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Abstract—Lactic, acetic, propionic and s-valeric acids, carbon dioxide, and small
quantities of formic and n-butyric acids, are products of the aerobic and anaerobic
metabolism of adult Trichuris vulpis, the canine whipworm. Approximately 50 per cent
of the glucose taken up by this parasite is accounted for by these products. The parasite
is not dependent on aerobic metabolism. In an atmosphere containing CO, (from 2 to 5
per cent) in nitrogen, 7. vulpis survives in vitro for considerably longer periods and
metabolizes carbohydrate at a higher rate than in nitrogen alone, in air, or in a mixture
of CO, (5 per cent) and oxygen (20 or 95 per cent).

Dithiazanine, a cyanine dye effective in the treatment of canine and human whip-
worm infections, in concentrations which do not affect the motility of 7. vulpis, pro-
duces an irreversible inhibition of the uptake of glucose by the parasite and a marked
reduction in the concentrations of free glucose and ATP, and in the size of the carbo-
hydrate stores in the worm. It is concluded that dithiazanine interferes with the trans-
port of glucose in T. vulpis. As a result, utilization of endogenous carbohydrate is
increased. Depletion of the carbohydrate stores and inability to utilize exogenous
glucose brings about a decrease in the generation of energy-rich phosphate bonds.
These biochemical changes can account for the chemotherapeutic action of dithiazanine
in trichuriasis.

RECENT reports have demonstrated the chemotherapeutic effectiveness of a cyanine
dye, dithiazanine, in the treatment of human subjects infected with the whipworm,
Trichuris trichiura,! as well as with other intestinal nematodes (Strongyloides
stercoralis, Enterobius vermicularis and Ascaris lumbricoides).? ® In the course of
investigations designed to determine the biological properties of cyanine dyes? the
anthelmintic activity of these compounds was uncovered during World War I1.5-7
In extremely low concentrations (5 x 10-® M) cyanines inhibit the oxygen uptake of a
number of helminths.8-1* This effect accounts for the chemotherapeutic activity of
cyanines against the filarial worm Litomosoides carinii. The structural property con-
ferring these metabolic and chemotherapeutic actions of cyanines is the amidinium
ion resonance system which is a common characteristic of this group of compounds.'?
Subsequent investigations have revealed that cyanine dyes have chemotherapeutic
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activity against certain intestinal nematodes of dogs (4scaris, Trichuris and Ancylos-
toma),’® of rats and of mice (pinworms, strongyloids).!* These observations led to the
development of a cyanine dye, pyrvinium chloride, which proved highly effective in
the treatment of human pinworm infections.'® 16 Since the oxygen tension of the
habitat of these helminths is extremely low and since most of the above-mentioned
parasites depend for survival on anaerobic, rather than on aerobic, metabolism?!™ 13
it appears that the chemotherapeutic actions of cyanine dyes on these organisms are
brought about by a mechanism other than inhibition of oxidative reactions. The high
activity of dithiazanine against similar types of intestinal nematodes provides addi-
tional support for this conclusion. In the present study an attempt has been made to
determine the effects of dithiazanine on the anaerobic metabolism of Trichuris vulpis,
the canine whipworm highly susceptible to the chemotherapeutic actions of this cya-
nine dye.

The observations reported below indicate that under both anaerobic and aerobic
conditions sublethal concentrations of dithiazanine irreversibly inhibit the transport
of glucose into Trichuris vulpis. Lack of availability precluded similar studies using the
human whipworm, Trichuris trichiura.

