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ABSTRACT

Introduction. Ethylene glycol (EG) is relatively nontoxic but undergoes a multi-step oxidation to toxic metabolites,
aldehydes and acids. The accumulation of organic acids, mainly glycolates, leads to the development of profound,
life-threatening metabolic acidosis. A key therapy is an antidotal treatment with fomepizole (4-MP), the inhibitor
of the first step of EG biotransformation enzyme, alcohol dehydrogenase.

Aim. The aim of the study was to demonstrate the efficacy of fomepizole in the prevention of acid-base balance
disorders in acute ethylene glycol poisonings in rats.

Material and methods. Adult male Wistar rats were given EG (p.o.) with single (i.p.) or multiple (p.o.) doses
of 4-MP (EG 3830 and 5745 mg/kg, respectively, 4-MP in single dose of 10 mg/kg or 15 mg/kg followed by
10 mg/kg every 12 hours). Blood gas analysis was performed and blood pH, bicarbonate concentration and base
excess were evaluated.

Results and conclusions. The single dose of 4-MP was effective in preventing a decrease in blood pH, bicarbonate
concentration and base excess during the entire experimental period (pH 7.35 vs 7.21 at hour 12, bicarbonate
concentration 27.2 vs 18.3 mmol/dm? at hour 8, base excess 1.8 vs -8.2 mmol/dm?® at hour 18). The multiple
administration of 4-MP started 2 hours after EG poisoning resulted in rapid restoration of proper values of acid-
-base balance parameters. Fomepizole is highly efficacious in restraining the acid-base balance disorders which
are concomitant with acute ethylene glycol poisonings.
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Introduction

Acute ethylene glycol (EG) poisoning is most frequently
a result of ingestion of its solutions (antifreeze, cool-
ants and de-icing fluids), which may be accidental or,
in humans, intentional - suicidal or ingested as a sub-
stitute for ethanol [1, 2]. Upon absorption to blood EG
is relatively nontoxic and in the first stage of poisoning
it causes inebriating effects similar to those of ethanol.
EG is converted by alcohol dehydrogenase (ADH) and
subsequently by other enzymes to highly toxic metabo-
lites, aldehydes and acids [2, 3, 4]. The accumulation of
organic acids, mainly glycolates, leads to the develop-
ment of metabolic acidosis [1, 2, 5]. The reactions of
EG oxidation are accompanied by an increase in the
ratio of reduced to oxidized form of the nicotinamide

adenine dinucleotide, and, consequently, by lactate
accumulation and development of lactic acidosis [1, 2].

The development of acid-base balance disorders
is typical of the second stage of EG poisoning, which
causes multi-organ injury, cardiac dysrhythmia, myo-
cardial depression, congestive heart failure, pulmo-
nary oedema and adult respiratory distress syndrome.
Untreated acid-base balance disorders are often fatal
[1, 2]. The third stage of poisoning is characterized
by acute renal failure due to the accumulation of EG
metabolite crystals, calcium oxalate, and the direct
cytotoxic effect of other EG metabolites [2, 4].

A first-line therapy in EG acute poisoning is an anti-
dotal treatment with ADH inhibitor, ethanol or fomepi-
zole, which enables excretion of the unchanged EG
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with urine [2, 3]. Fomepizole (4-methylpyrazole, 4-MP)
is a newer, more efficacious and safer antidote in poi-
sonings caused by EG, methanol and other toxic alco-
hols [2, 3, 6, 7].

A review of available literature provides only limi-
ted information about the influence of the treatment
with fomepizole on the acid-base status in acute ethy-
lene glycol poisoning. These data come from studies
conducted on small groups of animals, such as dogs
or cats [8, 9]. The aim our study was to demonstrate
the efficacy of 4-MP in the prevention of acid-base
balance disorders in acute ethylene glycol poisonings
in rats.

