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Summary. The influence of dose and route of admin-
istration on the kinetics of metronidazole and its ma-
jor metabolites has been investigated in 8 healthy
volunteers given 0.5 and 2.0 g i.v. and p.o. Metronid-
azole elimination kinetics from plasma could be de-
scribed by an open two-compartment model. The
systemic oral bioavailability of both doses was ap-
proximately 1. The total systemic clearance of the in-
travenous 2.0 g dose was 9% lower than that of the
0.5 g dose (p<0.05). There were no significant dose-
related differences in volume or rate of distribution.
The elimination half-life was similar after the four
treatments with metronidazole. The major elimina-
tion pathways, renal excretion and hepatic oxidation
and glucuronidation, accounted for more than % of
the total systemic clearance. Clearance both by he-
patic oxidative metabolism and renal excretion was
significantly lower after 2.0 than after 0.5g iv,
whereas there was no significant difference after the
oral doses, The results indicate that a high therapeu-
tic dose of metronidazole may be eliminated at a re-
duced rate, but this is probably not of clinical impor-
tance. No single saturable elimination pathway was
identified.
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Metronidazole is an antimicrobial used in the treat-
ment of a variety of disorders. It is administered in a
wide range of doses from single administrations of
0.5 and 2.0 g used prophylactically for surgery and
for trichomonas vaginitis, respectively, up to 10g
several times a week for radiosensitisation [1, 2.
Metronidazole kinetics has recently been the sub-
ject of a number of investigations. More than half of

an 0.4 g dose is oxidatively metabolized by hepatic
microsomal enzymes and about a fifth is excreted
unchanged or after hepatic glucuronidation [3]. The
plasma disappearance of metronidazole after oral
and intravenous doses up to 2.0 g has been reported
to be log-linear [4, 5, 6, 7]. However, 40% lower clear-
ance of 1.0 and 2.0 g than of 250 mg doses has also
been reported [8]. Knowledge of metabolite forma-
tion from doses above 0.4 g is incomplete and infor-
mation on possible saturable elimination pathways is
lacking.

In the present study the influence of dose and
route of administration on the disposition of metron-
idazole and its major metabolites has been investi-
gated.

Material and Methods

Protocol

Eight healthy volunteers, 2 females and 6 males, par-
ticipated in the study after giving informed consent
(age 30+6years; weight 68 +11kg: mean+SD).
The investigation protocol was approved by the Eth-
ics Committee of Copenhagen County. The subjects
consumed alcohol socially, but none smoked or had
received any drugs for at least two weeks before and
throughout the study.

According to a cross-over design, the subjects re-
ceived metronidazole 0.5g and 2.0g intravenously
and orally. For intravenous administration a solution
containing metronidazole 5 mg/ml (DAK) was in-
fused over 20 min. Oral metronidazole was adminis-
tered as 250 mg tablets (DAK) with 100 ml tap water,
after an overnight fast which was continued for a fur-
ther hour. The only side-effect encountered was
slight abdominal discomfort after 2.0 g p.o. in 2 sub-
Jects.
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Blood was sampled into heparinized tubes before
and 10, 20, 30, 40, 60 and 80 min and 2, 3, 5, 8, 12, 16,
24, 36, 48 and 60 h after the i.v. dose and 15, 30, 60
and 80 min and 2, 3, 5, 8, 12, 16, 24, 36, 48 and 60 h
after oral administration. Plasma was separated and
stored at —20°C. Urine was collected over the fol-
lowing time intervals: 0-5, 5-12, 12-24, 24-36,
36-48 and 48-60h after each drug regimen. Aliquots
of each sample were stored at — 20°C until analysed.

Analvtical Procedures

Plasma was assayed for metronidazole and the
two oxidative metabolites, 1-(2-hydroxyethyl)-2-hy-
droxymethyl-5-nitroimidazole (hydroxymetronida-
zole, HM) and 2-methyl-5-nitroimidazol-1-acetic ac-
id (metronidazole acetic acid, MAA), by a modifica-
tion of the HPLC method of Kay et al. [9]. Reference
compounds were kindly supplied by Rhone-Poulenc
Pharma Norden A/S.