METHODS AND MATERIALS

After removal of the whipworms from the caecal mucosa of dogs, the parasites
were placed in a medium which had the following composition: 0-12 M NaCl, 0-005 M
KCl, 0-:001 M CaCl,, 0-001 M MgCl,, 0:02 M Tris*buffer (pH 7-7), 0-002 M sodium
phosphate buffer (pH 7-7), 0-05 M glucose; penicillin, streptomycin and kanamycin,
each in a concentration of 10 ug per ml; and mycostatin, 1 pug per ml. Subsequently,
this medium will be referred to as the basic medium. The nematodes were freed of
contaminating intestinal contents and tissue debris by three transfers into petri dishes
containing the basic medium, and were then blotted (using Whatman filter paper
no. 50), weighed, and placed in solutions in which their metabolic activities were 1o be
determined. One milliliter of medium was used per worm. When CO, was used in the
atmosphere, sodium bicarbonate was added to the basic medium, in order to readjust
the pH to 7-7. The final concentration of NaHCO, was 4-5 x 10-2 M with 5 per cent
CO,, 1-3 x 10-2 M with 2 per cent CO, and 6 x 10~-* M with 0-3 per cent CO,. With
0-1 per cent CO, no bicarbonate was required, since the decrease in the pH produced
by this concentration of gas was not significant. Gassing and incubation were carried
out in the conventional Warburg apparatus at 37 °C. Glucose was determined by the
method of Somogyil?, lactic acid according to Barker and Summerson?’, glycogen
according to Hassid and Abraham?! and total carbohydrate according to a method
used in a previous study.® Volatile acids were isolated from the media by distillation
in vacuo and subsequent concentration, as described previously;?? they were then
separated and tentatively identified by gas partition chromatography, according to
James and Martin®.

Survival of 7. vulpis in vitro was determined at 37 °C by incubating each worm in a
screw-capped culture tube containing 5 ml of medium. Each experimental condition
employed five worms and transfer to fresh media was made every three or four days.

* In this paper the following abbreviations are used: ATP, adenosine triphosphate; Tris, tris-
hydroxymethylamino methane ; TPN, triphosphopyridine nucleotide.



Biochemical effects of dithiazanine on the canine whipworm, rrichuris vulpis 313

When gas mixtures other than air were used, the medium in each tube was gassed for
1 min before, and for another minute after the parasite had been introduced. This was
followed immediately by sealing the screw-capped culture tube. The worms were
observed daily for motility, which was used as the criterion for survival.

Concentrations of glucose and of ATP in the worms were determined enzymatically,
as proposed by Slein ez al.2* by measuring the reduction of TPN as a result of the com-
bined actions of hexokinase and of glucose-6-phosphate dehydrogenase. For these
analyses the parasites were homogenized with cold perchloric acid (final concentra-
tion, 4 per cent). The mixtures were centrifuged at 1000 g for 15 min and measured
volumes of the supernatant fluids were adjusted with KOH (2 N) to a pH of 7-0. The
insoluble potassium perchlorate was removed by centrifugation at 1000 x g for 15
min. All operations were carried out at temperatures between 0 and 4 °C. Glucose
was determined in aliquots of the neutralized supernatant fractions in a reaction
mixture containing 0-01 M MgCl,, 0-05 M potassium glycylglycine buffer (pH 7-4),
0-0003 M TPN and 0-003 M ATP (pH 7-4) in a final volume of 1 ml. After glucose-6-
phosphate dehydrogenase was added, the change in optical density was determined at
340 my in a Beckman DU spectrophotometer. On completion of the reaction, hexo-
kinase was added and the reduction of TPN was measured again in the same manner
in order to determine free glucose. The same procedure was used for the determination
of ATP, except that glucose (final concentration: 0-0015 M) was added to the reaction
mixture in place of ATP. Under these conditions, reduction of 1-0 umole of TPN is
equivalent to 1-0 umole of glucose if an excess of ATP is provided, and to 1 pmole of
ATP in the presence of an excess of added giucose. Addition of glucose-6-phosphate
dehydrogenase prior to that of hexokinase insures the dehydrogenation of any glucose-
6-phosphate which may be present initially in the reaction mixture. Crystalline hexo-
kinase was prepared according to an unpublished method of Darrow and Colowick?.
Glucose-6-phosphate dehydrogenase was obtained from Boehringer and Soehne.
Of a twentyfold dilution of the hexokinase, 0-02 ml was used, as well as 0-02 ml of a
fiftyfold dilution of the glucose-6-phosphate dehydrogenase suspension (in 0-:05 M
glycylglycine; pH 7-4); these amounts were adequate to carry the reactions to com-
pletion within from 4 to 5 min at room temperature.

