0~ 60 0.92 10.80 [0.74 | 0.77 {0.78 | 1.80 | 2.07 | 1.81 | 1.92 | 1.66
60-120 0.78 1 0.72 | 0.67 | 0.74 | 0.65 | 1.87 1 2.22 | 1.86 | 2.02 | 1.74
120-180 0.820.72 (| 0.67 1 0.77 {1 0.65 | 1.87 1 2.16 | 1.96 1 2.06 | 1.78
180-240 0.78 1 0.72 1 0.65 1 0.63 | 0.54 | 1.822.36| 1.8 1.98|1.78
240-300 0.68 | 0.70 | 0.57 | 0.66 | 0.52 | 1.89 | 2.15 | 1.92 | 2.06 | 1.74
300-360 0.63 10.5810.480.55]0.46]1.82)2.221.92)2,02]1.81
360-420 0.58 1 0.5710.45 (0.550.46| 1.87 {2.18 | 1.84 [ 2.00| 1.78

* Qo,, milliliters of oxygen taken up by 1 gm. filariae (wet weight) in 1 hour.

It has been observed with many invertebrates that exposure of the organisms
to anaerobiosis resulted in a subsequent increase in respiration (16-19). This
temporary rise in the oxygen uptake occurring immediately after anaerobiosis
did not occur with the filarial worm, L. carinii. The oxygen uptake of this
organism was the same before and immediately after a period of anaerobiosis
(Table 1II).

Products of Glucose M etabolism of Filariae.—Aerobic or anaerobic incubation
of the filariae with glucose resulted in a marked lowering of the pH of the
medium. TUnder these conditions one of the acids formed was d-lactic acid.
This compound was identified in the following manner.

About 500 mg. of filariae were incubated aseptically at 37°C. for 24 hours in basic filarial
medium (100 ml.) containing glucose (0.05 M). The medium was acidified (pH 1.0) and ex-
tracted for 24 hours with peroxide-free ether in a Soxhlet apparatus. The dried ether extract
was then treated with o-phenylenediamine and the reaction product isolated according to a
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procedure described by Moore, Dimler, and Link (20). o-Phenylenediamine reacts with
hydroxycarboxylic acids to form benzimidazole derivatives (21). The isolated compound had
the characteristics of d-lactic bénzimidazole described by Dimler and Link (22) and had a
melting point of 175-176°C. (melting point of authentic d-lactic benzimidazole; 175-177°C.):
mixed melting point with d-lactic benzimidazole, 175-176°C.; optical rotation .(Cy, ethyl
alcohol), —33.6° (d-lactic benzimidazole, —33.4°); elementary analysis,! C, 66.15 per cent;
H, 6.43 per cent; N, 17.23 per cent (calculated for lactic benzimidazole (CsH;eON3): C, 66.6
per cent; H, 6.23 per cent; N, 17.28 per cent). Thus, d-lactic acid is a product of the metabo-
lism of glucose by filariae.

TABLE II
Oxygen Uplake of Filariae before and after Anaerobiosis
The filariae were incubated for 30 minutes in air at 37.5°C. Then their oxygen uptake
was recorded for the following 90 minutes; whereupon vessels and manometers were saturated
with nitrogen (previously passed tbrough alkaline pyrogallol and red hot copper wire) for
10 minutes. The manometers were replaced in the water bath (37.5°C.) and shaken for 3
hours. Following anaerobiosis the vessels were removed from the manometers and their
contents saturated with air by rotating them gently for 3 minutes. The oxygen uptake of

the worms was recorded for the following 2 hours. Glucose concentration of the medium,
0.05 m.

Q,
Period
No. 1 ‘ No. 2 No. 3
Control period.... ... 2.07 1.82 1.93
1st hr. after anaerobiosis...................... 2.04 1.82 1.96
2nd hr. after anaerobiosis. ... ................. 2.09 ’ 1.87 { 1.91

In addition to d-lactic acid, a steam-volatile acid was formed during aerobic
and anaerobic incubation of the nematodies with glucose. The acid in the
steam distillate was identified as acetic acid by two different methods:

1. Elsden (23) has demonstrated that volatile fatty acids are eluted at different character-
istic rates from silica gel columns by chloroform-butanol mixtures. The rate of elution of
these acids is inversely proportional to the length of the carbon chain. In Elsden’s series
valeric acid was eluted most rapidly and formic acid least rapidly.

The steam distillate to be analyzed (containing 5 to 15 micromoles of acid) was neutralized
and was evaporated to dryness. After addition of 1 gm. of KHSO; the residue was extracted
with successive portions (2 ml.) of butanol (5 per cent) in chloroform, and the volume was
made up to exactly 10 ml. Five ml. of the extract was placed on the silica gel column which
had been prepared according to Elsden (23). Bromcresol green served as the indicator.

A single yellow band was observed on the column during the elution, indicating that the
distillate contained only one acid. The acid was eluted quantitatively with the 5 per cent
butanol-chloroform mixture, and the rate of elution was equal to or slightly lower than that
obtained with known solutions of acetic acid of similar concentration, This excluded the

1 The elementary analysis of this compound was performed by William Saschek.
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possibility that the steam-volatile acid in question was propionic, butyric, or valeric acid.
Furthermore, formic acid remains fixed at the top of the column, and can be eluted only by
increasing the butanol concentration to 20 per cent (23).

The absence of formic acid was confirmed by a negative chromotropic acid test (15)2
observed in concentrated steam distillates containing 2 microequivalents of the organic acid,
whereas, this test was positive with 0.1 microequivalent of formic acid added to this distillate.

2. Carbozxylic acids react with S-benzylthiuronium chloride to form crystalline derivatives
having well defined melting points (24, 25). Accordingly, a derivative of the steam-volatile
acid formed by the filariae was prepared: 450 mg. of filariae were incubated aerobically for 4
hours at 37.5°C. in 20 ml. of basic filarial medium containing glucose (concentration 0.05 u).
After the incubation the acid steam distillate (250 ml.) obtained from the medium was neutral-
ized to pH 8.0 and was concentrated é» sacue to dryness. The residue was dissolved in water
and the resulting solution was transferred to a centrifuge tube. A small insoluble residue was
centrifuged off and the supernatant (2 ml.) was transferred to an evaporating dish. Of this
supernatant, 0.05 ml. gave a strongly positive lanthanum nitrate test (26, 15).3 This test is
positive in the presence of acetate or propionate, but negative with formate. The supernatant
was then evaporated to dryness and was dissolved in 0.3 ml. of water following which the
solution was transferred to a 2 ml. centrifuge tube. The evaporating dish was then washed
twice with 0.2 ml. of water and the washings were combined with the original solution. The
pooled solutions were then made slightly acid (pH about 6.0) and 20 mg. of benzylisothiourea
hydrochloride was added. After cooling the solution in an ice bath a crystalline precipitate
formed which was centrifuged down after 1 hour. After four recrystallizations from 50 per
cent alcohol, the cystals melted at 134°C. This melting point did not change on further
recrystallization. When mixed with an authentic specimen of the S-benzylthiuronium deriva-
tive of acetic acid (melting point, 134-135°C.) (24, 25), a melting point of 135°C. was observed.
The mixed melting point of the propionate derivative (melting point, 151-152°C.) (25) with
the isolated material was 129°C. Similarly, a mixture of the authentic acetate and propionate
derivatives had a melting point of 129°C. The identity of the S-benzylthiuronium derivative
of the isolated acid with that of acetic acid was confirmed by the spectroscopic data reproduced
in Fig. 1 (curves A and B). No differences in the absorption of infrared radiation in the
region from 7.43 to 15.08 u could be detected that are not to be ascribed to differences in the
concentration of crystalllne material in the optical path. The propionate derivative on the
other hand was markedly different (curve C).4