Plasma 200 pl was mixed with 300 pl acetonitrile
containing the internal standard, 1-(hydroxy-
ethyl)-2-ethyl-nitroimidazole. After centrifugation,
150 pl supernatant was transferred to a microvial,
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Fig. 1. Chromatograms of blank urine
apiked with metronidazole (M) and its
hydroxy (HM) and acetic acid (MAA)
metabolites, 20 pg/ml, and the internal
standard {I15) - upper panel, anda 1in 5
diluted urine sample from a subject after
metronidazole 2.0 g p.o. - lower panel,
at increasing pH in the mobile phase or
after addition of tetrabutylammonium
hydrogen sulphate ({CyHoy NHSO,).
Arrows indicate injections. An un-
known peak (filled peaks) eluted just be-
fore MAA, but fused with MAA at in-
creasing pH, and was retained like
MAA when guarternary ammonia was
added to the eluent

4,43

7.89
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0.125 M
(C4 HalyNHS0;

which was left to evaporate until 40 ul remained.
Twelve ul was injected into a HPLC system consist-
ing of a Perkin-Elmer automatic injector 155 100, se-
ries 10 isocratic pump, variable wavelength UV-de-
tector LC-85 set at 320 nm and automatic integrator
LCI 100, and a 12.5 cm column, i.d. 4.6 mm, packed
with Spherisorb ODS 5 by a dilute slurry tech-
nique. The mobile phase was KH: PO, 0.01 M pH
3.0/ acetonitrile/methanol (87.5/5/7.5; v/v/v) at a
flow rate of 1.1 ml/min.

Urine samples were treated as described by Jen-
sen and Gugler [10]. The chromatographic condi-
tions were as above, except that the pH in the inor-
ganic part of the mobile phase was adjusted to 2.55.
If pH was increased to about 4, a peak that eluted be-
fore the MAA peak at low pH, fused with the MAA
peak (Fig. 1). With tetrabutylammonium hydrogen
sulphate added to the mobile phase, both the un-
known and the MAA peaks eluted slowly and were
well separated. The unknown peak varied in size
with the known and if the molar UV absorption of
the two materials was comparable, the amount of the
unknown excreted in the urine would equal at least
half the excreted amount of MAA.
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Fig.2. Concentration of metronidazole, @, hydroxymetronidazole, &, and metronidazole acetic acid, B (not detectable after 0.5 g doses)
versus time after administration of metronidazole 0.5 and 2.0 g 1.v, and p.o. to one subject

All urine samples were measured before and af-
ter glucuronide hydrolysis, the content of conjugates
being estimated as the differences between these two
assays. Hydrolysis was accomplighed by incubating
0.5 ml urine with 2ml sodium acetate 0.1 M pH 4.5
and 5001U glucuronidase/arylsulphatase (100,000
IU/ml, Boehringer) for 16 h at 37°C.

The day to day analytical coefficients of varia-
tion, estimated from a total of 400 duplicate samples,
ranged from 3 to 8% in the concentration ranges en-
countered for all compounds.

Pharmacokinetic Calculations

Exponential fitting of the plasma concentration val-
ues of metronidazole versus time was done by a
stripping procedure for kinetic studies, ESTRIP[11],
adapted for a HP-85 microcomputer. The disappear-
ance from plasma of metronidazole after intrave-

nous administration of both doses could readily be
described by the sum of two exponentials. Accord-
ingly, an open two-compartment kinetic model with
correction for distribution and elimination during in-
fusion was employed [12].

The area under the plasma concentration versus
time curve (AUC) was calculated according to the
trapezoidal rule with extrapolation to infinity. Total
systemic clearance of metronidazole was calculated
as dose divided by AUC, The systemic bioavailabili-
ty of metronidazole at each dose level was calculated
as the ratio between the AUCs after oral and intrave-
nous administration. For the oral administration, the
lag time, absorption rate constant k, and the elimina-
tion half-life .., were estimated by the ESTRIP pro-
gram. Clearance in each elimination pathway was es-
timated as the amount of parent compound or
metabolite excreted in terms of metronidazole equiv-
alents divided by the area under the plasma concen-
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Table1. Kinetics of the disappearance from plasma of metronidazole after intravenous administration of 0.5 and 2.0 g, Mean + 5D

Diose ".|'|| k:| kﬁ Ly [r;‘ﬁ' 1‘I'I‘: VJB CL ALC
b1 [h~"] (h=7] [hl [h] (n (n [ml/ min] [ug-h/ml]