Hexokinase activity in T. vulpis was determined after homogenizing the worms in
0-05 M glycylglycine buffer (pH 7-4) at 0 °C. The homogenate was prepared by the
addition of 0-2 ml of buffer per 10 mg of tissue. The same reaction mixture as the one
described in the preceding paragraph was used, except that NaF (final concentration:
0-05 M) and bot/ glucose and ATP (final concentrations: 0-003 M and 0-0015 M,
respectively) were included, and addition of the crystalline hexokinase preparation
was omitted. Immediately after homogenization, 0-02 ml of the suspension or of a
dilution thereof was added to start the reaction and the increase in the optical density
due to the reduction of TPN was followed at a wavelength of 340 myu for 4 min every
30 sec. Hexokinase activity was proportional to the amount of homogenate in the
reaction mixture and was linear with time.

The potassium salt of ATP was obtained from Pabst Laboratories and TPN from
Sigma Chemical Corporation. Dithiazanine (3:3'-diethylthiadicarbocyanineethyl
sulfate) was supplied by Dr. Koert Gerzon of Eli Lilly Laboratories and 1-ethyl-
3:6-dimethyl-2-phenyl-4-pyrimido-2-cyanine chloride (CC no. 863) by Dr. L. S. G.
Brooker of Eastman Kodak Research Laboratories.
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RESULTS

Carbohydrate utilization

In an atmosphere of nitrogen, uptake of exogenous glucose by 7. vulpis varied
between 0-35 and 0-55 pmoles per 24 hr and per mg. (wet weight). This rate of
uptake is approximately one-tenth to one-twelfth of that of Schistosoma mansoni®
and one-fifth of that of Litomosoides carinii.® In the absence of added glucose, the
glycogen content of T. vulpis decreased at a rate which was about one-half the rate of
glucose uptake. These values were obtained by the determination of the rate at which
glycogen disappeared over a period of 4 hr. If the parasites were incubated without
glucose for longer periods they gradually lost their motility, and survival was reduced
to less than 1 day. In the absence of glucose the average rate of anaerobic glycogen
utilization per mg wet wt. was 0-039 pmoles (in terms of glucose units) in 4 hr, as
compared to from 0-058 to 0-089 umoles of exogenous glucose uptake during the same
period. There was no difference between the rates of anaerobic and aerobic glycogen
utilization. The average intial glycogen content of the worms (wet weight) varied
between 2-11 and 2-62 per cent (average: 2-35). After incubation for 4 hr (37 °C) in
the absence of glucose the glycogen concentration fell to between 1-53 and 1-75 per
cent (average: 1-62) under anerobic, and to between 1-50 and 1-82 (average: 1-69) under
aerobic conditions.

TaBLE 1. CARBON BALANCE OF ANAEROBIC GLUCOSE METABOLISM OF Trichuris vulpis

| 5% €0, 95% N,
Atmosphere 1009 N, P594C0O,. 959 Ny I 0-1 ug dithiazanine/ml
9% of ‘ ‘ % of | oc of
« moles* glucose— | w moles* @ glucose~ « moles* glucose—
carbon | I carbon carbon
taken up - taken up ! taken up
Glucose uptake I 041 100 064 100 ‘ 0-36 100
Products:
Formic acid 0-025 1-0 0032 0-8 0012 06
Acetic acid 0103 83 ;0175 9-1 0-084 79
Propionic acid 0-112 13-8 . 0181 142 0-091 12-7
Butyric acid 0-011 1-8 © 0013 1-4 0-002 04
n-Valeric acid 0-045 92 | 0076 99 0-034 80
C, acid (s) 0015 37 0-024 37 0-007 20
Lactic acid 0054 67 0-074 5-8 0-082 117
CO, , 025 10-2 0-25t 65 0-25+ 11-0
Total 54-7 51-4 54-3

* Per mg (wet weight) and 24 hr.
1 Estimated on the basis of CO, production determined in 100 per cent nitrogen.