Material and methods

Material

Ethylene glycol 99%+ (Sigma-Aldrich) and 4-methy-
Ipyrazole 99% (Aldrich) were used in the experiment.
Solutions were prepared with use of Aqua pro injectio-
ne and Natrium chloratum 0.9% inj. (Baxter Polska).

Animals

Adult male Wistar rats weighing 280 + 20 g were
purchased from the breeding farm of the Depart-
ment of Toxicology, Poznan University of Medical
Sciences, Poznaf, Poland. The animals were fed with
standard laboratory chow Labofeed H and were pro-
vided drinking water ad libitum. The room in which
the animals were housed had standardized environ-
mental temperature (20 = 2°C), relative humidity
(50-60%) and 12-h photocycle. Food was withdrawn
12 hours prior the administration of xenobiotics and
rats were starved during the whole experimental
period in stage I. In stage Il the food was returned
6 hours post-dosing. Water ad libitum was provided
all the time.

Animals used in the study were treated in compli-
ance with the recommendations from the Declaration
of Helsinki. The experimental protocol was approved
by the Local Ethical Committee for Experiments on
Animals (permissions no. 3/2004 and 20/2009).

Experimental design
There were two separate stages of the study.

Stage | - the animals were divided into 4 groups:
control group K1 receiving water, group G1 receiving
ethylene glycol at a dose of 3830 mg/kg (p.o.), group
M1 receiving fomepizole at a dose of 10 mg/kg
(i.p.) and group GM1 receiving ethylene glycol at
a dose of 3830 mg/kg (p.o.) together with fomepizole
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at a dose of 10 mg/kg (i.p.). Each of the groups con-
sisted of 55 animals, 5 for each of 11 time points of
the experiment.

The xenobiotics under study were administered
once and simultaneously. The animals in control group
K1 were given 3 cm’ of water by gavage and the ani-
mals in groups G1 and GM1 were given ethylene glycol
by gavage as a 3 cm® water solution. The animals in
groups M1 and GM1 were given fomepizole intraperi-
toneally as a 0.5 cm’ solution in saline.

Stage Il - the animals were divided into 3 groups:
control group K2 receiving water, group G2 receiv-
ing ethylene glycol at a dose of 5745 mg/kg (p.o.)
and group GM2 receiving ethylene glycol at a dose of
5745 mg/kg (p.o.) together with fomepizole at a load-
ing dose of 15 mg/kg (p.o.) 2 hours after EG administra-
tion, followed by maintaining doses of 10 mg/kg (p.o.)
every 12 hours. Each of the groups consisted of 105 ani-
mals, 7 for each of 15 time points of the experiment.

The animals in control group K2 were given 3 cm’
of water by gavage and the animals in groups G2 and
GM2 were given ethylene glycol by gavage as a 3 cm’
water solution. The animals in the group GM2 were
given fomepizole as a 1 cm’ water solution.

In both stages the animals were anesthetized with
ketamine (Bioketan’, Biowet, Poland, 100 mg/kg, i.m.)
after 0.5, 1, 2, 4, 6, 8, 12, 18, 24, 36 and 48 hours and
additionally after 60, 72, 96 and 120 hours in stage II.
Blood was collected from the rat tail into heparinised
capillary tubes.

Blood gas analysis

Blood gas analysis was conducted on Radiometer ABL
500 blood gas analyzer. The device was equipped with
electrodes for pH, oxygen tension and carbon dioxide
tension measurements. On the basis of the results of
determined parameters the analyzer calculated the
bicarbonate concentration and base excess (BE).

Statistical analysis

The received results are presented as an arithmetic
mean. All parameters were compared between the
groups for each of the time points by one-way ANOVA
with Tukey’s post hoc test. The statistical analysis was
made with GraphPad InStat ver. 3.06 for Windows
(GraphPad Software). Values of P < 0.05 were con-
sidered significant. Data different from the values in
the control group are marked with an asterisk (*) and
data different from the values in the untreated groups
poisoned with ethylene glycol are marked with a dag-

ger (1).



