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Introduction

Metronidazole, a member of the 5-nitroimidazole family, is
the most widely used drug in the treatment of anaerobic
protozoan parasitic infections.1 It is remarkably safe com-
pared with the toxic amoebicide, emetine,2 and is now 
the recommended alternative for treating amoebiasis.
Although failures have been reported in the treatment of
liver abscess and dysentery with metronidazole,2 no clinical
resistance has been reported in Entamoeba histolytica.
Metronidazole and the related nitroimidazole, tinidazole,
are also the only effective drugs for treating trichomoniasis
and are the drugs of choice for treating giardiasis.3 In the
latter cases clinical resistance to these drugs has been 
documented.3–5

E. histolytica is amitochondriate and microaerotolerant,
and relies on fermentative metabolism for the production
of ATP. A crucial step in the energy-producing pathway of
anaerobic organisms is the decarboxylation of pyruvate 

to acetyl CoA, a reaction catalysed by the enzyme 
pyruvate:ferredoxin oxidoreductase (PFOR).6 Concomi-
tant with the decarboxylation of pyruvate, an electron 
carrier such as ferredoxin7 is reduced and in turn reduces
the 5-nitro group of metronidazole to produce toxic 
radicals, the active form of the drug.8

PFOR is a key enzyme in all anaerobic organisms.9 Its
involvement in the reductive activation of metronidazole in
giardia has been well characterized10 and, in parasites
resistant to metronidazole, decreased PFOR activity is one
mechanism of drug resistance.3,11 Similarly, in metronida-
zole-resistant lines of Trichomonas vaginalis,5 Bacteroides
fragilis,12 Clostridium perfringens13 and Tritrichomonas
foetus,5 decreased PFOR activity is associated with resis-
tance.1 In the case of T. foetusa complete absence of PFOR
is correlated with resistance to high levels of metronida-
zole.5 Other mechanisms of resistance to metronidazole
that have been documented include decreased levels of
ferredoxin14,15 and changes in membrane transport.16
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Clinically resistant isolates of trichomonas have been
reported with no decrease in PFOR.17

Giardia does not have the conventional detoxification
enzymes superoxide dismutase (SOD), catalase and 
peroxidase.18 In contrast, entamoeba does contain SOD
and thus has the capacity to detoxify superoxide radicals
and to use mechanisms of detoxification different from
those in  giardia.18 However, the involvement of SOD in
drug resistance has not been conclusively reported
although the concept of futile oxygen cycling to transfer
electrons from the activated nitro group of the nitroimida-
zole drug to O2 as a mechanism of resistance19 may imply
involvement of SOD.

We report here the induction of metronidazole resist-
ance and an investigation into the mechanism of this 
resistance in axenic E. histolytica.

Materials and methods

Parasite cultures

E. histolyticastrain HTH-56:MUTM20 was cultured axenic-
ally in TYI-S-33 medium21 in filled 5 mL tubes incubated
vertically at 35°C. 2 105 parasites were routinely obtained
from each tube.

Induction of metronidazole resistance

Trophozoites were initially introduced into medium 
containing 1 M metronidazole (Sigma, Castle Hill,
Australia). Stock solutions of metronidazole (6 mM) were
prepared in deionized water and diluted into culture
medium. Once the parasites had adapted and were growing
at the same rate as the untreated parent stock, the drug
concentration was increased in 1 M steps.

Detection of PFOR activity in non-denaturing
polyacrylamide gels

Soluble whole trophozoite extracts (from 3 106 parasites)
were prepared essentially as described by Townson et al.11