Products of carbohydrate metabolism

Lactic acid production accounted for no more than from 5 to 10 per cent of the
carbohydrate utilized under aerobic or anaerobic conditions. Other metabolic pro-
ducts formed by this parasite were acetic, propionic and n-valeric acids (Table 1).
Smaller quantities of formic, »n-butyric and of an as yet unidentified hexanoic acid
also were produced. Approximately 10 per cent of the glucose metabolized under
anaerobic conditions was converted to CO,, indicating the occurrence of active
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decarboxylation mechanisms. The above products accounted for approximately 50
per cent of the carbohydrate utilized by this parasite.

Effect of carbon dioxide on carbohydrate metabolism
When T rulpis was incubated in the basic medium for several days in an atmosphere
of air or of nitrogen, the rate of glucose uptake was not maintained at a constant level,

TABLE 2. EFFECT OF GASEOUS ATMOSPHERE ON GLUCOSE UPTAKE OF Trichuris vulpis

u moles of glucose taken up in 24 hr,
(per mg wet weight)

Gas
1st day 2nd day | 3rd day

100°% N, | 047 04l | 033
038 1 042 | 025
Air 042 036 0-29
055 056 0-41

|
100%, O, 048 ' 017 | o004
032 . 026 | 016
59C0, | 075 0-80 0-78
95% N, 087 . 092 | 088

| i |

59 CO, ‘ 0-46 022 016
955, 0, | 068 0-31 024
50/CO, 068 038 026
20%, 0, 076 | 022 0-14

755 N, \

TABLE 3. EFFECT OF THE CO,; CONCENTRATION ON THE ANAEROBIC UPTAKE
OF GLUCOSE BY Trichuris vulpis

w moles of glucose taken up in 24 hr

Concentration (per mg wet weight)
of CO, (in Ny) ‘
| Ist day l 2nd day \ 3rd day
— 03 | 033 | 031
. 0-40 r 0-13 [ 0-09
0-1 i 0-48 0-19 0-07
0-36 E 033 | 030
i 1
03 0-43 : 0-31 i 0-35
0-36 0-29 0-25
2 0-76 { 0-85 | 0-82
I 088 J 0-84 | 087
l
5 } 0-71 0-76 I 0-71
0-92 0-82 0-86
0-86

086 ‘ : 080

but decreased more or less markedly (Table 2). Under these conditions another
irregularity was noted: the reduction in glucose uptake was not uniform even among
worms originating from the same host. On the other hand, if these in vitro experiments
were carried out in an atmosphere more closely approaching that prevailing in the
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natural habitat of the parasite,2—3% i.e. in a gas mixture containing 5 per cent CO,
and 95 per cent N,, the rate of glucose uptake not only was higher than in oxygen, in
air, or in various mixtures containing CO, and O,, but also remained at a constant
level for a period of at least 3 days (Table 2). The minimal concentration of CO, in
nitrogen required to produce this effect was found to lie between 0-3 and 2 per cent
(Table 3). The increase in the rate of glucose uptake produced by CO, under anaerobic
conditions was demonstrable already during shorter periods of incubation lasting
only 4 hr. Elimination of metabolically produced CO, from the atmosphere by the
use of alkali resulted in a further reduction in glucose utilization (Table 4). While CO,
increased the production of lactic and of volatile acids from glucose, the ratios of these
acids formed per mole of glucose taken up were not affected materially by the presence
of CO, in the atmosphere (Table 1).

TaBLE 4. EFFecT OF CO, ON ANAEROBIC GLUCOSE UPTAKE OF Trichuris vulpis DURING
AN INCUBATION PERIOD OF 4 HR

© moles of glucose taken up
Gas in 4 hr (per mg)
N,* 0:070
0-091

N, 0110
0117

5% CO,, 95% N, 0-162
0-146

* Center cup of incubation vessel contained 0-1 ml
of 40 per cent KOH in order to absorb the CO, pro-
dued in the closed system.

TABLE 5. SURVIVAL OF Trichuris vulpis in vitro

i
] Survival in days

Medium In air | in 5% CO,, 95% N,
Average | Limits  Average \ Limits
Complete basic medium | 60 \ 4-7 162 13-17
Without potassium i 42 | 3-6 ‘ 68 2-10
Without calcium 32 24 86  T7-12
Without magnesium ; 31 2-5 o2 o2-11
Without phosphate ] 128 + 7-17

|

Survival of T. vulpis in vitro

In an atmosphere of air the worms survived for a period of from 4 to 7 days in the
basic medium.