Results

Figures 1-3 show the results of blood gas analy-
sis in stage | concerning blood pH, bicarbonate con-
centration and BE after EG administration to the rats
(3830 mg/kg, p.o.) and/or 4-MP (10 mg/kg, i.p.).

In control group K1 in 0.5-48 hours blood pH
ranged from 7.35 to 7.40, bicarbonate concentra-
tion 29.6-33.3 mmol/dm’ and base excess 4.7-8.1
mmol/dm’. In group G1 blood pH decreased signifi-
cantly after EG administration as early as 1 hour of the
experiment (pH 7.26), reaching the minimum after 12
hours (pH 7.21). After 48 hours blood pH returned to
the reference values (pH 7.36). Similarly, the bicarbon-
ate concentration was decreased, reaching the mini-
mum (18.3 mmol/dm?) after 8 hours of the experiment.
Normal values were found again after 36 and 48 hours
post-dosing (24.9 and 32.3 mmol/dm’, respectively).
BE reflected measured bicarbonate concentrations and
reached -7.9 mmol/dm’ after 6 hours and a minimum
of -8.2 mmol/dm® 18 hours after EG administration.
At the end of the experiment BE ranged between the
reference values (-1.2 mmol/dm’ after 36 hours and
6.9 mmol/dm’ after 48 hours).

In groups M1 and GM1 blood pH was slightly lower
than in the control group, with a significant decrease
after 2 and 6-18 hours in group GM1. At all time
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points the blood pH values did not fall below 7.31. The
bicarbonate concentration (minimum 26.0 mmol/dm?)
and BE (minimum 0.6 mmol/dm’®) behaved similarly in
these groups.

Figures 4-6 show the results of blood gas analy-
sis in stage Il concerning blood pH, bicarbonate con-
centration and BE after EG administration to the rats
(5745 mg/kg, p.o.), single and combined with 4-MP
at the loading dose of 15 mg/kg (p.o.) 2 hours after
EG administration followed by maintaining doses of
10 mg/kg (p.o.) every 12 hours.

In control group K2 in 0.5-120 hours blood pH
was ranged from 7.34 to 7.38, bicarbonate concentra-
tion 27.1-32.9 mmol/dm’ and BE 3.5-6.5 mmol/dm’.
In group G2 blood pH after the administration of
ethylene glycol was significantly lower, starting from
0.5 hour (pH 7.28) to 36 hours, reaching the minimum
4 hours post-dosing (pH 7.20).

After 48 hours of the experiment blood pH almost
returned to reference values (pH 7.33). The bicarbon-
ate concentration was decreased analogically, reach-
ing the minimum (19.3 mmol/dm’) after 4 hours.
Normal values were recovered after 24 hours of poi-
soning (31.2 mmol/dm’). The measured base excess
was minimal (-8.9 mmol/dm’) 4 hours post-dosing
and after 24 hours it returned to the reference values
(3.7 mmol/dm?).
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Figure 1. Blood pH in rats - stage |
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Figure 2. Blood bicarbonate concentration in rats - stage |
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Figure 3. Blood base excess in rats - stage |
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Figure 4. Blood pH in rats - stage Il
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Figure 5. Blood bicarbonate concentration in rats - stage Il
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Figure 6. Blood base excess in rats - stage Il

The administration of 4-MP at a loading dose
2 hours after EG poisoning in group GM2 resulted in
a statistically significant increase in all of the evalu-
ated parameters (pH 7.33 vs 7.20, HCO, 259 vs
19.3 mmol/dm?, BE -0.6 vs -8.9 mmol/dm’) as early as
2 hours later, i.e., 4 hours after the administration of
EG, as compared to untreated group G2. After 18 hours
of the experiment the values of acid-base balance para-
meters in group GM2 did not differ significantly from
the values in control group K2, except the time point of
24 hours, at which they temporarily decreased slightly
(pH 7.32, HCO; 29.9 mmol/dm’, BE 2.9 mmol/dm’).

