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Abstract Rndioactivitv from “C-mctronidnzolc was quickly taken from the medium into 
cells of ‘Ci~lw~~wutrs rcc~;irurli.s. It was rapidly metabolised by these organisms. largely to one 
product. bq removal of the S-nitro group. Radioactivity from “C-metronidaLolc was also 
bound lo DNA and protein of 7: ruyirwlis but not to RNA. Inhibition of nucleic acid syn- 
thesis was domonstrntcd in both this and other drug-sensitive organisms at drug con- 
contrations as low as I jrg:ml. A possible mechanism of action of the drug has been postu- 
Iatcd. 

ML:TKONII)AZOLII. I-(2’-hydroxycthyl)-2-methyl-5-nitroimidxzole. has for many years 
found widespread use in the oral treatment of trichomoniasis. amoebiasis, giardiasis 
und Vincent’s stomatitis. 

However. even though the drug displays a wide spectrum of activity against both 
anaerobic protozoa and bacteria. very little is known on its primary mechanism of 
action. A further investigation was therefore thought worthwhile aimed at elucidat- 
ing both the drug’s mechanism of action and its specificity to anaerobes. 

EXPERIMENTAL 

Cuiti~ution of’wlls. Trichormu~s nxginulis was grown at 37’ in modified Bushby’s 
medium’ containing 30 per cent inactivated horse serum and was sub-cultured every 
48 hr. Bclbre each experiment. the organisms were harvested by centrifugation (350 .(I 
for IO min). washed in 0.25M sucrose or Earle’s solution’ and resuspended in an 
appropriate volume of fresh medium. The organisms were then incubated at 37:‘ for 
2 hr to ensure exponential growth during the subsequent experiment. 

Enrrr~chtr histolyticrr was grown in axenic culture using a method described by 
Diamond.” Chstritlium wlchii was cultured for 16 hr at 37” in a brain/heart infusion 
(Oxoid) under an atmosphere of hydrogen (90 per cent) and carbon dioxide (10 per 
cent) using an all metal anacrobe jar (Baird and Tatlock). 

K~f,rrh.~c~rr p~*r~$wmi.s 1630/l CL-R was grown at room temperature in a pro- 
teosc pcptonc (IO g/l). yeast extract (2.5 g/l) medium and was sub-cultured every 7 
days. 

Tissue cultures ol’human lung or chick embryo cells were prepared at 37 in Eagle’s 
medium“ containing IO per cent inactivated calf strum. The cells were separated 
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from each other before use by gently Hushing them from the walls of the culture bot- 
tles with a mixture (4 ml) of 025 per cent trypsin in phosphate buffer pH 7.4 and 
Hank’s solution.’ until they became complctcly dispersed. Eagle’s medium (A ml) 
containing 10 per cent inactivated calf serum was finally added. 

I:jlttrLJ c?J’rtic~trollida~ol~~. ‘“C-Metronidazole (1) WBS synthesized for this invcstign- 
tion with the radioactive isotope incorporated into the 2 position of the imidnzolc 
ring and was ~96 per cent pure when measured by revcrsc isotope dilution analysis.” 

02N 

CH2CH20H 

( 1) Metronidazolc-2-‘SC 

‘“C-Mctronidazole (sp. act . 27 &iimg) was added to actively growing cultures of -L 
lvrgirurlis. Tctrrrhynvna /~yr$mvis, human lung and chick embryo cells at a final con- 
centration of 7.4 PgLgjml. 

Aliquots (0.1 or 1.0 ml) were removed from each culture at different times through- 
out a 2 hr incubation, the cells collected by centrifugation and washed in 0.25M suc- 
rose. They were then digested with NCS sample solubilizer (I ml) at room tcmpera- 
ture and the radioactivity estimated, after the addition of Nuclear Enterprise (NE) 
213 liquid scintillator (10 ml). by liquid scintillation counting using a Packard Tri- 
Carb liquid scintillation spectrometer model 3314. The quench correction was made 
using an internal standardisation technique employing ‘“C-hexadecanc standard 
purchased from the Radiochemical Centre. Amersham. 

A further experiment was also completed to test the effect of increasing 14C- 
metronidazole concentrations (2.5 /lg/ml to 40 /lg/ml) upon the rate of uptake ol 
radioactivity by IL wginulis. 

Distrihutiort in T. vaginalis. 14C-metronidazole was added to an actively growing 
culture of 7: zvuqinalis at a final concentration of 5 jfg/ml and samples (0.1 ml) 
removed at intervals throughout a 2 hr incubation at 37 . 