The concentrations of the constituents of the basic medium were arrived at by
varying the goncentration of each cation until the optimal survival period was
obtained. Omission of K+, Ca2+ or Mg2+ resulted in a significant reduction of survival
(Table 5).

In the absence of glucose, survival was reduced to less than 1 day. Glucose could be
replaced by mannose, fructose, maltose or glycerol (Table 6), indicating that one or
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several hexokinases, a glycerol kinase, a maltase and a phosphomannose isomerase
were present in the worms. On the other hand, galactose, sucrose, trehalose and ribose
did not support the survival of the worms (Table 6).

When air was replaced by a gas mixture containing 5 per cent CO, and 95 per cent
nitrogen, survival of the worms was increased significantly (Table 7). As in the experi-
ments concerned with glucose uptake, this effect of CO, required the absence of oxy-
gen. When survival was extended to a period of 2 weeks by the use of the CO,~N,
gas mixture it became evident that glucose was more effective in supporting the
survival of T. vulpis in vitro than were mannose, fructose, maltose or glycerol (Table 6).
Under these conditions, the requirement of the worms for K+, Ca?*+ and Mg?+ was
demonstrable also (Table 5).

TABLE 6. EFFECT OF VARIOUS SUGARS ON THE SURVIVAL OF Trichuris vulpis in vitro

Survival in days
Concentration |
Sugar (mg/ml) In air l in 59 CO,, 95% N,
‘\ i Average | Limits \ Average | Limits
— — 0 o o o

Glucose 2 ' 60 57 | 148 14-16
Fructose 2 56 5-6 [ 72 | 5-8
Mannose 2 5-4 56 10-3 o1t
Glycerol ! 2 42 | 36 | 53 5-6
Galactose ‘ 2 0-4 N 8 | l — —
Maltose | 4 | 44 2.6 | 40 2-5
Sucrose [ 4 0 0 f — —
Trehalose i 4 | 0 0 ! — ! —
Ribose | 2 02 0-1 — =

|

| ; |
TABLE 7. EFFECT OF THE GASEOUS ATMOSPHERE ON THE SURVIVAL OF
T. vulpis in vitro 37 °C
|

Survival (days)

Gas ‘
. Average [ Limits
Air L60 47
5% COy in air | 52 2-9
2 60 49
5% CO, in Ny 11-2

\ 9-16

Respiratory enzymes

During incubation of T vulpis in the basic medium with air as the atmosphere, the
parasites took up 0-34 umoles of oxygen per mg (wet weight) in 24 hr (37 °C). Evidence
for the presence of the cytochrome system in 7. culpis was supplied by the observations
summarized in Table 8. Homogenates of the worms catalyzed the reduction of cyto-
chrome ¢ and this rate was increased significantly by the addition of succinate.
Furthermore, reduced cytochrome ¢ was oxidized by homogenates of the worms and
this reaction was sensitive to cyanide and heat. These observations suggest that the
worms contain a succinoxidase which operates with the participation of the cyto-
chrome system. The activities of both cytochrome ¢ and of cytochrome oxidase in
homogenates are sufficiently high to account for the rate of oxygen uptake of intact
WOorms.
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Addition of hydrogen peroxide to homogenates of 7. vulpis resulted in the rapid
release of oxygen (Table 8) indicating that these worms have high catalase activity.