Discussion

The development of metabolic acidosis is typical of
ethylene glycol poisoning and is associated with EG
biotransformation to acidic metabolites, above all with
the production and accumulation of glycolates, and to
a lesser extent — glyoxylates and oxalates [2, 10]. Dur-
ing the multi-step reaction of EG oxidation the nicoti-
namide adenine dinucleotide (NAD) is depleted, which
results in the increase in NADH+H*/NAD" ratio and,
subsequently, in the increase in lactate/pyruvate ratio,
contributing to the development of lactic acidosis [11].
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The bicarbonate buffering system, the main buffer-
ing system of the extracellular fluid, is the first line of
defence against the arising acidic EG metabolites and
pH disorders developing under their influence [12, 13].
The biotransformation of glycolates to glycine, lactate
and carbon dioxide is also responsible for the decrease
in bicarbonate concentration [10, 14]. The develop-
ment of acidosis is facilitated by the disturbed respira-
tory compensation of metabolic acidosis due to respi-
ratory depression and by the progression of renal fail-
ure [10, 12].

In humans, EG acute poisoning with a decrease in
bicarbonate concentration below 9 mmol/dm?® consid-
erably increases the risk of death and a drop below
5 mmol/dm’® causes the risk of death to be 3 times
more likely than survival. The risk of death is simi-
larly increased when pH falls below 7.0 [4]. The drop
of blood pH below 6.8 was demonstrated to result in
protein denaturation, inhibition of enzymes and it may
lead to death [15]. The lowest values of pH and bicar-
bonate concentrations mentioned in the literature in
patients who had survived acute EG poisoning were
6.46 [14] and 0.5 mmol/dm’ [16], respectively.

To assess the acid-base balance in untreated and
treated acute ethylene glycol poisoning in rats pH,



bicarbonate concentration and base excess in capillary
blood were measured.

Blood pH in control groups K1 and K2 ranged from
7.34 to 7.40 during the whole experiment and almost
coincided with the reference values in humans which
vary from 7.36 to 7.44 [17]. The bicarbonate concen-
tration in these groups was 27.1-33.3 mmol/dm’, so
it was higher than so-called standard bicarbonate con-
centration — 21-25 mmol/dm? [17]. Base excess in ani-
mals from control groups (3.5-8.1 mmol/dm’®) was also
elevated in comparison with the reference values in
humans 0 + 2.3 mmol/dm’ [17].

EG administration in stage | and stage Il caused
a rapid and statistically significant decrease in blood
pH, bicarbonate concentration and base excess since
the first hours of the experiment. These changes sig-
nify the occurrence of metabolic acidosis. All the ani-
mals survived and the values of parameters under
analysis began to rise to reach the reference values of
the control groups at the end of the second day of the
experiment. Olszowy [10] described similar results in
Wistar rats in which the maximum decrease in blood
pH and bicarbonate concentration occurred as early as
2 hours and returned in 10 hours after oral adminis-
tration of EG at a dose of 3830 mg/kg. Hewlett et al.
[18] demonstrated the lowest bicarbonate concentra-
tion 6 hours post-dosing in Sprague-Dawley rats (EG
2000 mg/kg, p.o.). Subcutaneous EG administration at
a dose of 3333 mg/kg to female Sprague-Dawley rats
resulted in a decrease in blood pH to 7.12 9 hours after
administration [19]. More profound metabolic acidosis
was described in pigtail monkeys Macaca nemestrina,
which received EG at a dose of 4000 mg/kg intra-
peritoneally. The lowest values of blood pH and bicar-
bonate concentrations were determined 12-15 hours
post-dosing, 7.13-7.18 and 5.5-8.2 mmol/dm’, respec-
tively [5]. A similar bicarbonate concentration after
12 hours (8.1 mmol/dm?) was found in dogs after oral
EG administration at a dose of 10740 mg/kg [9].