The trichomonads were again collected by centrifllgation. washed in 0.2SM SLIC- 

rose and quickly frozen in a freezing mixture of solid carbon dioxide and acetone 
for storage at - 20’ . 

A cold 0.3N perchloric acid-insoluble fraction was then prepared and examined. 
either directly or after enzymic hydrolysis, by the methods used for nucleic acid 
analysis. 

For an investigation ofeffect of RNasc (Sigma: Bovine pancrease) or papain (Hop- 
kin and Williams) hydrolysis on mctronidazole binding, the cells were first suspcndod 
in 0.5M phosphate buffer pH 7.4 (0.4 ml) and sonicated at 4’ for 7 set using a Dawcs 
Soniprobe at full power. The respective cnzymc solution (0.1 ml), prepared in the 
phosphate buffer pH 7.4, was then added to give a final concentration of 0.5 mg/ml. 
A duplicate sample. prepared with phosphate buffer instead of enzyme. was used as 
a control and all samples were incubated at 37” for 4 hr. 

DNnse (Sigma: Beefpancrease) hydrolysis was achieved using essentially the same 
procedure. a 002M magnesium sulphate solution pH 6.5 being used instead of the 
phosphate buffer. 



~~tffb~~isi~l studies. Trichomonads, exposed to ’ “C-metronidazole (6.5 pgjml) for 

periods of up to 3 hr, were washed with 0.25M sucrose and extracted by boiling with 

90”,, ethanol, 20’“,, ethanol and finally water. The pooled extracts were concentrated 
by rotary evaporation, non-labelled metronidazole was added and thin layer chro- 
matography (TLC) carried out on plates coated with Merk Silica Gel GF,,, 
(O-25 mm). The plate was developed in two dimensions, first in fresh n-propanol- 
ammonia (4: 1) and then in rr-butanol--acetic acid--water (4: 1 : 1) prepared 2 days pre- 
viously. Non-labelled metronidarolc &as located by its quenching of background 
Ruoresccnce \vhen viewed under u.v. light and the radioactive products by autoradio- 
graph\: using Ilford X-ray plates type XM exposed for 4 months. 

Attempts wcrc also made to isolate and purify the major radioactive product pres- 

ent in an ethanol- water extract of trich~~~n~)ll~~ds treated with metronidazole. The in- 