Aerobic incubation of the worms in glucose containing basic filarial medium
resulted in an increase in the total carbohydrate content of the filariae. The
carbohydrate stored by these organisms is a polysaccharide which was com-
pletely hydrolyzed to a fermentable sugar after heating the homogenized worms
in 5 N HzSO, at 100°C. for 20 minutes. Isolation of the polysaccharide accord-
ing to Bell and Young (27) yielded a white powder which with iodine gave a
red-brown color characteristic of glycogen. The amount of total carbohydrate
synthesized by the filariae during aerobic incubation with glucose was equal
to the increase in intrafilarial glycogen as determined by the method of Good,

2 Feigl (15), page 397.

3 Feigl (15), page 397.

4 The infrared spectra were kindly determined by Dr. Hans Hirschmann, to whom the
author wishes to express his great appreciation.
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Kramer, and Somogyi (14) (Table III). On the other hand, filariae contain a
polysaccharide which is not identical with glycogen, because the total carbo-
hydrate content of the worms before aerobic incubation with glucose (Table
III) was found to be significantly higher than the initial filarial glycogen.
Anaerobic and Aerobic Carbohydrate Balances of Filariae—When the filariae
were incubated anaerobically the polysaccharide content of the organisms de-
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F16. 1. Infrared transmission curves of the S-benzylthiuronium derivatives of acetic acid
(A); of the steam-volatile acid isolated from filarial medium (B); and of propionic acid (C).

Measurements were made on nujol mulls with a Perkin-Elmer infrared spectrometer (Model
A-B-12). Abscissa, wavelength in microns.

creased, even when glucose was present in the medium. Under these condi-
tions, over 80 per cent of the total carbohydrate was converted to lactic acid,
the remainder to acetic acid (Table IV). Thus, under anaerobic conditions,
lactic and acetic acid production.accounted completely for the disappearance
of polysaccharide from the worms and the removal of glucose from the medium.

Aerobically a much smaller proportion of the removed glucose was converted
to lactic acid (30 to 40 per cent). On the other hand, the filariae formed more
acetic acid from glucose under aerobic than under anaerobic conditions. The
formation of acetic acid accounted for 25 to 35 per cent of the glucose removed
by the filariae in an atmosphere of air. The organisms produced approximately
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3 times more acetic acid under aerobic than under anaerobic conditions. Syn-
thesis of polysaccharide accounted for 10 to 20 per cent of the glucose removed

TABLE IIT
Aerobic Polysaccharide Synthesis by Filarige

The filariae were shaken in a water bath (37.5°C.), for a period of 3 hours, in 3 ml. basic
filarial medium containing 0.02 M glucose. Atmosphere, air.

At the end of the incubation period, total carbohydrate was determined in one aliquot of
worms and glycogen (9) in another (“final” samples). The “initial” total carbohydrate and
glycogen contents of the filariae were determined before incubation of the worms in the glu-
cose-containing medium; 21 to 28 mg. of filariae were used for each determination.

Total fermentable carbohydrate Glycogen
Experiment No. Sample Increase per Increase per
Per cent gm. worms (wet Per cent gm. worms (wet
weight)* weight)*

mg. mg.

1 Initial 1.74 — 0.73 —
Final 3.51 17.7 2.56 18.3

2 Initial 0.99 — 0.81 —
Final 2.62 16.3 2.48 16.7

3 Initial 1.23 — 0.79 —
Final 1.95 7.2 1.50 7.1

* Expressed as glucose.
TABLE IV

Anaerobic Glucose Balance of Filariae

Filariae (70 to 130 mg. wet weight) incubated in atmosphere 1;f nitrogen for 90 minutes
in basic filarial medium (2 ml.). Temperature, 37.5°C. All results expressed in micromoles
per hour per gram of filariae.

X Decrease Total . . « Removed
Bgiment | ubsite | Glicose | | eapholy- | Loctie | Acetic | carbolydate
charide* | removed* for
1134 nM »M wM uM 134 per cent
Control — — 18 18 33 0 16.5 | 92
1 Glucose 0.015 M 78 16 94 159 26 92.5 1 98.5
2 Glucose 0.015 M | 69 } 10 79 130 23 | 76.5 |97

* Expressed as glucose.

from the medium. Of the glucose utilized by the worms, 20 to 25 per cent
could not be accounted for by the formation of lactic acid, acetic acid, or poly-
saccharide. In Table V two representative aerobic carbohydrate balances of
filariae (see contro! samples) are reproduced.



TABLE V
Aerobic Glucose Balance of Filariae

Filariae (22 to 32 mg. wet weight) incubated for 240 minutes in 2 ml. basic filarial medium
containing glucose (0.015M). Temperature,37.5°C. Atmosphere,air. Allresults expressed
in micromoles per hour per gram of filariae.

Perctgnt Pol
Experi- N: Cyani 0. Glu- | g0 | 5 2 N — og’- _| Glucose re-
| s | OBRC | S e P e el
No. acetate No. 348 € | moved acid w© :rclEed acid sy:liglrle- for
for*

M ¥4 BAM uM 5. jo.8 v 4 uM cgf‘:

- — 99 | 118 77| 32 81 | 0.8 13.2 |92.6 79

1 14X 103 — 40 88 [ 122 70 42 1 7.0 3.7 | 87.4 99

12X 103 — 76 | 111 93 | 41 81 | 4.3 5.3 | 94.4) 85

2 — — 100 | 127 90 | 35.5 | 66 | 0.6 20.0 |98 |77
— 2.6 X 1077 30| 131 | 231 | 88.5 | 18.7/ 0.6 4.2 |129 | 98.5

* By lactic acid formation.
1 Expressed as glucose.
§ By lactic acid, pyruvic acid, acetic acid, and polysaccharide formation.

TABLE VI

Effect of Ionic Environment on Metabolic Actiﬁty and Motility of
Litomosides carinii

Incubation period, 2 hours. Basic filarial medium containing 0.015 M glucose.