Briefly, freshly harvested parasites were disrupted by
repeated freezing and thawing in liquid nitrogen, in anaer-
obic lysis buffer (100 mM potassium phosphate buffer pH
7.5, 25 mM 2-mercaptoethanol, 1 mM PMSF, 5 mM EDTA,
1% Triton X-100 (Sigma)) and sonicated (2 3 sec). After
centrifugation at 100,000g for 40 min at 4°C, the super-
natant fraction was used for electrophoresis. Protein con-
centrations of samples were determined with the Bio-Rad
(Hercules, CA, USA) protein assay kit using bovine serum
albumin as a standard. Samples (20 g protein/lane) were
subjected to non-denaturing polyacrylamide gel electro-
phoresis carried out in 9% gels at 4°C using the running
buffer described by Laemmli22 containing 10 mM 2-
mercaptoethanol but omitting SDS. The gels were pre-

cooled and pre-run prior to electrophoresis and enzyme
activity was detected as described in Townson et al.11 Gel
slices were washed in cold 100 mM potassium phosphate
buffer (pH 7.5) with 5 mM 2-mercaptoethanol for 10 min
then incubated in 100 mM potassium phosphate buffer 
(pH 7.5) containing 5 mM 2-mercaptoethanol, 200 M
coenzyme A (CoASH), 10 mM sodium pyruvate (or 
10 mM -ketobutyrate, -ketoglutarate or oxaloacetate)
and 5 mg/mL nitroblue tetrazolium (NBT) (all from
Sigma). Enzyme activity was detected by the formation 
of a blue formazan precipitate in the gel matrix.23 After
maximum colour development, gels were washed in 
distilled water to terminate the reaction. Where possible all
steps were carried out at 4°C in an anaerobic hood.11

When membrane and cytoplasmic extracts were com-
pared, extracts were prepared as described above but
omitting Triton X-100. The supernatant after the first
centrifugation was the cytoplasmic fraction. The pellet was
extracted with anaerobic buffer containing 1% Triton X-
100, recentrifuged and re-extracted. The pooled super-
natants from the last two steps contained solubilized
membrane components.

Spectrophotometric assay for PFOR activity

Parasite extracts prepared as described above for PFOR
gel assays were assayed anaerobically for PFOR activity
using a modification of the method of Lindmark.24 Similar
to the method described by Townson et al.,11 assays were
carried out using 200 M CoASH, 10 mM sodium pyruvate
(or other 2-oxoacid), 25 M NBT in 100 mM potassium
phosphate buffer (pH 7.5) containing 20 mM 2-mercapto-
ethanol. Each assay contained 1 g of protein in a final 
volume of 200 L and the reaction was initiated by the
addition of parasite extract to the assay components. No
PFOR activity was detected when pyruvate or CoASH
were omitted from the assay mix. Dilution of entamoeba
extracts in 100 mM potassium phosphate buffer (pH 7.5)
resulted in loss of enzyme activity. Consequently a fresh
dilution was prepared immediately prior to each assay. The
rate of reduction of NBT at room temperature at 560 nm
was determined using 560= 0.72 L/mmol/mm.25 Assays
were carried out in a Cary 4E spectrophotometer. It was
assumed that 1 mole of NBT was reduced per mole of
pyruvate decarboxylated. Similar results were obtained
with either NBT or methyl viologen11 as electron acceptors. 

Superoxide dismutase activity

Parasite samples, prepared as described above for PFOR
activity except that 2-mercaptoethanol was omitted from
the lysis buffer, were electrophoretically separated in non-
denaturing gels.18 SOD activity was assayed in situ in the
gels as described by Brown et al.18 Briefly, following
electrophoresis gel slices were washed in deionized water
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containing 20 mg/mL NBT, washed briefly in deionized
water and then in 36 mM potassium phosphate buffer (pH
7.5) containing 10 mg/L riboflavin (Sigma) and 4.5 L/mL
TEMED (Bio-Rad) in the dark. Upon exposure to light,
clear achromatic zones in the blue gel background
indicated SOD activity.26

SOD activity was also measured spectrophotometrically
using the method of McCord & Fridovich.27 Freshly pre -
pared extracts were desalted through a Sephadex G25
Medium column immediately prior to assay. Assays con-
tained 5 nM xanthine oxidase (Sigma), 0.1 mM xanthine, 10

M cytochrome c (Sigma) and sufficient extract to inhibit
cytochrome c reduction by 50% in 50 mM potassium phos-
phate buffer (pH 7.8). 

SOD activity inhibition assays contained 0.5 mM H2O2

or 1 mM potassium cyanide in the assay mix. In control
assays the superoxide generator (xanthine/xanthine oxi-
dase) was omitted to determine background rates of
cytochrome c reduction.