00 mg 0.9+0.7 2107 014 2002 ha40.2 TA3+049 i+ B 50T Bit+14 101+£17

Hest N5 W5 NS NS NE NS NS p=0.05 -

2000 mg 20423 289+25 015 40140 1.0 2.0 TI+17 W15 508 T4+12 447 +67

kqz and kyy are the rate constants of distribution between the central and peripheral compartments, ky is the elimination rate constant, ty,
and 1yp are the hall-lives of distribution and elimination, respectively, ¥, and ¥, are the volumes of distribution of the central compartment
and at steady state, CL ist the total bady clearance and AUC is the area under the curve

Table 2. Kinetics after oral administration of 0.5 and 2.0 g metro-
nidazole. Mean + 5D {or 95% confidence interval in brackets)

Dose Lagtime k, tya Bigavail-  AUC
[min] [h=1 [h] ability [ug-hsml)
MSg 46+52 96490 BO0=16 099 100+16
{094 1.04)
Ftest NS MS M5 i) -
20g 30+45 TE£4T TH4L09 096 427453
(0.92-1.0K1)

k, is the absorption rate constant, tyg the elimination half-life and
AUC the area under the curve

tration of metronidazole versus time curve during
uring collection. Residual hydroxymetronidazole
present in the body at the end of the urine collection
period (plasma concentration x volume of distribu-
tion at steady state, Vss, of metronidazole) was
added to the amount excreted for estimation of
clearance by hydroxylation.

Statistical Analysis

Kinetic characteristics estimated after only two doses
were compared by Student’s #test for paired data.
Parameters estimated after all 4 administrations were
examined statistically by two-way analysis of vari-
ance and Duncan’s multiple range test [13].

Results

The kinetics of metronidazole could readily be de-
scribed by an open two-compartment model. The
elimination parts of the log concentration versus
time plots were linear after administration both of
0.5 and 2.0 g (Fig.2). However, clearance of 2.0 g ad-
ministered i.v. was 9% (4-14; 95% confidence inter-
val) lower than that of the 0.5g i.v. dose (Table 1).
Assuming complete absorption there was a differ-
ence of 7% (5-9%) between the clearances of 2.0 and
0.5 g administered p.o. The residual standard devia-
tion after two-way analysis of variance of metronida-
zole clearance after the 4 doses was 5% of the grand
mean. On the other hand, there were no significant

differences in the rate constants and volumes of dis-
tribution between the two intravenous administra-
tions, or in elimination half-life, t.; between any of
the 4 administrations (Tables1 and 2). The absorp-
tion rate constant, k,, was independent of the dose.
The systemic bioavailability of both doses was ap-
proximately 1 (Table 2).

The hydroxy metabolite (HM) of metronidazole
was found in plasma after all administrations, and its
apparent half-life exceeded that of the parent com-
pound {Fig.2; Table 3). The AUC of HM was similar
after oral and intravenous administration of corre-
sponding doses, and the ratio between the AUCs of
HM after the 0.5 and 2.0 g doses was not significantly
different from 4 (Table 3). After administration of
0.5g metronidazole, the acetic acid metabolite
(MAA) was detected in plasma only in trace
amounts. The small but measurable concentrations
of MAA present in plasma after the 2.0 g doses did
not allow estimation of kinetic details (Fig.2:
Table 3).

For each of the major elimination pathways for
metronidazole a clearance is given in Table 4. Renal
clearance and oxidative clearance, i.e. by oxidation
to MAA and by hydroxylation to HM, were signifi-
cantly smaller after i.v. administration of 2.0 g than
after 0.5 g. There was no such significant difference
after the oral doses. The estimated clearance by renal
excretion and hydroxylation was higher after intra-
venous than after oral administration of 0.5 g, but no
such difference was found between the two 2.0g
doses. Differences in clearance by glucuronidation
did not attain statistical significance. Independent of
the dose and route of administration, about 15% of
hydroxymetronidazole was excreted as a glucuro-
nide conjugate, whereas the acetic acid metabolite
was not measurably conjugated.