Exveri Solcllium Pot:lzlssium
Xpert- phos- phos- : . H
bment | NaCl | KCI | CaClr | MeCla | phate | phate somie | @op | Q" | Out | Mork
(pH 7.56) | (pH 7.56)
M M M M o M [
0.155( 0.0027, 0.0003| 0.0022| 0.06 — 0.34 | 1.88 28.4] 11.1)+++
— | 0.0027; 0.0003| 0.0022] 0.06 — 0.185 1.45} 19.8 8.2{ +
— | 0.0027} 0.0003; 0.0022] 0.11 — 0.34 | 1.50 21.2] 8.8 ++
— | 0.0027| 0.0003| 0.0022| 0.22 - 0.665 1.29) 19.6| 7.6/ -+
1 — | 0.0027} 0.0003 0.0022| 0.38 — 1.145 0.96; 18.3) 6.0 0
— | 0.0027| 0.0003| 0.0022] — 0.11 | 0.335 1.16} 16.1] 7.3 +4
0.06°| 0.0027; 0.0003] 0.0022! 0.06 — 0.245| 1.73| 25.6] 10.7| ++
0.32 | 0.0027| 0.0003] D.0022| 0.06 — 0.495) 1.61) 27.6] 11.6] =
0.64 | 0.0027 0.0003| 0.0022; 0.06 — 0.825] 0.38] 9.3] 4.8
0.155 | 0.0027) 0.0003| 0.0022| 0.06 — 0.34 | 1.63| 25.00 9.94++-+
0.0027} 0.155 | 0.0003| 0.0022] — 0.06 | 0.34|1.34 9.6 4.2 =+
0.155 — — — 0.06 — 0.335 1.17 14.3] 4.8 +
0.155 | 0.0027, — — 0.06 — 0.335) 1.46| 20.2| 7.8 +
2 0.155 — [ 0.0003] — 0.06 — 0.335 1.49| 18.5] 6.3 +
0.155| — | — |0.0022] 0.06 | — |0.3351.4320.7 8.1 =+
0.155 | 0.0027) 0.0003 — | 0.06 | — |0.341.58 22.6 8.9 ++
0.155 | 0.0027] — 10.0022| 0.06 | — |0.341.62{23.3 9.1 ++
0.155 | ~— |0.0003 0.00221 0.06 | — |0.34(1.52(21.3 7.8 +
0.155 | 0.0027| 0.0009; 0.0022; 0.06 | — |0.34|1.26/ 14.3, 6.4 +
i

* Milligrams of glucose removed by 1 gm. filariae (wet weight) in 1 hour.
1 Milligrams of lactic acid formed by 1 gm. filariae (wet weight) in 1 hour.
§ Motility is expressed by the following arbitrary symbols: 4+, very high motility;
++, high motility; +, fair motility; =, sluggishness; 0, no motility.
114
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Aerobically the filariae removed 1.4 to 2.2 mg. (15.5 to 24.5 micromoles) of
lactic acid per gram per hour (15 experiments). The rate of aerobic utilization
of lactic acid was much smaller (approximately 10 times) than that of glucose.
This was also borne out by the fact that in contrast to glucose, lactate failed to
produce an increase in the oxygen uptake of the filariae.

The rate of aerobic acetate utilization was extremely small. The highest
observed value (8 experiments) amounted to 0.07 mg. (1.2 micromoles) acetic
acid per gram per hour.
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F16. 2. Effect of pH on oxygen uptake (Qo,), glucose utilization (Qg), and lactic acid pro-
duction (QL) of L. carinii.

Effect of Ionic Environment (Table VI) and of the pH of the Medium on Filarial
Metabolism.—Exclusion of sodium chloride produced a marked decrease in
filarial metabolism and motility even if the ionic strength of the medium without
NaCl was equal to that containing this salt. The concentration of NaCl opti-
mal for metabolic activity and motility appeared to be close to 0.14 v. When
the medium contained high concentrations of potassium instead of sodium ions
metabolic activity and motility of the filariae were markedly decreased. When
sodium was the only cation of the medium carbohydrate metabolism and respi-
ration of the worms were lower than with a medium containing low concentra-



116 METABOLISM OF LITOMOSOIDES CARINII

tions of KCl, CaCly, and MgCl,. Usually the metabolic activity of the filariae
was higher when all three of the latter salts were present in the medium instead
of a combination of two of them. A decrease in the metabolic activity of the

TABLE VII
Anaerobic Metabolism«of Pyruvate by Filarice

Filariae (70 to 100 mg.) incubated in an atmosphere of nitrogen in 2 ml. basic filarial
medium containing sodium pyruvate (0.03 M). Temperature, 37.5°C. All results expressed
in micromoles per hour per gram of filariae (wet weight).

- : Pyruvic Lactic Acetic P
Expg;g.n ent ﬂuglgd@:cl:l;’ate ’ . ex?xcoiSe d P otxcxig q* £ :r;i\% d proglg:iion Rem::s&ﬁ;s ‘;:)cr acid
M B»M uM uM uM M per cent
1 — 158 80 75 — 155 98
4 X 103 161 79 73 — 152 94
2 —_ 163 78 80 82 158 97
3 — 78 38 42 39 80 103

* Corrected for lactic acid formed in the absence of pyruvate.

TABLE VIII
Aerobic Metabolism of Pyruvate by Filariae

Filariae (130 to 180 mg. wet weight) incubated for 180 minutes in 3 ml. of basic filarial
medium containing sodium pyruvate (0.02 M). Atmosphere, air. Temperature, 37.5°C.
All results expressed in micromoles per hour per gram of filariae (wet weight).

. . . Pyruvic
. Pyruvic Lactic Acetic :
: Sodi O h c ] d
Experiment No. ﬂuox?oa“cl:tlate upt;ke . ex?nf)lge a f ora;:gd' fo :;xlgd‘ una%g;mtcd
M uM 1374 uM uM 133
— 30 47.5 15.8 25.6 5.7
1 4 X 1078 16 29.6 15.8 13.3 0.2
8 X 10 23 40.3 16.7 21.8 1.8
— 33 51.8 12.6 19.0 20.2
2 1 X 107¢ 23 38.8 11.6 18.3 8.9
2.5 X 10 32 51.3 11.8 19.2 20.3
— 39 46.3 19.2 21.2 5.9
3 3 X 103 19 30.5 18.2 13.0 —0.5
1 X 1073 ! 37 45.0 20.0 20.0 5.0

* Corrected for lactic acid and acetic acid formation in the absence of pyruvate.

worms was observed if the concentration of CaCl, in the medium was increased
from 0.0003 M to 0.0009 M. Two typical experiments listed in Table VT illus-
trate the above mentioned effects of ions on the metabolism of the worms.

The presence of low concentrations of sulfate or manganese ions in the basic
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filarial medium had no effect on the metabolic activity of the organisms. Be-
cause of the production of large amounts of lactic and acetic acids by L. carinii,
a high buffer concentration of the medium was required to prevent a sharp drop
in pH. Since variations in the concentration of the phosphate buffer between
0.006 M and 0.06 M had no effect on the metabolic activity of the worms it was
decided to keep the concentration of the buffer in the basic filarial medium at
0.06 M.

In Fig. 2 the effects of the pH of the medium on oxygen uptake, utilization of
glucose, and production of lactic acid of the filariae are represented.

TABLE IX
Effect of Fluoroacetate on the Aerobic Metabolism of L. carinii
Basic filarial medium containing 0.015 M glucose. Incubation period, 120 minutes.