Immunofluorescence assays

Methanol-fixed drug-susceptible and -resistant E. histo -
lytica trophozoites were reacted with monoclonal antibody
(mAb) Eh 208C2-2, as described by Thammapalerd &
Tharavanij.28 Fluorescence microscopy was carried out
using a Zeiss Axioskop microscope (Zeiss, Oberkochen,
Germany) with incident UV illumination (Zeiss filter 

set 10, excitation range 450–490 nm and barrier filter,
515–565 nm). 

Immunoblots

Electrophoretically separated proteins were transferred to
Hybond-C (Amersham, Little Chalfont, UK) membrane.
Filters were blocked with a milk powder solution (2.5%,
low-fat Carnation) and reacted overnight with mAb Eh
208C2-2 (3.5 mg/L) and bound antibody was detected 
with horseradish peroxidase-conjugated goat anti-mouse
immunoglobulin (Amersham) as described in Capon et
al.29

Results

Induction of drug resistance

Trophozoites were grown in sub-lethal levels (1 M, or 
0.17 mg/L) of metronidazole for 38 days before they stably
adapted to 2 M drug. Following this period, drug con-
centrations were increased by 1 M every 7–14 days to a
maximum of 10 M (1.7 mg/L) within 177 days. Since then
parasites have been growing in 10 M drug for 120 days. 

PFOR detection and activity

mAb Eh 208C2-2, which we have previously shown to
detect PFOR,30 reacted with both metronidazole-resistant
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Figure 1. Immunofluorescence of (a) metronidazole-susceptible (MUTM) and (b) metronidazole-resistant (MUTM-M1) E.
histolytica trophozoites reacted with mAb Eh 208C2–2.
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and -susceptible parasites as judged by the immuno-
fluorescence assay (Figure 1). Fluorescence appeared to be
associated predominantly with membranes. There did not
appear to be less fluorescence in metronidazole-resistant
parasites; if anything an increase in fluorescence was
observed.

In non-denaturing gels assayed for PFOR activity a
formazan band indicating enzyme activity was detected
when pyruvate was used as a substrate (Figure 2a). This
band was the same as that detected by the mAb when 
a parallel gel slice was blotted and reacted with mAb 
(Figure 2b). Both metronidazole-resistant and -susceptible
entamoebae demonstrated the same band of enzyme 
activity with similar intensity (Figure 2a). The PFOR band
corresponded to a prominent Coomassie stained band
(data not shown). Activity was detected when 5 g of
protein was used and 20 g was routinely loaded per lane.
When the 2-oxoacids -ketobutyrate, -ketoglutarate and
oxaloacetate were used as substrates, the same bands of
enzyme activity were observed in each case (Figure 3). The
difference between different substrates in the intensity of
the formazan band routinely indicated the preference of
PFOR for pyruvate and -ketobutyrate (Figure 3 and data

not shown). When cytosolic and membrane extracts were
prepared and assayed for PFOR activity, negligible activity
was detected in the cytosolic fraction (data not shown).

Although metronidazole-susceptible and -resistant
parasite extracts demonstrated the same band of PFOR
activity with similar intensity in gel assays (Figure 2A), in
spectrophotometric assays the metronidazole-resistant
parasite extracts had higher activities (Table). 

Entamoeba PFOR activity was significantly greater than
giardia PFOR activity measured concurrently, with pyru-
vate as substrate; 3188 nmol of substrate was decarb-
oxylated/min/mg protein compared with 858 nmol/min/mg
in a similarly prepared extract of the cloned giardia line
WB-1B.29
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Figure 2. Extracts of drug-resistant and -susceptible E. histo-
lytica separated under non-denaturing conditions. (a) PFOR
activity assayed in situ in the gel. (b) PFOR enzyme detected
with mAb Eh 208C2-2 MAb on an immunoblot. Lanes 1, extract
of drug-susceptible parasites; lanes 2, extract of metronidazole-
resistant parasites; lanes 3, extract of parasites resistant to 30

M emetine.