itial isolation consisted of repeated TLC of the extract using grooved plates? coated 
with Mcrk Silica Gel GF,,, and dcvelo~~ed in one dimension with acetone-water 
(4: 1). A sample of the metabolitc obtained after this isolation was retained for deter- 

~~~i~~~~ti~~~~ of its i/t t.itrr> activit\; against both 7: ~~~~~j~?~~~;.s and C. ~~,i,~(~~l~i. 
Further puritication of the major metabolite was undertaken by column chromat- 

ography using a silica gel column developed stepwise, first with acetone (40 ml). then 
acetone~~water (4: 1 v’v: 40 ml) and finally water (40 ml). The purified product was 
finally charactcrised by u.v. spectroscopy, ~ol~~ro~raphy and extraction into ethyl 
acetate at pH I. 7 and 14. both before and after hydrolysis with dilute hydrochloric 
acid at 70 for 2 hr. 

fr~l~ihitio/~ “f’ rl~r&ic* W~LI .s~~the.si.s. Adcnine-X-“C (4 ,Ki) was added to the cul- 
tures, which were divided into two equal portions. Metronidazole was added to one 
portion at a final concentration of 5 or 50/@ml. the other acted as a control. Ali- 
quots (0.1 ml) were removed at intervals from both cultures throughout a 2 hr incu- 
bation; the cells from these aliquots were harvested by centrifugation. washed in Ear- 
le’s solution and the nucleic acids precipitated with cold 0.3N perchloric acid for 
radiochemical analFsis.8 

The c6ect of metronidazoic on DNA and RNA synthesis of 7: ~ugi~ulis was also 
compared. first by dividin g a culture into two 12.5 ml portions, adding ‘“C-thymi- 
dine to one and ‘5C’-uridine to the other. Each culture was then divided into five 
2.5 ml portions for the addition of metronidazoic at the final concentrations of 0.5. 
IQ. 3.0 and 3.0 /[g:rnl respcctivcly. the fifth portion acted as a control. 

Aliquots (0.1 ml) were removed at intervals and examined for nucleic acid synthesis 
as described prcviousl>. 

IJ’@&~P of’ iirr~rroirirlti_t)~~,, Trichom~~tl~lds readily accumtll~~tcd radi~~~ictivity from 
“C-mctronida/ole (tinal concentration 7.4 Lcgjml) giving maximum levels at 2 hr after 
addition of the drug. these then dccrensing to ~l~~proxirnatcl~ one third of the maxi- 
mum value at 5 hr (Fig. I ). 

When ‘“C-mctronida76le was added to a culture of 7: ~~ff~j~2u~j.s at various con- 
centrations. saturation kinetics of drug absorption was demonstrated. Thus, by pre- 
senting the results graphically as a Lincweaver-Burk plot. a linear relationship was 
observed and a constant, equivalent to the Michaelis-Menten constant in enzyme 
kinetics. of 20 [tg:rnl determined (Fig. 3). 
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However, when “C-mctronidazolc was added to cultures of ‘f;‘lr.trh!.~l~c~r?~~ /IIY~- 
$wrnis. human lung and chick embryo cells. the degree of absorption of radioacti&ty 
was very much less, the levels always remaining low and rclntively constant io~r 2 1’~ 
maximum). Thcsc cells were all aerobic and inscnsitivc to mctronidazolc. 

Disrrihuriurz irl T. vaginalis. It was shown that radioactivity from “C-mctronida- 
zole was bound to the cold U3N perchloric acid-insoluble material of 7: ~/ir~li.s 
and accumulated in this fraction. 

In addition. enzymic hydrolysis of the samples prior to 0.3N pcrchloric acid prcci- 
pitation revealed that RNnsc had no cffcct on the degree of binding. although this 

20 - 

16 - 



The mode of action of metronidazole in Trichorwrws utrgirrulis and other micro-organisms 1425 

(a) IOpg/ml of 
metronidazole 

(bj 106pg/ml metronidozole 
equivalents of the major 

14C- metabolite 

FIG. 3. Polaropraphic traces of la) IO pg:ml of mctronidazojc and (bl 10~3 pg:‘ml metronidazole equivalents 
of Ihc major “C-metaholitc isolated from T rtyirwlis trcatcd with the labclled compound. 

was reduced by 27 and 41 per cent respectively with DNase and papain. The results 
therefore provided tentative evidence that radioactivity from metronidazole was 
binding to DNA and protein of ‘T: mxgiwcrlis but not to RNA. 

Mc~tdwliw~ .stzrdir.s.Two dimensional TLC of ethanol-water extracts from tricho- 
monads incubated with ‘?Y-mctronidazolc revealed one major product with traces 
of several minor products. None of the products detected corresponded to parent 
drug. 

Isolation and characterisation of the major mctabolite of metronidazole formed 
by T rqhlis showed it to be inactive in rifro against both 7: t:a~qirtalis and C. wrlchii. 
In addition, both u.v. spectroscopic and polarographic data (Fig. 3) demonstrated 
the absence of a nitro group. The compound could not be extracted from water into 
ethyl acetate at any of the pH values tested. either before or after acid hydrolysis. 
indicating the hydrophilic nature of its constituent groups. 

Idd~itim OJ’IIW/L~~C ucid synthesis. It was found that metronidazole, when added 
to a culture of T Ivrginalis at a final concentration of 5 /lg/ml, was a potent inhibitor 
of nucleic acid synthesis as measured by incorporation of 14C-adcnine into a cold 
0.3N perchloric acid-insoluble fraction of the organism (Fig. 4). The inhibition was 
extremely rapid (Z&30 min) and occurred long before death of the trichomonads at 
approximately 5 hr (Fig. 5). 