Oxygen uptake | Glucose removal ;‘fggfgﬁg Pegli\f:gsted
Qnds removed | Pyruvic | Motility at
fluoroacetate accounted acid end of
for by formed* | experiment
Qo, |Change; Qg |Change| Qp |Change| lactic acid
production
M per cent per cent der cent
— 1.81 | — |246| — 8.6 | — 35 0.05 +-++
1 X 1072 0.69 | —62 | 19.3 | —-22 | 15.6 | +80 80 0.94 +
1 X 1073 1.36 | —25| 24.3 —1(10.3 | +24 48 0.36 ++

* Milligrams per gram of filariae (wet weight) per hour.

Pyruvate Metabolism of Filarige.—The filarial worms removed pyruvate pres-
ent in the medium under aerobic as well as under anaerobic conditions. Ana-
erobically pyruvate was removed at a faster rate than aerobically (Tables VII
and VIII). It should be noted that in an atmosphere of air pyruvate was
metabolized at a considerably slower rate than glucose. Anaerobically, all the
pyruvate removed by the organisms could be accounted for by conversion to
equimolar amounts of lactate and acetate. Acetic acid was identified by parti-
tion chromotography (23) of the steam distillates. One mole of CO; was pro-
duced for each mole of acetic acid formed (Table VII). Consequently in the
filariae the following reaction occurred anaerobically:

2 CH;-CO-COOH + H;0 — CH;- CHOH-COOH + CH;:COOH + CO:

This dismutation of pyruvate to lactate, acetate, and CO, has also been demon-
strated to occur in brain (28) and in certain bacteria (29, 30).

Under aerobic conditions, acetate production from pyruvate exceeded the
formation of lactate (Table VIII, controls). Furthermore, a significant pro-
portion of the metabolized pyruvate (10 to 40 per cent) could not be accounted
for by either acetate or lactate formation.
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Effect of Sodium Fluoroacetate on the Metabolism of Filarige—It has been
postulated recently that fluoroacetate inhibits the respiration of mammalian
tissues, bacteria, and yeast because of a competitive inhibition of acetate oxi-
dation (31-33). This compound was also found to inhibit the respiration and
the motility of L. carinii (Table IX). The decrease in oxidative metabolism
was associated with an increase in aerobic glycolysis because a larger proportion
of the removed glucose was convertéd to lactic acid (Table IX). Aerobic
incubation of filariae with fluoroacetate resulted in the accumulation of a keto
acid, as determined by the dinitrophenylhydrazone method (11). Since
worms in an amount adequate for isolation of the hydrazone could not be ob-
tained, attempts were made to establish the identity of the keto acid in the fol-
lowing manner:

1. Oxalated human blood removes pyruvic acid (34) but does not remove a-ketoglutaric
and other keto acids (35). Media in which filariae had been incubated with fluoroacetate
were added to oxalated human blood; this mixture was allowed to stand at room temperature
for various intervals of time. The rate of disappearance of the keto acid was identical with
that of sodium pyruvate added to oxalated human blood.

2. Friedemann and Haugen (11) have shown that with their method only 19 per cent of the
hydrazone of oxalacetic acid is extracted with benzene, while 79 per cent of this compound is
extracted with ethylacetate. On the other hand, 93 per cent of the hydrazone of pyruvic acid
is egtracted with benzene and 81 per cent with ethylacetate (11). We were able to confirm
these observations and to use them for the characterization of the keto acid formed by filariae
in the presence of fluoroacetate and glucose. The hydrazone of this keto acid had the same
solubilities in benzene and ethylacetate as pyruvic acid dinitrophenylhydrazone and its ex-
tinction (filter 54 of the Klett-Summerson colorimeter) after the addition of NaOH was 11
per cent higher when benzene instead of ethylacetate was used as the solvent. If the keto
acid formed by the filariae were oxalacetic or a-ketoglutaric acid the extinction after extraction
with benzene would have been considerably lower (76 per cent and 61 per cent respectively)
than with ethylacetate. It was concluded, therefore, that the aerobic incubation of filariae
with glucose and fluroacetate resulted in an accumulation of pyruvic acid. On the other
hand, this was not the case under anaerobic conditions.

These observations suggested that fluoroacetate inhibits the aerobic utiliza-
tion of pyruvate. As shown in Table VIII, fluoroacetate decreased the aerobic
utilization of pyruvate by filariae. Low concentrations (1 X 10~2 u) of this
inhibitor decreased markedly the amount of pyruvate removed which could not
be accounted for by acetate or lactate production. Thus, the mechanism by
which pyruvate oxidation is inhibited is one that is not concerned with the con-
version of pyruvate to acetate. With higher concentrations (4 X 10~ u) of
fluoroacetate, oxidation of pyruvate to acetate was inhibited also, as well as the
production of acetate from glucose (Table V). Low concentrations (1 X 10-2
M) of fluoroacetate did not affect acetate production from glucose although a
significant accumulation of pyruvate and a decrease in the respiration of the
organisms were observed (Table V). Fluoroacetate did not affect the anaerobic
dismutation of pyruvate to acetate and lactate (Table VII) nor the reduction of
pyruvate to lactate under aerobic conditions (Table VIII).
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Effect of p-Chloromercuric Benzoate on Filarial M etabolism.—Respiration and
carbohydrate utilization of the filariae were decreased by sulfhydryl inhibitors,
such as iodoacetate or p-chloromercuric benzoate (36). In a concentration of
1 X 1075 M, iodoacetate inhibited the oxygen uptake of the filariae to an extent
of 30 per cent while an 80 per cent inhibition of respiration occurred with a con-
centration of 1 X 10~* M. As illustrated in Table X, it appears that glycolysis
of the worms was slightly more sensitive to inhibition by p-chloromercuric ben-
zoate than respiration, because the production of lactic acid was inhibited to a
significantly greater extent than the oxygen uptake of the organisms. Inhibi-

TABLE X
Effect of p-Chloromercuric Benzoate on the Metabolism of Filariae
The filariae were incubated for 1 hour in basic medium containing 0.013 M glucose, withand
without p-chloromercuric benzoate, then washed in a similar medium (containing no p-
chioromercuric benzoate), and finally incubated for another hour in basic filarial medium of a
similar glucose content, with and without SH compounds.

1st hour 2nd hour
Oxygen Glucose | Lactic acid Ozxygen Glucose | Lactic acid
uptake removal | production uptake removal | production
p-Chloro-
Qo, :: Qq :E Q, :; Qoz % Qg _—g Q, :;
S C] et | Ci 4
- der T ; T per o per T —; T per
u cent cent cent cent cent cent
— 1.80 — (22.3| — | 7.8 — — 1.87) — |21.6] — | 8.2 —
1 X 1074]1.24} 31 |11.9} 47 | 2.6| 66 — 1.17, 37 | 8.9/ 58 | 2.3; 72
1 X 10~4|1.11| 38 (10.8| 52 | 2.3 70 | Sodium thiogly- (1.22} 35 | 8.3| 61 | 2.1{ 74
colate
1 X 1074]1.19/ 34 | 9.8 56 | 1.8} 77 | Cysteine 1.10{ 41 | 8.9 58 | 2.2| 73
1 X 104 |1.17] 35 [10.5| 53 | 2.1| 73 | Glutathione 1.14; 39 | 8.5/ 60 | 2.0{ 76

tion of filarial metabolism by this compound was associated with a reduction in
or a disappearance of the motility of the worms.