Table. Specific activity (in units/mg protein) of PFOR and
SOD in drug-susceptible and resistant E. histolytica; each

value repesents the mean of three estimations

Parasite line PFORa SODb

MUTM 3430 229 3.06 0.12
MUTM-M1 4530 143 8.92 0.80

a One unit of PFOR activity is equivalent to the number of nmol
pyruvate decarboxylated/min.
b One unit of SOD activity is the amount of extract required to inhibit
cytochrome reduction by 50%/min.

Figure 3. Substrate usage of 2-oxoacid oxidoreductase. Extracts
were separated under non-denaturing conditions and gel slices
were assayed with different substrates. Lane 1, pyruvate; lane 2,

-ketobutyrate; lane 3, -ketoglutarate; lane 4, oxaloacetate

a b
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Superoxide dismutase activity

Achromatic zones in the coloured background of non-
denaturing gels were observed when E. histolytica extracts
were assayed for SOD activity (Figure 4). Two bands of
activity were evident in extracts of cells grown in the
absence of drug pressure. In extracts of metronidazole-
resistant parasites the activity of the upper SOD band
(Figure 4) was estimated to be five times higher than that in
extracts of susceptible parasites, while the lower SOD band
was not detectable. 

The SOD activity measured spectrophotometrically was
three times higher in metronidazole-resistant parasites
than in metronidazole-susceptible parasites (Table). SOD
activity in both metronidazole-resistant and -susceptible
parasites decreased by 80% when assayed in the presence
of H2O2. However, potassium cyanide had no effect 
on activity. This is consistent with iron-containing SOD
(Fe-SOD) in E. histolytica as previously reported.31

Discussion

We have induced metronidazole resistance in an axenic
laboratory strain of E. histolytica . The drug-resistant line
has been continuously maintained in medium containing 
10 M metronidazole for 120 days. In our hands constant
exposure to 10 M metronidazole is lethal to strain HTH-
56:MUTM used in these studies. These concentrations are
also lethal for the HM-1:IMSS strain (ATCC 30459)
cultured under the same conditions (data not shown) and

this is consistent with published data for HM-1:IMSS, in-
dicating that susceptibility to metronidazole varies from a
minimum lethal dose (MLD) of 11.6 M over 72 h,32 to a
50% inhibitory dose (ID50) of 29.7 M over 24 h.33

Reported susceptibility of the HK-9 strain ranges from a
50% effective dose (ED50) of 2 M34 to a lethal dose (LD)
of 11.6 M over 100 h.35

In comparison with trichomonas where levels of resist-
ance reached 584 M metronidazole in 366 days36 and
giardia which was selected in 115 M metronidazole after
mutagenesis,37 entamoeba appear less able to develop
resistance to high concentrations of metronidazole.

From the similarity in banding patterns between PFOR
activity with four different substrates, it appears that there
is only one 2-oxoacid oxidoreductase (2-OR) in enta-
moeba, in contrast to the two distinctly different 2-ORs 
in giardia.11 Spectrophotometric assays did not indicate
decreased enzyme activity in metronidazole-resistant 
entamoeba extracts when pyruvate was used as a substrate.
In fact, we observed an increase in PFOR activity in
metronidazole-resistant parasites. This was consistent with
an increase in the size of metronidazole-resistant enta-
moeba (unpublished) such that each parasite contained
approximately twice as much protein as each metro-
nidazole-susceptible trophozoite. This may explain the
apparent increase in PFOR activity in metronidazole-
resistant parasites shown in Figure 1. Although pyruvate is
a major PFOR substrate, the activity gel assays suggest that
decarboxylation of alternative substrates may lead to the
reduction of suitable electron donors for metronidazole.
This could be due to mutation or regulation of the single
homodimeric PFOR, induction of different alleles, or the
regulation of two almost identical genes encoding very
similar subunits or primary enzymes, as has been recently
detected in T. vaginalis.38 Gene cloning may answer these
questions.