The total recovery of dose found as parent com-
pound and metabolites was significantly higher after
i.v. administration of 0.5 g than after the other doses
{(Fig.3). The ratios between the amounts recovered
after oral and intravenous administration were .85
{(0.72-092; p<0.05 vs 1.0) and 0.94 (0.83-1.05) for
the 0.5 and 2.0 g doses, respectively.
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Table 3. Plasma kinetics of the two oxidative products of metronidazole, the hydroxy (HM) and the acetic acid (MAA) metabaolites,

Mean =+ 5D
Dose Hydroxy metronidazole Metronidazole acetic acid
AUC th Cum.l. Ty CrI'J.I.I. e
(g h/mi] (k] [ug/mi] [k] (g ml] [h]
higiwv [ 116+ 16 244041 9520 - -
t-Lest NS - NS - -
05gp.o. 62+ 9 111+18 22402 9.Tx2.7 - -
20giw 239+ 33 11.2+3.0 B3t1.1 9T7+27 0,69 40,28 IE+12
rLest NS - NS - NS NS
20gp.o. 7 4 118 33 76 11 9.5 20 72 25 33 20
5 - 32 - 2.5 - -

ALC is the area under the curve, ty, is the half-life and C,, is the peak concentration at ime ty,,. 5 is the residual vadance

Tabled, Clearance of metronidazole by the 4 major elimination pathways, renal excretion (CLy), oxidation to the acetic acid metabolite
(CL-MAA), hydroxylation (CL-HM) and glucuronidation (CL-gluc) and the % total systemic elearance (CL). The % of HM excreted as
glucuronide conjugates is in brackets, Yalues are in ml/min or %, and are given as mean + 50

Dose Clg Cligas CL‘HH (_'l.wu.'- ool CL
Ligiv 1204210 13335 32.5:!’:?.4"‘"(141?) 51+1.8 RS
igp.o. B2+18 126436 B2EE0(1546) 44412 8
2hgiv 95+1.6 106+2.06 27.3£52(17+£5) 4.6+0.8 T1+6
20gp.o. 93422 11.3£2.0 BIEST(I5ET) 4.54+1.2 o kT

& i9 1.6 9.3 (15 0.4 36

s* denotes the residual variance: * denotes p<(L05 for 0.5 vs 20g and® p<0.05 for i.v. va p.o. administration

e of dose
MAA

4l

2

% af dosa

HM

Fig.3. Cumulative excretion of
metronidazole, M, and its hy-
droxy (HM), and acetic acid
(MAA) metabolites over 60 h af-
ter administration of metronida-
wole 05giv., ® 05gpo, &,
ZOgiv, B, and 20gp.oo, ¥,
Filled symbaols represent total
amount of compound and open
symhbaols represent conjugates,
expressed as % of dose. Values
are mean of 8 subjects

|

o pi a0 il
time h

Discussion

As reported by others, the pharmacokinetics of me-
tronidazole could be described by an open two-com-
partment model after both 0.5 and 2.0 g doses [2, 5].
However, the clearance of the 2.0 g administered i.v.
was significantly lower (9%) than that of the 0.5g
dose. Assuming complete absorption, a 7% differ-
ence in clearance was found between the oral 0.5 and
2.0 g doses. This indicates saturation of one or more
of the elimination pathways. On the other hand, the
difference was small and no systematic deviation of

o i 4}
time k

the elimination part of the log concentration versus
time curves or lack of fit to the bi-exponential equa-
tions was apparent after the high doses. Moreover,
there were no dose-related, significant differences in
the rate constants and volumes of distribution after
intravenous administration or in the elimination
half-lives after oral or intravenous dosing. The major
elimination pathways for metronidazole were inves-
tigated by studying the excretion of the parent com-
pound and metabolites in urine collected for 60 h af-
ter administration, and, if’ detectable, their plasma
concentration at the end of the collection. The fate of
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71 and 77% of the i.v. doses of 2.0 and 0.5 g was ac-
counted for, respectively. The estimated clearance of
metronidazole by hepatic oxidative metabolism, i.e.
by oxidation to the acetic acid metabolite (MAA)
and by hydroxylation to HM, represented more than
half of the total systemic clearance. Clearance by
both oxidative pathways as well as by renal excretion
was significantly lower after 2.0 g than after 0.5 g i.v.
A similar dose-related difference in clearance by he-
patic glucuronidation did not attain statistical signif-
icance. Accordingly, all the major pathways for me-
tronidazole elimination appeared saturable to the
same relatively small extent when 2.0 g was adminis-
tered intravenously,