When the filariae were first incubated in a medium containing p-chloromer-
curic benzoate and were then washed in and subsequently transferred to basic
filarial medium containing no p-chloromercuric benzoate, inhibition of respira-
tion, glucose utilization, and lactic acid production persisted for many hours.
This inhibition was not reversed by the addition of an excess of thioglycollate,
cysteine, or glutathione (Table X). Furthermore, no reversal of this inhibition
was observed with hydrogen sulfide.®

Effect of Cyanide on the Oxidative Metabolism of Filarige.—Respiration of the

§ Although the possibility exists that some H,S was absorbed by the alkali in the center cup,

the presence of this gas in the medium at the end of the experiment was verified by a positive
iodine-azide reaction (31).
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filariae was strongly inhibited by cyanide. Riggs (37) has demonstrated that
the usual methods (38, 39) employed to prevent the loss of cyanide from the
medium because of absorption by alkali in the inset of the Warburg vessel are
inadequate. Consequently, the concentration of cyanide and of KOH in the
center cup necessary to keep the cyanide concentration of the solution in the
main compartment constant were predetermined empirically. Furthermore,
the cyanide concentration of each medium was measured at the end of the ex-
periment. Asillustrated in Table XTI, cyanide inhibited completely the respira-
tion and the motility of the worms in a concentration of 2 X 104 M. A five-
times lower concentration (4 X 10~® M) inhibited the oxygen uptake of the
filariae to an extent of 63 per cent. The inhibition of filarial respiration pro-
duced by cyanide was associated with a compensatory increase in glycolysis

TABLE XI
Effectof Cyanide on the Metabolism of L. carinii

25 to 35 mg. filariae incubated for 1 hour in basic filarial medium containing 0.01 M glucose.
Concentration of KOH in center cup, 0.5 per cent.

Oxygen uptake Perl cent of
Initial Final c ) _— g ucomii
concentration | concentration | yrarion of | e | 0u | accounted | Motility
medium medium | KON ininset] g | Tebibic lace i
production
M M M per cent
— — — 1,93} — | 32.1 9.7 30 +++
1 X 10% | 1.06 X 1073 1 0.04, 98 22,7223 98 0
2 X 104|193 X 10 0.7 0.06 | 97 [24.0] 24.1 101 0
4% 1078 | 4.10 X 10 0.11 0.68| 65 | 30.3|20.9 69 =+

because a greater percentage of the glucose utilized was converted to lactic acid
in the presence of this inhibitor than in its absence.

Effect of Cyanine Dyes on the Metabolism of L. carinii—It has been reported
recently from this and another laboratory that various cyanine dyes exert
marked chemotheropeutic activity in filariasis of the cotton rat (5, 6). Mem-
bers of this group of compounds inhibited in very low concentrations the
respiration of the filarial worm, L. carinii. The cyanine dyes (40) contain the
resonating amidinium ion system in which a quarternary nitrogen is linked to a
tertiary nitrogen by a conjugated chain of an uneven number of carbon atoms:

14 ’ 14 ! ! 14

+ +
>N=C—(C==C),—N <——>N—C=(C=C),=N<

The relationship between the chemical structure of cyanine dyes and their
ability to inhibit the respiration of filariae will be discussed elsewhere. How-
ever, it should be pointed out that high antifilarial activity in vitro was not re-
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stricted to any particular ring, but that any structural modification which
destroyed the possibility of amidinium ion resonance caused a disappearance of
high antifilarial activity » vitro and in vivo. The cyanine dyes used in the
present investigation were 1-amyl-2, 5-dimethylpyryol-(3)-1, 6-dimethylquino-
line-(2)-dimethincyanine chloride (Chemotherapy Center No. 348),

A\
N /“\E/LCH=CH~
ot ey CHs\/-CHs
Lt

and 1-ethyl-3,6-dimethyl-2-phenyl-4-pyrimido-2-cyanine chloride (Chemo-
therapy Center No. 863).

ZAVA\ /\N

| B
i O

C:Hj (Cl_) CHa

For the sake of brevity these two compounds will be referred to subsequently
by their respective Chemotherapy Center numbers.

The effect of a cyanine dye on filarial respiration was measured by recording
the oxygen uptake of the worms before and after addition of a solution of the
cyanine dye from the side arm of a Warburg flask. In a concentration of 6.5 X
10-8 M (1:40,000,000) cyanine dye 348 produced a significant inhibition of the
oxygen uptake of filariae (Table XII). This inhbition became gradually more
pronounced for a period of 60 to 90 minutes and then remained constant for
several hours. Filarial respiration was almost completely inhibited (80 to 90
per cent) by No. 348 in a concentration of 5.2 X 107 m (1:5 million). Even
when the concentration of the dye was increased another ten-fold (1:500,000),
respiration of the worms was not completely inhibited and was maintained at
about one-tenth of the level which occurred in the absence of the dye. It should
also be noted that concentrations of No. 348 as high as 5.2 X 10~® m decreased
the motility of the worms only to a slight degree. '

The decrease in the oxidative metabolism of the filariae was associated with
an increase in aerobic glycolysis: a much greater proportion of the utilized glu-
cose was converted to lactic acid in the presence of a cyanine dye than in its
absence when respiration was not inhibited. As shown in Table XIII, the
greater the inhibition of respiration the more pronounced was the increase in
aerobic glycolysis. Another result of the inhibitory effect of the cyanine dye
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on filarial respiration consisted in the decreased rate of acetic acid production
and of polysaccharide synthesis (Table V).

The action of the cyanine dyes on filarial metabolism is not restricted to con-
ditions # vitro but it can be observed also after the administration of these com-
pounds to cotton rats infected with filariasis. Chemotherapuetic studies in

TABLE XII
Effect of Cyanine Dye No. 348 on the Oxygen U ptake of Filariae

Basic medium containing 0.02 M glucose. Immediately following the control period (90
minutes), the cyanine dye was tipped from the side arm in the main compartment of the
Warburg vessel.

1st period 2nd period
No ol e (Experimental)
1st 30 min. 2nd 30 min, 3rd 30 min.

Qoq No, 348

Qo Change Qo Change Qos Change

M per cent per cent per cent

1.80 — 1.86 +3 1.78 -1 1.83 +2
1.94 6.5 X 1078 1.80 -7 1.58 —17 1.49 —21
1.88 1.3 X 1077 1.60 —15 1.30 —31 1.18 —37
1.77 2.6 X 1077 1.24 —31 0.80 —=55 0.68 —62
1.96 5.2 X 1077 1.13 —42 0.41 -~79 0.31 —86

TABLE XIII

Effect of Cyanine Dyes on Carbokydrate Metabolism of Filariae
Incubation period, 120 minutes. Basic medium containing 0.015 M glucose.