Concentrated aqueous extracts of 7. vulpis have a distinct red coloration. Using a
cytochrome c-deficient rat liver succinoxidase preparation®' it was found that this
pigment was not identical with cytochrome ¢. The pigment had a maximum extinction

TABLE 8. SUCCINIC DEHYDROGENASE, CYTOCHROME OXIDASE AND CATALASE ACTIVITIES
OF Trichuris HOMOGENATES

‘ ; Rate
Exp. | Reaction ‘ Measured | ——-—
no. ! component mumoles/hr
\ per mg
1 Endogenous —— 2 cytochrome ¢ Cytochrome ¢ ‘ 5-8
2 succinate —— 2 cytochrome ¢ i Cytochrome ¢ 12-7
3 2 Cytochrome ¢ — O, Cytochrome ¢ 12:4
4 | 2 Cytochrome ¢ —> O, - KCN ‘ Cytochrome ¢ 4-7
5 9-0

| 2H;0,— 2H,0 - O, 0, o2
| \ ‘

Reaction mixtures in experiment nos. ! to 4 contained 50 pmoles of phos-
phate buffer (pH 7-7), 0-04 pmoles of reduced or 0-05 pmoles of oxidized
cytochrome ¢, 0-02 ml Trichuris homogenate and, where indicated, 1 umole of
KCN or 50 pmoles of sodium succinate, or both. Final volume: 1-0 ml. The
homogenate was prepared in sucrose (20 per cent) containing 0-01 M phosphate
buffer (pH 7-7) and 68 mg of tissue per ml. Measurements were taken in the
Beckman DU spectrophotometer at 550 mu at room temperature (25 °C).
Experiment number 5 was carried out in the presence of 40 umoles of phosphate
buffer (pH 7-3), 3-0 umoles of H,O, and 0-2 ml of Trichuris homogenate. Con-
trols were run in the presence and absence of homogenate and of H,O,. The
Trichuris homogenate was prepared in sucrose (20 per cent) containing 0-05 M
phosphate buffer (pH 7-3) and contained 121 mg of tissue per ml. Gas produc-
tion was determined in the Warburg apparatus (37 °C) with 0-1 ml of 10 N
KOH in the center well.

at a wavelength of 414 mg, which was shifted to 426 my on reduction with a few
crystals of sodium hydrosulfite. This behavior is more characteristic for a hemo-
globin rather than for a cytochrome. Possibly this pigment originates from the red
cells of the host because it has been reported that trichurids secure their food from
mucosal tissue and blood.32-35

Effect of dithiazanine on metabolism of T. vulpis

Concentrations of dithiazanine lower than those which affected the motilityof the
worms significantly inhibited their rate of anaerobic glucose uptake (Table 9). There-
fore it appears that dithiazanine has a direct effect upon the carbohydrate metabolism
of T. vulpis and that these biochemical changes are not secondary to a reduction in the
motility of the worm. When the organisms were exposed for 24 hr to from 0-1 to 0-2 ug
of the drug per ml and were then transferred into dithiazanine-free medium, the
inhibition of glucose uptake persisted, and became even more pronounced in many
experiments (Table 9). This metabolic effect of dithiazanine was found to be irrever-
sible. The inhibitory effects of dithiazanine on glucose uptake were equally pronounced
in the presence and in the absence of CO,. Reduction of glucose uptake by dithiaza-
nine was associated with a corresponding decrease in the amount of volatile acids
produced, but there was no specific inhibition of the production of any particular
volatile acid (Table 1).
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Exposure of the worms to concentrations of dithiazanine which produced a reduc-
tion in glucose uptake resulted in a marked decrease in the concentrations of free
glucose, of ATP and of total carbohydrate in the worms (Table 10).

Dithiazanine had no effect on the hexokinase activity of homogenates of T. vulpis.
The highest drug concentration used was 5 pg/ml which is fifty times higher than the
one which produced decreases in glucose uptake and in the glucose concentration in
the worm.

Uptake of glucose by T. vulpis and the concentration of free glucose in the nematode
were decreased also by another cyanine dye, I-ethyl-3:6-dimethyl-2-phenyl-4-
pyrimido-2-cyanine chloride. The inhibitory effects of this dye were much weaker and
considerably higher concentrations were required. Furthermore, in contrast to
dithiazanine, the actions of this cyanine dye were reversible.