Similar effects were also observed with the drug-sensitive organisms E. histolyriw 
(Fig. 6) and C. wrlchii (Fig. 7) although not with drug-insensitive cultures of T~rrah_~ 
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2500 
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IIWIW p~~~~~~~is. human lung or chick embryo culls. cvcn though the mctronidnxolc 
concentration in these cultures \vus incrcascd to SO~~g:ml. 

A comparison of the degree of inhibition of DNA and RNA synthesis in 7: 
raghulis at different metronidazolc concentrations. as measured bp “C’-thymidinc 
and ‘SC-uridinc incorporation into the rcspcctivc nucleic acids. lililcd to indicate 
which nucleic acid was being inhibited lirst. Thcrc was howcvcr an cxccllent corrcla- 
tion bctwecn metronidazole concentration and dcgrec of inhibition of both DNA 
and RNA synthesis. the first effect being observed at II drug concentration of 1 pgiml 
in both casts (Figs. 8 and 9). 

750 c Metronldo zole 

250 

30 60 90 120 

Time, mln 

FIG. 5. Inhibition of the nuclcis acid ~~nthcsis ol’ 7: rtr~qim//i.x h! mctronid;~/olc al’ter adding the drug to 
an aclivcly growing culture iit ii final conccntralion of 5 pg,ml. Mctronidomlc wits addd ;ilicr 40 miti 
and the speed of the dru@‘s action dctormincd. I A) (‘ontrol culture: IA) mctr~mid~~/~dc trc:ttctl culture. 
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Time, min 

FIG. 6. Inhibition of nucleic acid synthesis of E. kktol~ricu by metronidazole after adding the drug to an 
actively growing culturu. (A) Control culture: (A) mctronidazole treated culture (5 pg;ml); (0) metronida- 

7ole treated culturc (50 &ml). 

DISC‘l.SSION AND C‘ONCLI:SIONS 

Although this investigation has revealed several differences between the fate and 
effect of metronidazole in drug-sensitive and -insensitive cells. it was felt that by far 
the most important and possibly key factor in the chcmothcrnpcutic activity of this 
drug, was its metabolic fate in anaerobic, drug-sensitive cells. 

The rapid and complete metabolism of metronidazole within an organism such 
as 7: wgirdis would effectively maintain a concentration gradient of parent drug for 
its continued diffusion into the cell. This could therefore represent an important 
mechanism by which 7: ragirdis accumulated the large quantities of radioactivity 
observed experimentally. although of course the possibility of active transport should 
not be complctcly cscluded. 

Time, min 

FIG. 7. lnhihition of nucleic acid synthesis of C. wlchii by metronidazole after adding the drug to an ac- 
tively growing culture at a final concentration of 5 jcyml. (A) Control culture. (A) mctronidazole treated 

culture. 
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The pathway by which mctronidaxolc is mctabuliscd in 7: ~~gi/~/i.s and other drug 

scnsitivc cells is probably cvcn more pcrtincnt 10 the undcrst;lnding of the 

mechanism of action of this drug. as it was complctcly dilkrcnt to that obscrvcd in 

mammalian systems.“ ” The maior and almost cxclusivc pathwav of mctroniduolc 

metabolism observed in 7: ~vrgirurli.s was the transformatit,n of the nitro group to pro- 

duce ;i biologically inactive. polar ~o17ipot~nd. 

Edwards and Mathison” using 7: ~~r!gin~~/is and O’Rricn and Morris’.’ using C’. 

tr~‘~‘roh~t!./i~‘lr,~~ demonstrated that mctronidaxolc inhibit4 hydrogen evolution b! 
these organisms, the latter authors also providing cvidencc that tnctronidamle WM 
acting as :I prcfcrential electron acceptor from rcduccd fcrridoxin. This WOLIICI result 

in reduction of mctronidazolc bx ;I 6 clcctron process and NWII~ bc coml~ntiblc \\:ith 
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both the complctc reduction of the 5nits0 group to 3 chemically unstahlc amine’4 
and the results of thi: present invcstigatlon. 

By analog> with the nitrofurans. the most probable pathway for metronidazolc 
reduction in anuerobes would hc via somu potentially vury reactit.o intermcdiutes 
(e.g. l~gdroxylar~~incs).‘i.‘r’ Thtx could in turn react with both DNA and pro- 
win.” I“ oxplainin~ the binding ~~fr~l~iio~l~ti~it!, from tnctronida~ole-‘-‘“C observed 
~~~~~ri~~~~~t~~ll~, 

On thi: basis of this ir~f~~rn~~~tioll WC propose the followinp hypothesis for the mode 
of action of’ ~~i~trolljd~l~oi~: 

The compound pcnctrntes the ccl1 t~lcmbranc c\.ith its nitro group unchanged: 

OIXX insido tho ccl1 the nitro group is reduced in the rcdov conditions prevaient in 
the anaerobic cell. A reactive intermediate. possibly ;t hydroxylaminc. is formed 
which reacts with DNA so that the resultant DNA complex can no longer function 
as an effective primer for DNA and RNA polgmerases: thus all nucleic acid synthesis 
is stopped. 

The parent compound is absorbed preferentially through the cell membrane 
because of its conversion to the reactive derivative which in turn reacts with cell con- 
stituents. thus a favourable gradient for the entry of the parent compound is main- 
tained. 

This hypothesis can be considered proved if it can be shown that nucleic acid syn- 
thesis is inhibited by the fornl~ltion of a complex with a metaholite of metronidazole 
rather than with the parent compound. 