P f gt
Cyanine Concentration of Oxygen uptake Q 0 re‘;gsgé zcio‘xﬁ)ot?d
dye No. cyanine dye ¢ L for by lactic acid
Q02 Change production
M per cent
— — 1.72 — 34.5 13.1 38
348 1.3 X 1077 1.10 —36 27.3 18.5 68
348 5.2 X 10‘7 0.27 —84 23.4 23.1 99
863 6.5 X 10™ 1.13 —34 26.0 19.7 76
863 2.6 X 1077 0.31 —88 25.6 24.8 97

this laboratory have demonstrated that after the intraperitoneal injection into
these animals of 0.4 mg. of No. 863 per kg. during 5 successive days all worms
found in the pleural cavity are dead.® When one-quarter of this dose was used
the worms remained alive and motile, but their oxygen uptake was decreased
and the rate of their aerobic glycolysis was increased (Table XIV). Onthe other

8 Peters, L., Welch, A. D., and Higashi, A., unpublished observations.
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hand, the cyanines had no significant effect on anaerobic glycolysis of the
filariae, because lactic acid production in an atmosphere of nitrogen was prac-
tically the same, regardless of whether cyanine dyes had been administered or
not.

Effect of Cyanine Dyes on the Activities of Cytochrome Oxidase and of Cyto-
chrome C.—Since the cyanines in very low concentrations inhibited the respira-
tory metabolism of filarial worms their effect was tested on the activities of two

TABLE XIV
Metabolism of Filarice Removed from Cotton Rats Treated with Subcurative Doses of
Cyanine Dye No. 863
Dosage schedule, 0.1 mg. No. 863 per kg. injected intraperitoneally on each of 5 successive
days. Basic filarial medium containing 0.015 M glucose. Duration of experiment, 120
minutes.

Filariae from treated Atmos- Oxygen uptake 0 0. xggo?endt :gc%l:l;::esg
cotton rat No. phere G “L for by lactic acid
Qo, Change production
per cent
Controls 1.81 — 32.2 1.4 35
(average from 20 un-
treated cotton rats)
]
F2389 < | o091 | -5 | 23.4 | 201 86
F2390 1.21 —32 17.8 15.2 86
F2386 0.95 —48 23.3 20.8 89
F2387 0.43 —76 13.2 10.8 82
Controls — —_ — 13.2 —
(average from 20 un-
treated cotton rats) g’:a’o
5
F2389 iz — — -— 12.1 —
F2386 — — —_— 13.4 —
F2387 — — — 11.4 —

respiratory enzymes of mammalian tissues: cytochrome oxidase and cytochrome
C. Cytochrome oxidase was prepared according to Haas (41) and its activity
was assayed in the presence of an excess of hydroquinone and of cytochrome C
(prepared according to Keilin and Hartree (42)) at 25°C. (37). Under these
conditions the activity of the system was proportional to the concentration of
cytochrome oxidase. An inhibitory effect of the cyanine dyes on the activity
of cytochrome oxidase was observed only in concentrations of 2.6 X 10~% u
(Table XV). This was a concentration 4,000 times higher than was required
to inhibit the respiration of the filariae.
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TABLE XV
Effect of Cyanine Dyes on the A ctivity of Cytochrome oxidase

Phosphate buffer (pH 7.1), 0.05 m. Substrate, 3 mg. of hydroquinone. Total volume,
1 ml. Temperature, 25°C. Gas phase, air. The solution of cytochrome oxidase was in-
cubated in Warburg flasks (volume, 4.0 to 5.5 ml.) with the cyanine dye and phosphate
buffer at 37°C. for 30 minutes previous to assay (total volume, 0.7 ml). After the incu-
bation, the vessels were allowed to cool to room temperature, cytochrome C was added to the
main compartment, the hydroquinone solution was placed in one side arm, and, in the other,
enough of the cyanine solution to keep the initial concentration of the dye constant after
tipping. The contents of the side arms were tipped in the main compartment after tem-
perature equilibration and closing of the taps.

Coume | cyomomec | Greaine | Conemratnof | Omaen | paibion
mi. M M c.mm. per cent
0.035 3.9 X 108 — — 23 —
0.07 3.9 X 1078 — - 48 —
0.07 1 X 1077 — — 48 —
0.07 3.9 X 10 863 5.2 X 10 17 65
0.07 3.9 X 108 863 2.6 X 10 38 21
0.07 3.9 X 10= 863 1.3 X 10 49 0
0.07 3.9 X 1078 348 5.2 X 1071 33 31
0.07 3.9 X 1078 348 2.6 X 104 44 9
0.07 3.9 X 10t 348 1.3 X 10 48 0

TABLE XVI

Effect of Cyanine Dyes on the Activity of Cytochrome C

Phosphate buffer (pH 7.1),0.05 M. Substrate, 4 mg. of sodium ascorbate. Total volume,
1 ml. Temperature, 37.5°C. Gas phase, air.

Cytochrome C solution was incubated in Warburg vessels (4.0 to 5.5 ml) for 30 minutes
in phosphate buffer at 37°C. This was followed by cooling to room temperature and ad-
dition of cytochrome oxidase. Hydroquinone solution was then placed in one side arm and,
in the other, enough of the cyanine solution to keep the concentration of the dye in the
reaction mixture constant after tipping. The contents of the side arms were tipped in the
main compartment after temperature equilibration and closing of the taps.

Cytochrome C Cogoghrome | Cranine Concentration of S,
moles ml. M c. mm.,
3.9 X 107 0.1 — — 17.5
1.56 X 1078 0.1 — —_ 68
1.56 X 10°¢ 0.2 — — 68
7.8 X 107 0.1 — — 34
7.8 X 107° 0.1 863 5.2 X 10 35
7.8 X 107 0.1 348 5.2 X 10 34
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The activity of cytochrome C was tested in the presence of an excess of cyto-
chrome oxidase. Under these conditions cytochrome C was the rate-limiting
factor. Asshown in Table XVI, the activity of cytochrome C was not inhibited
even when the concentrations of the cyanine dyes were as high as 5.2 10~* .

DISCUSSION

1t is evident that oxidative metabolism is essential for the survival of the
filarial worm, Litomosoides carinii. The intraperitoneal injection of cyanine
dyes into cotton rats infected with filariae caused an inhibition of the respiration
of the worms. Although this effect resulted in a compensatory increase in
glycolysis, anaerobic reactions appeared to be inadequate to maintain the
organism alive because the administration of only three to four times higher
doses of cyanines produced the death of the filariae (5, 6). This behavior con-
trasted with that of another parasitic helminth, Schistosoma mansoni. Al-
though the cyanines were as effective in inhibiting the oxygen uptake of the
latter organism, the parasite survived even when its respiration was inhibited
almost completely by the administration of cyanine dye 863 to rabbits infected
with schistosomiasis (43). Moreover, indications are available that other para-
sites can survive under anaerobic conditions (447).

The absence of a postanaerobic increase in the oxygen uptake differentiates
the filarial worm, L. carinii, from all other invertebrates whose respiration has
been measured before and after anaerobiosis (44%). It is assumed generally
that this repayment of the oxygen debt incurred during anaerobiosis is due to
the accumulation products of anaerobic metabolism which are oxidized as soon
as aerobic conditions are reestablished (44%). This interpretation is consistent
with the observed absence of a postanaerobic increase in the respiration of
filariae. Anaerobically these organisms converted carbohydrate to Jactic acid
and acetic acid. The latter was not oxidized significantly. While lactic acid
was removed aerobically to a small extent by the filariae the addition of lactate
to the medium did not produce an increase in the oxygen uptake of these organ-
isms. Thus, the accumulation of lactate and acetate in the medium during
anaerobiosis did not result in a higher rate of postanaerobic respiration.