It is not unusual for one organism to contain two or more
SOD enzymes differing in their metal centres (Mn, Fe, Cu,
Zn)18 but this has not previously been reported for E.
histolytica. In our assay, two different SOD activities were
evident in E. histolytica. One of these SOD activities was
markedly higher in metronidazole-resistant entamoeba
while the other activity was absent. When measured in vitro
there was three times more SOD activity in extracts from
metronidazole-resistant parasites, which was attributable
to Fe-SOD. Activation of SOD usually implies detoxi-
fication of free radicals and this is consistent with removal
of nitro radicals derived from metronidazole activation as
has been proposed for the protection of nitric oxide directly
by SOD.39 In Escherichia coli, Fe-SOD is maintained 
constitutively, even under anaerobic conditions, to protect
O2 -sensitive enzymes from inactivation during the 
transition from anaerobiosis to aerobiosis.40 A similar
mechanism may be operating in metronidazole-resistant 
E. histolytica to protect the organism from a variety of toxic
radicals.
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Figure 4. SOD activity of metronidazole-susceptible and resist-
ant E. histolytica extracts separated under non-denaturing 
conditions and assayed in situ in the gel. Lanes 1 and 2, MUTM;
lanes 3 and 4, MUTM-M1.
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Alternatively, increased SOD activity in metronidazole-
resistant E. histolytica may indicate a generalized stress
response, about which little is known in Entamoeba. The
induction of SOD activity in E. coli and E. histolytica by
metal chelators and electron sinks26,31 and overproduction
of SOD in glucose-starved E. coli leading to enhanced sur-
vival41 are both examples of SOD involvement in stress.
Futile cycling of metronidazole with available O2 is also 
a possible mechanism of resistance as suggested for 
T. foetus.19 However, in the presence of the drug, metro-
nidazole-resistant entamoeba grow at a comparable rate to
cells without the drug under anaerobic conditions (unpub-
lished). Increased SOD was originally thought to be a
mechanism of metronidazole reduction in Helicobacter
pylori.42 However, it has since been shown that increased
SOD activity is not always associated with metronidazole-
resistant bacteria.43

mAb Eh 208C2-2, which was raised against sonicated E.
histolytica of the strain HM-1:IMSS and which recognizes
an epitope of entamoeba PFOR,30 showed no decrease in
the amount of PFOR present in metronidazole-resistant
parasites when compared with metronidazole-susceptible
parasites. The intensity of fluorescence found in immuno-
fluorescence assays confirms that PFOR is an abundant
protein, as shown in our previous study30 and that it is
found predominantly in the membrane. The localization 
of PFOR in the membrane was also confirmed by cell
fractionation in this study and is consistent with the obser-
vations made by Thammapalerd & Tharavanij.28 It is also
consistent with the results of Townson et al.11 for giardia
and that of Williams et al. 44 and Hrdy & Müller38 for tri-
chomonas, both of which have PFOR predominantly
associated with the membrane. In contrast, PFORs from
Clostridium, Halobacterium, and Klebsiella spp. and E. coli
are soluble.44 Crude extracts of Entamoeba have greater
PFOR activity than similarly prepared extracts of giardia
which is consistent with the apparent abundance of the
membrane-bound enzyme.

Entamoeba PFOR was stable when crude extracts were
prepared at 4°C under anaerobic conditions and was stored
in the presence of 1 mg/mL BSA at 20°C for several
weeks. It appeared to be more stable than trichomonas
PFOR44 while the enzyme from giardia was similarly
stable.11 Entamoeba PFOR was, however, susceptible to
dilution inactivation, possibly a result of removal of a
cofactor(s) that confers stability.

Metronidazole is a widely used and extremely valuable
drug. If clinical resistance to this drug becomes prevalent in
E. histolytica there is no safe alternative class of drug avail-
able. This unfortunately is the situation with the treatment
of trichomoniasis, and in some parts of the world up to 90%
of isolates of H. pylori, which is now considered a Group I
carcinogen,45 are metronidazole-resistant.46,47 We have
shown that metronidazole resistance can be induced in E.
histolytica, albeit at low levels in comparison with giardia
and trichomonas. These levels are still several times lower

than serum levels of the drug (70–100 M) following
recommended doses.3 However, parasites in an abscess are
likely to encounter significantly lower levels of drug than
found in the serum. In this light resistance to 10 M (1.7
mg/L) metronidazole may result in metronidazole treat-
ment failures in cases of amoebic abscesses.
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