The time of occurrence of the most profound meta-
bolic acidosis may be connected with the moment of
peak concentration of acidic EG metabolites, mainly
glycolates [1]. The authors’ own studies of pharmacoki-
netics of EG and its metabolite revealed the maximum
glycolate concentration 4 hours (stage 1, 0.61 g/dm’)
and 4-6 hours (stage I, 0.68-0.75 g/dm’) after EG
administration (unpublished data). Similar maximum
glycolate concentration and time of its occurrence
were described by Hewlett et al. [18] after oral admi-
nistration of ethylene glycol to Sprague-Dawley rats at
a dose of 2000 mg/kg.

The main goal of the treatment with 4-MP in acute
EG poisoning is the inhibition of ADH, resulting in an
increase in urinary EG excretion due to the inhibition
of this metabolic route. Therefore, fomepizole admi-
nistration should prevent the development of metabol-
ic acidosis and multi-organ injury.

In the animals which were given single 4-MP and
in combination with EG in stage | as well as they were
given 4-MP 2 hours after EG administration and every
consecutive 12 hours in stage Il, the values of blood
pH, bicarbonate concentration and BE were slightly
lower than the reference values in the control groups.
In groups GM1 and GM2 all the acid-base balance
parameters under analysis at most time points were
significantly higher than the values in the untreated
animals, i.e., in groups G1 and G2, which received EG
only. The administration of 4-MP 2 hours after EG poi-
soning in group GM2 caused a statistically significant
increase in blood pH, bicarbonate concentration and
BE as soon as 4 hours after poisoning, as compared
with the untreated group G2 (pH 7.33 vs 7.20, HCO;
25.9 vs 19.3 mmol/dm?, BE -0.6 vs -8.9 mmol/dm’).
The obtained results after simultaneous administration
of EG and 4-MP (stage I) as well as after a 2-hour delay
in 4-MP administration (stage 1) proved 4-MP to be
efficacious and rapid in preventing the development of
metabolic acidosis. The therapeutic effect in stage Il
was achieved already after the administration of the
first dose of 4-MP 2 hours after poisoning and the next
maintaining doses given every 12 hours enabled the
monitored parameters to recover the reference values
after 24 hours of the experiment.

Similar results were reported in a study on dogs
(EG 10740 mg/kg, p.o.). Fomepizole administration
in one dose of 20 mg/kg 3 hours after EG poisoning
caused an increase in bicarbonate concentration after
6 hours to 21.9 mmol/dm’ vs 12.6 mmol/dm’ in the
untreated group [9]. Connally et al. [8] demonstrated
the return of blood pH and bicarbonate concentration
to reference values after 24 and 48 hours, respective-
ly, in cats poisoned with a lethal dose of ethylene gly-
col and treated with 4-MP 3 hours after EG poisoning
(initial dose of 125 mg/kg and maintaining dose of
31.3 mg/kg every 12 hours). In humans poisoned with
EG, who were treated with 4-MP, blood pH was ranged
from 7.14 to 7.34 and bicarbonate concentration was
ranged from 6.8 to 17.8 mmol/dm’. Lower values were
noted in patients with renal insufficiency [20].

In conclusion, the administration of a single dose
of fomepizole at a dose of 10 mg/kg with a simulta-
neous administration of ethylene glycol at a dose of
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3830 mg/kg was effective in preventing a decrease in
blood pH, bicarbonate concentration and base excess
during the entire experimental period.

The administration of 4-MP 2 hours after EG poi-
soning (5745 mg/kg) at a loading dose of 15 mg/kg
and every 12 hours at maintaining doses of 10 mg/kg
resulted in rapid restoration of proper values of acid-
base balance parameters.

The obtained results let us conclude that fomepi-
zole is highly efficacious in restraining the acid-base
balance disorders which are concomitant with acute
ethylene glycol poisonings.
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