In contrast to tissues from vertebrate animals and to many bacteria only
a few invertebrates convert the major portion of the carbohydrdte utilized
anaerobically to lactic acid (44%). Among helminths the filarial worm, L.
carindi, appears to be the only one whose main end-product of anaerobic carbo-
hydrate metabolism is lactic acid. In other worms the anaerobic utilization of
glycogen and of glucose results predominantly in the production of valeric,
formic, acetic, butyric and non-volatile higher fatty acids (44%).

7Von Brand (44), pages 74 to 84.

8 Von Brand (44), pages 236 to 247.
9 Von Brand (44), pages 199 to 216.
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The rate of polysaccharide synthesis from glucose by filariae was consider-
able. To our knowledge a similarly high rate of polysaccharide synthesis has
not been reported for any other invertebrate organism. The synthesis of poly-
saccharide by the filariae appeared to require oxidative energy because this
process did not occur under anaerobic conditions. Furthermore, inhibition of
the oxidative metabolism of the parasite produced by the cyanines or by fluo-
roacetate resulted in a decreased rate of polysaccharide synthesis (Table V).

The filariae are well adapted to their natural habitat, the pleural cavity,
because their respiration has been found to remain optimal even when the pH
of the medium was much lower than the physiological pH of the body fluids.
Since the worms produce a large amount of lactic acid, the pH of the pleural
fluid in cotton rats heavily infected with filariae was found to be lower than
7.4, varying between 7.0 and 6.5. The more the pH of the medium fell below
6.9, the more pronounced was the decrease in lactic acid production (Fig. 1)
while the oxygen uptake of the organism remained optimal until a pH of 6.1
was reached. Since oxidative metabolism was essential for survival of Litomo-
soides carinii, the lowered acid production at a pH below 6.9 prevented a lower-
ing of the pH of the medium below 6.1 at which the respiration of the worms
began to decrease.

It is likely that the rate of diffusion of glucose into the filarial cells is more
rapid than that of pyruvate and of lactate. This is indicated by several obser-
vations: (1) glucose increased the oxygen uptake of filariae, while this was not
the case with pyruvate or lactate; (2) the rate of aerobic utilization of glucose
was much greater than that of pyruvate or of lactate; (3) the rate of anaerobic
lactate production was higher with glucose as the substrate than with pyruvate.
However, these results do not exclude the possibility that glucose may be par-
tially metabolized by filariae through pathways which do not involve the for-
mation of pyruvate. Definite information about this problem must await the
preparation of metabolically active cell-free filarial extracts and a detailed
study of the enzymes of filariae concerned with the metabolism of carbohy-
drate.

It appears that fluoroacetate does not inhibit the respiration of filariae through
a competitive inhibition of acetate oxidation. Fluoroacetate did not produce
an accumulation of acetate when the worms were incubated aerobically with
glucose or pyruvate. On the contrary, high concentrations of this inhibitor
(4 X 107% M or more) reduced the amount of acetate present in the medium.
On the other hand, our experiments indicate that fluoroacetate can inhibit at
least two mechanisms concerned with the oxidation of pyruvate by filariae.
Low concentrations of fluoroacetate produced a decrease in the aerobic utiliza-
tion of pyruvate through a reaction which did not result in its conversion to
acetate. Possibly this mechanism involves the tricarboxylic cycle (45).
Higher concentrations of fluoroacetate inhibited also the oxidation of pyruvate
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to acetate. Therefore, the hypothesis that fluorcacetate is a specific competi-
tive inhibitor of acetate oxidation (31-33) could not be verified with filariae.
On the other hand, our results are consistent with the conclusion of Hutchens
and MacMahon (46) that in yeast cells fluoroacetate inhibits primarily the oxi-
dation of pyruvate rather than that of acetate.

Oxidative metabolism appears to be required for maintaining the motility of
the filariae. Their motility was lost (within 60 to 90 minutes) in an atmos-
phere of nitrogen while reestablishment of aerobic conditions rapidly restored
their motility. Furthermore, inhibition of filarial respiration produced by
cyanide or fluoroacetate resulted in a decrease or a loss of motility. However,
concentrations of the cyanines which produced a very marked decrease of their
oxygen uptake had no apparent effect on the motility of the worms. It should
be noted that the cyanines, even in relatively high concentrations inhibited the
respiration of the worms to an extent of no more than 83 to 90 per cent. Pos-
sibly the residual respiration was catalyzed by enzyme systems which are not
affected by the cyanines and whose actions supply the energy for the motility of
filariae.

The observed inhibitory effect of the cyanines on filarial respiration is prob-
ably explained by an interference with a respiratory enzyme or coenzyme con-
cerned with the transfer of electrons, rather than by an inhibition of a specific
dehydrogenase. This is indicated by the fact that the cyanines inhibited the
oxygen uptake of filariae in the absence of glucose, even when the polysaccharide
stores of the worms had been depleted by previous anaerobic incubation.
Therefore, this group of compounds decreased the respiration of the parasite
regardless of whether carbohydrate or other substrates were oxidized. In con-
trast to filariae, concentrations of cyanine dyes up to 1 X 10~® M did not affect
the oxygen uptake of slices or homogenates of mammalian tissues!® nor the
activity of cytochrome C or cytochrome oxidase. This indicates that the
cyanines inhibit in these filarial worms an enzyme system which plays no rdle,
or only a minor one, in mammalian tissues.

The high cyanide sensitivity of the respiration of filariae indicates that these
organisms contain one or several heavy metal-containing enzymes. However,
the latter are not identical with cytochrome C or with cytochrome oxidase be-
cause neither of these two enzymes could be detected in suspensions of filariae.
Further work is necessary to establish the mechanism of hydrogen transfer in
this organism and to determine its réle in other invertebrates.

SUMMARY

The filarial worm, Litomosoides carinii, has a high rate of aerobic and ana-
erobic glucose metabolism. Aerobically 30 to 45 per cent of the glucose utilized

10 Unpublished observations.
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was converted to lactic acid, 25 to 35 per cent to acetic acid, and 10 to 20 per
cent to a polysaccharide. Anaerobically over 80 per cent of the total carbo-
hydrate removed by the filariae was metabolized to lactic acid, the remainder
was accounted for by the production of acetic acid.

The high rates of aerobic and anaerobic lactic acid production and of aerobic
polysaccharide synthesis, as well as the absence of a postanaerobic increase of
the oxygen uptake, differentiate the filarial worm, L. carinit, from the known
metabolic characteristics of all other helminths and of most other invertebrates.

The rate of aerobic lactate and pyruvate utilization by the filariae appears to
be much slower than that of glucose. Anaerobically, dismutation of two moles
of pyruvate to one mole of lactate, one mole of acetate, and one mole of CO,,
occurred. Aerobically, acetate production from pyruvate exceeded that of
lactate. A significant proportion of the pyruvate metabolized aerobically by
the filariae was not oxidized to acetate.