The rate constant of metronidazole absorption
was independent of the dose and exceeded previous-
Iy reported values [3, 14]. The systemic bioavailability
of oral metronidazole in doses up to (.8 g has been
reported to be approximately 1[3, 14-17]. According
to the results here, oral doses of at least 2.0 g were al-
most completely absorped. In agreement, the ratio
between total recovery of parent compound and me-
tabolites after oral and intravenous administration of
2.0 g was approximately 1. However, the ratio of re-
covery after 0.5 g p.o. and i.v. was 0.85, in contrast to
and significantly different from the estimated bio-
availability. As a consequence, there was no dose-re-
lated difference in the estimated clearance through
each elimination pathway after the oral treatments,
whereas there were significant differences in clear-
ance by hydroxylation and renal excretion between
the two of 0.5 g administrations. The plasma AUC of
hydroxymetronidazole was not significantly differ-
ent after the oral and intravenous 0.5 g doses,

A possible explanation for the apparent discrep-
ancy between the estimated bioavailability and the
urinary recovery after the (.5 g doses would be in-
complete urine collection after the oral dose. How-
ever, the recovery ratio was below 1 in all & subjects;
cf. the narrow 95% confidence interval. Others, too,
have reported a similar urinary recovery ratio after
oral and intravenous administration of 0.4 g [3]. An-
other possible mechanism for the apparent discrep-
ancy would be greater extrarenal elimination of me-
tronidazole and/or its metabolites, probably via
faeces, after oral administration of the 0.4 to 0.5g
doses. Indeed, the ratio between urinary and faecal
excretion of *C after intravenous administration of
(.46 g was 60/6 as compared to 77/14 after oral ad-
ministration of (.75 g radiolabelled metronidazole,
albeit in two different studies (Oppermann J. et al.
1978, personal communication, 18).

Others have previously reported log-linear elimi-
nation kinetics of metronidazole in doses up to 2.0g
[2, 4-7). The present data are consistent with this, if
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the results from the 2.0 g administrations only are
considered. Moreover, after oral doses of 0.25, (0.5
and 1.0g in 10subjects, no significant difference in
elimination half-life was found, whereas the ratio be-
tween the areas under the curve after 0.25 and 0.5g
and 0.25 and 1.0 g was slightly less than the anticipat-
ed 2 and 4, respectively [14]. In contrast, a reduction
in the clearance of metronidazole of more than 40%
has been reported after increasing intravenous doses
from .25 g to 1.0 or 2.0 g [B]. Such a dramatic reduc-
tion in clearance should result in signs of zero-order
elimination in the plasma disappearance curves after
the high doses. However, details of that study, in-
cluding information about metabolite formation, do
not appear to have been published. Moreover, clear-
ance of our 0.5 and 2.0 g doses was closer to that of
the 0.25 g than of the 1.0 and 2.0 g doses of that study
[8].

In agreement with previous studies the hydroxy
metabolite of metronidazole was detected in plasma
in considerable amounts, and its elimination half-life
exceeded that of metronidazole [3, 5, 14-17). The
area under the plasma concentration versus time
curve was independent of the route of administra-
tion, and the ratio between the areas after (1.5 and
2.0 g did not differ significantly from the expected 4.
The acetic acid metabolite of metronidazole, MAA,
was detected in plasma early and in very small
amounts even though it accounted for more than
15% of the total systemic clearance. Thus, the kinet-
ics of the hydroxy and acetic acid metabolite of me-
tronidazole are classical examples of excretion and
formation-limited drug metabolite kinetics, respec-
tively [19].

In chromatograms of urine an unidentified peak
was found that eluted before MAA at pHs below 4,
and fused with MAA at a pH of about 4 (Fig. 1). Ac-
cordingly, the excretion of MAA may be overesti-
mated if the pH is set too high in an HPLC system
similar to that emploved here. Paired-ion chroma-
tography with quarternary ammonia caused the un-
known and the MAA peaks to elute slowly and to be
well separated, suggesting that the unknown peak,
like MAA, is a carboxylic acid [20]. 1-(2-hydroxy-
ethyl)-5-nitroimidazole-2-carboxylic acid, probably
a further oxidation product of hydroxymetronida-
zole, has been identified as a metabolite of metronid-
azole by its chemical reactions and infrared spectra
[21). The quantity of this acid excreted amounted to
half of that excreted as MAA [21], which is what
would be expected here, if it was possible to guanti-
tate the unidentified peak, Unfortunately, at present
this metronidazole metabolite is not available for
study.
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In conclusion, the total systemic clearance of me-
tronidazole was statistically significantly lower after
2.0 than after 0.5 g doses, indicating dose dependent
kinetics. Absorption after oral administration was al-
most complete and independent of the dose. No sin-
gle saturable elimination pathway could be identi-
fied with certainty. The dose-related differences in
kinetics were small and are probably of no clinical
significance.
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