TABLE 9. EFFECT OF DITHIAZANINE ON GLUCOSE UPTAKE BY Trichuris vulpis
(Atmosphere: 5%, CO,, 95%, N,, 37 °C)

Dithiazanine |

concentration | Glucose uptake (u molesT)
during first day* i
(ug/mi) | st day | 2nd day | 3rd day
— | 066 | 063 | 06l
— : 0-77 ‘ 0:65 ‘ 0-69
— ' 0-68 ' 0-65 \ 0:68
01 ‘ 0:60 0-42 ' 046
01 ‘ 048 035 i 033
01 | 055 0-35 0-28
0-15 042 1 038 0-30
015 056 | 026 | 02
02 0-48 0-36 0-27
0-2 0-40 022 016
02 0-44 ‘ 0-29 0-14

* These worms were incubated for 24 hr in a medium
containing dithiazanine and then transferred to the drug-
free basic medium which was used throughout for the con-
trol worms.

1 Per mg worm wet wt.

DISCUSSION

Since T. vulpis survives in vitro for considerably longer periods of time in an atmos-
phere of 5 per cent CO, in nitrogen than in one containing the same concentration of
CO, in air or oxygen, it is evident that the energy required by T vulpis is provided by
anaerobic, rather than by aerobic, metabolism. The possibility that hydrogen peroxide
produced during respiration may have a deleterious effect can be ruled out because
catalase activity of the worms is far in excess of the rate of oxygen uptake. Therefore,
even if all dehydrogenation reactions were mediated by a terminal electron acceptor
catalyzing the production of hydrogen peroxide, the latter would be decomposed as
soon as it was formed. It is doubtful whether hydrogen peroxide is a respiratory
product of T. vulpis formed by a terminal flavoprotein, because cytochrome ¢ and cyto-
chrome oxidase activities are sufficiently high to mediate the respiration of the worm.
The presence of the cytochrome system and of a cytochrome ¢ linked succinoxidase
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system distinguishes T. vulpis from two other nematodes, Ascaris lumbricoides and
Litomosoides carinii, in which the cytochrome system could not be detected, and
from Schistosoma mansoni in which cytochrome ¢ and cytochrome oxidase activities
account for less than 10 per cent of the oxygen taken up by this trematode.?® Since
the habitat and metabolism of the adult whipworm are essentially anaerobic, the cyto-
chrome system in this organism may play no physiological role, but may have been
carried over from a previous, aerobic, stage in the life cycle of the nematode.

TABLE 10. EFFECT OF DITHIAZANINE ON THE CONCENTRATIONS OF GLUCOSE, ATP AND
TOTAL CARBOHYDRATE IN Trichuris vulpis
(Atmosphere: 5%, CO,, 95% N,, 37 °C)

Incubation

| ‘ ; 1 Total
Exp. ‘ period | Dithiazanine ' Glucose ATP  carbohydrate
no. | (hr) ’ (ug/ml) | (pmoles*)| (umoles*) | (umoles*)
1| 4 | — 1 ss: [ 155 125
24 ‘ 01 1-46 089 | 64
2 24 f — g0 | 153 | 146
24 : 0-1 173 076 ! 78
3 48 ‘ — 730 | 150 | 167
\ 48 , 01 158 | 048 | 36
; s |
4« @ — | 661 | 166 s
48 0-1 o188 ! 058 | 43
5, 12 ‘ — 835 | 176 \ 185
| 72 ‘ o1 092 | 036 41

For the first 24 hr the worms were incubated in a dithiazanine containing
medium. At the end of this period they were transferred into a dithiazanine-
free medium and incubated for another 24 (experiments 3 and 4) or 48
(experiment 5) hrs.

* Per g wet wt.

The marked effect of CO,, in increasing the period of survival of T. vulpis, in vitro,
and in enhancing, as well as maintaining, the rate of glucose uptake, may be due to
mechanisms for CO, fixation which are essential to the functional integrity of the
worm. The high CO, tension prevailing in the intestinal tract and contents of the
host26-30 jnsures the availability of this gas to the parasite in its natural habitat.
CO, is known to be a growth factor for some micro-organisms.*-%% Furthermore,
highly active systems for CO, fixation have been demonstrated in two intestinal
nematodes, Heterakis gallinae** and Ascaris lumbricoides.*® In these organisms CO,
condenses with pyruvate eventually giving rise to succinate. Unpublished observations
of two of the authors (E.K. and E.B.) have indicated that from 10 to 15 per cent of the
carbohydrate utilized by 7. vulpis is converted to succinate. Should this be confirmed,
CO, fixation may be prevalent in this nematode also. In addition, propionate is a
fermentation product of T. vulpis. It has been demonstrated that in muscle strips of
Ascaris, propionate is formed by the decarboxylation of succinate.*® Should a similar
reaction account for the formation of propionate by 7. vulpis, at least 25 per cent of
the carbohydrate utilized by this parasite would be metabolized through pathways
involving CQO, fixation.