In the presence of fluoroacetate, aerobic incubation of the filariae in a glucose-
containing medium produced a marked decrease in the respiration of the organ-
isms, an accumulation of pyruvate, a decreased formation of acetate, and an
increase in aerobic glycolysis. Low concentrations of fluoroacetate (1 X 103
M) inhibited the oxidative metabolism of pyruvate which did not result in the
conversion of pyruvate to acetate; higher concentrations of this inhibitor pro-
duced also a decreased oxidation of pyruvate to acetate. No evidence has been
obtained that fluoroacetate inhibits the respiration of the filariae because of a
competitive inhibition of acetate oxidation.

Respiration and glycolysis of filariae were markedly decreased by low concen-
trations of p-chloromercuric benzoate. This inhibition could not be reversed
by a large excess of thioglycollate, cystein, glutathione, or H,S.

Respiration of the filariae was completely inhibited by cyanide (2 X 10~4 u).

The cyanine dyes, a group of compounds possessing high chemotherapeutic
activity in filariasis of the cotton rat, inhibited in low concentrations (6.5 X
10—% u) the oxygen uptake of the filarial worms. This decrease in oxidative
metabolism was associated with a compensatory increase in aerobic glycolysis
of the wormsand with decreased ratesof acetate productionand of polysaccharide
synthesis. . The same metabolic changes were observed in filariae removed from
cotton rats to which subcurative doses of a cyanine dye had been administered.

Concentrations of cyanine dyes which produced an almost complete inhibi-
tion of filarial respiration had no effect on the rate of anaerobic glycolysis of the
worms nor on the activity of cytochrome C or of cytochrome oxidase.

It is concluded that, in contrast to many other parasitic invertebrates, oxi-
dative metabolism is essential for the survival of the filarial worm, L. carinit,
and that the chemotherapeutic activity of the cyanine dyes in filariasis of the
cotton rat is due to the inhibitory effect of this group of compounds on the
respiratory metabolism of the parasite.



ERNEST BUEDING 129

I am greatly indebted to Dr. Arnold D. Welch at whose suggestion this investigation was
initiated for his constant interest and support and to Dr. Robert W. Merely for his very
valuable assistance in the studies of the acetate metabolism of L. carinii.

BIBLIOGRAPHY

. Brown, H. W., J. Am. Med. Assn., 1944, 126, 952,

2. Culbertson, J. T, and Rose, H., J. Pharmacol. and Exp. Therap., 1944, 81, 189,

16.
17.
18.
19.
20.

21.

22.
23,
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

. Culbertson, J. T., Rose, H. M., and Oliver-Gonzales, J., Am. J. Trop. Med.,

1945, 26, 271, 403.

. Lawton, A., Brady, F., Ness, A., and Hoskins, W., Am. J. Trop. Med., 1945, 25,

263.

. Welch, A. D., Peters, L., Bueding, E., Valk, A., Jr., and Higashi, A., Science,

1947, 105, 486.

. Wright, H. N., Cuckler, A. C., Cranston, E. M., and Bieter, R. N., Fed. Proc.,

1947, 6, 388.

. Hewitt, R. I., White, E., Wallace, E. S., Stewart, H. W., Kushner, S., and Subar-

Row, Y., J. Lab. and Clin. Med., 1947, 32, 1304.

. Dixon, M., Manometric Methods, New York, Macmillan Co., 1943, 62-63.
. Somogyi, M., J. Biol. Chem , 1948, 160, 61, 69.

10.
11.
12.
13.
14.
15.

Barker, S. B., and Summerson, W. H., J. Biol. Chem., 1941, 138, 535.

Friedemann, T. E., and Haugen, G. E., J. Biol. Chem., 1941, 147, 4135,

Sahyun, M., J. Biol Chem., 1933, 103, 203.

Somogyi, M., J. Biol. Chem., 1927, 75, 33.

Good, C. A., Kramer, H., and Somogyi, M., J. Biol. Chem., 1927, 75, 33.

Feigl, F., Qualitative Analysis by Spot Tests, New York, Elsevier Publishing
Co., Inc., 1946, 212.

Harnisch, O., Z. vergleich. Physiol., 1932, 17, 365.

Thomas, J. B., Z. vergleich. Physiol., 1935, 22, 284.

Von Brand, T., Biol. Bull., 1942, 82, 1; 1947, 92, 162.

Laser, H., Biochem. J., 1944, 38, 333.

Moore, S., Dimler, R. J., and Link, K. P., Ind. and Eng. Chem., Analytical Edi-
tion, 1941, 13, 160.

Lohmer, R., Dimler, R. J., Moore, S., and Link, K. P., J. Biol. Chem., 1942, 143,
551.

Dimler, R. J., and Link, K. P., J. Biol. Chem., 1942, 143, 557.

Elsden, S., Biochem. J., 1946, 40, 252.

Donleavy, J. J, J. Am. Chem. Soc., 1936, 68, 1004.

Veibel, S., and Lillelund, H., Bull. Soc. chim. France, 1938, b, 1153.

Kruger, D., and Tschirch, E., Ber. chem. Ges., 1929, 62, 2776; 1936, 63, 826.

Bell, D. J., and Young, F. G., Biochem. J., 1934, 28, 882.

Weil-Malherbe, H., Biochem. J., 1937, 31, 2202.

Krebs, H. A., and Johnson, W. A., Biockem. J., 1937, 81, 645.

Krebs, H. A., Biochem. J., 1937, 31, 661.

Barron, E. S. G., Bartlett, F. R., and Kalnitsky, G., Fed. Proc., 1946, b, 120.

Bartlett, F. R., and Barron, E. S. G., J. Biol. Chem., 1947, 169, 67.

Kalnitsky, G., and Barron, E. S. G., J. Biol. Ckem., 1947, 169, 83.



130 METABOLISM OF LITOMOSOIDES CARINII

34. Bueding, E., and Goodhart, R., J. Biol. Chem., 1941, 141, 931,

35. Bueding, E., Fazekas, J., Herrlich, H., and Himwich, H. E., J. Biol. Chem..
1943, 148, 67.

36. Hellerman, L., Chinard, F. P., and Dietz, V. R., J. Biol. Chem., 1943, 147, 443.

37. Riggs, B. C., J. Biol. Chem., 1945, 161, 381.

38, Krebs, H. A., Biockem. J., 1935, 29, 1620.

39. Umbreit, W. W., Burris, R. H., and Stauffer, J. F., Manometric Techniques and
-Related Methods, Minneapolis, Burgess Publishing Co., 1947, 45-47.

40. Brooker, L. G. S., Frontiers in Chemistry, New York, Interscience Publishing
Co., Inc., 1945, 3, 63.

41. Haas, E., J. Biol. Ckem., 1943, 148, 481. )

42, Keilin, C., and Hartree, E. F., Proc. Roy. Soc. London, Series B, 1937, 122, 298.

43. Bueding, E., Peters, L., and Welch, A. D., Fed. Proc., 1947, 6, 313.

44. Von Brand, T., Anaerobiosis in Invertebrates, Normandy, Missouri, Biodyna-
mica, 1946.

45. Kalnitsky, G., Arch. Biockem., 1948, 17, 403.

46. Hutchens, J. O., and MacMahon, T., Fed. Proc., 1947, 6, 264.