An inhibition of glucose uptake by 7. vulpis was observed with concentrations of
dithiazanine which produced no change in the motility of the worms. Therefore this
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biochemical effect is not secondary to, but precedes the anthelmintic action of the
cyanine dye. If this decrease in the uptake of glucose was due to an inhibition of one
or of several enzymes concerned with the intracellular metabolism of carbohydrate
there should be an accumulation of glucose within the worm. However, the reduction
of glucose uptake produced by dithiazanine was associated with a marked decrease
in the concentration of free glucose in the worm. Therefore it is apparent that dithiaz-
anine interferes with the uptake of glucose from the medium, rather than with its
utilization. Reduced availability of exogenous glucose due to an inhibition of the
transport of this sugar into the parasite should increase the utilization of endogenous
carbohydrate reserves. This is consistent with the marked decrease in the concentra-
tion of the total carbohydrate of the worms which had been incubated with dithiaz-
anine, indicating again that dithiazanine did not interfere with the intracellular utiliza-
tion of carbohydrate. Furthermore, even high concentrations of dithiazanine had no
inhibitory effect on the activity of hexokinase in homogenates of 7. vulpis; therefore,
the cyanine dye did not inhibit the phosphorylation of glucose present in the parasite.
It is concluded that the depletion of the carbohydrate reserves is secondary to the
decreased availability of exogenous glucose due to interference by dithiazanine with
the transport of this sugar into the worm. This circumstance, in turn, leads to a
decrease in the rate at which energy-rich phosphate bonds are formed, and accounts
for the reduction in the concentration of ATP in the parasite. Owing to these changes
in carbohydrate metabolism brought about by dithiazanine, the supply of energy
required for survival is decreased and eventually should become inadequate, resulting
in the death of the worm.

The biochemical effects of dithiazanine on T. vulpis are irreversible, since they per-
sist and become even more pronounced after exposure of the worms to the cyanine
dye has been discontinued by transfer into dithiazanine-free medium. This property
is in agreement with the observed irreversibility of the chemotherapeutic action on
Trichuris trichiura after oral administration of the drug.!

It is not known whether glucose enters T. vulpis through the cuticle or via the ali-
mentary canal. In the latter eventuality the possibility should be considered that
dithiazanine interferes with the intestinal absorption of glucose.

The biochemical effects of another cyanine dye (CC no. 863) qualitatively were
similar to those of dithiazanine, but, higher concentrations were required to obtain
these effects, which proved to be reversible in the case of this particular dye. The
latter cyanine is one of the most potent ones with regards to its ability to inhibit
oxygen uptake of L. carinii.?> 8 Thus, there is no parallelism between these two types of
effects of cyanines on helminths; in fact, two unrelated mechanisms may be involved.
It remains to be determined which particular structural characteristics confer to a
cyanine dye high activity and irreversibility for the inhibition of glucose transport in
T. vulpis. Furthermore, the question arises whether there exists a relationship between
the inhibitory effects of cyanines on glucose transport in 7. vulpis and those on the
active transport of organic bases across renal tubuli reported by Peters et a/.46—48

Among helminths, considerable differences in biochemical characteristics have been
encountered, even among species which are closely related to each other morpholo-
gically and taxonomically.??> 18 Although 7. trichiura, the whipworm invading man,
and T. vulpis are equally susceptible to the chemotherapeutic actions of dithiaz-
anine,l> 4® investigations of the effects of this cyanine dye on T. trichiura are required
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in order to ascertain more definitely whether inhibition of glucose transport accounts
for the anthelmintic action of dithiazanine in human trichuriasis.
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