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Abstract:

Mildronate (3-(2,2,2-trimethylhydrazinium) propionate), which is mostly used in cardiological practice and is considered an anti-

ischemic drug, was designed to inhibit carnitine biosynthesis in order to prevent accumulation of cytotoxic intermediate products of

fatty acid beta-oxidation. Recently it was shown that the mitochondrial respiratory chain may also be a target for mildronate action.

In this study, we aimed to investigate whether mildronate can protect the liver against a 90-min normothermic ischemia/30-min

reperfusion-induced mitochondrial dysfunction. Rats were pre-treated for one or two weeks with mildronate (100 mg/kg/day or

200 mg/kg/day) or Ringer solution and subjected to ischemia/reperfusion. We found that ischemia/reperfusion caused a decrease in

mitochondrial State 3 respiration rate and in the respiratory control index (RCI), and an increase in State 2 respiration rate with succi-

nate, glutamate + malate and palmitoyl-L-carnitine + malate. One or two weeks of pre-treatment of rats with different doses of mil-

dronate did not reduce the ischemia/reperfusion-induced decrease in the State 3 respiration rate or RCI; however, a one week

pre-treatment slightly diminished the increase in the State 2 respiration rate with glutamate + malate substrates. The leakage of the

liver enzymes, aspartate aminotransferase, alanine aminotransferase and lactate dehydrogenase, was similar in both the untreated

and pre-treated with mildronate groups. No steatotic livers were observed in any experimental groups after mildronate pre-treatment.

In conclusion, 90 min of liver ischemia followed by a 30 min reperfusion has a deleterious effect on rat liver mitochondrial function.

Mildronate pre-treatment of rats at doses of 100 or 200 mg/kg/day for one or two weeks did not prevent ischemia/reperfusion-

induced mitochondrial dysfunction and liver injury.
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Introduction

Ischemia-reperfusion (I/R) injury is a phenomenon

whereby cellular damage is accentuated following the

restoration of oxygen delivery in a hypoxic organ. It is

a complex process, which involves intracellular and

extracellular mediators (Ca2+, cytokines, reactive

oxygen species), cells and pathophysiological distur-

bances (for review see Sakon et al. [22]). I/R injury is

clinically relevant in hepatic surgery, liver transplan-

tation, hypovolemic shock, some types of toxic liver

injury, venous-occlusive disease and Budd-Chiari

syndrome [11]. Therefore, the protection of the liver

against I/R-induced injury by using various chemical

agents or therapeutic approaches is of great impor-

tance.
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Mildronate (3-(2,2,2-trimethylhydrazinium) propi-

onate) is considered an anti-ischemic drug that was

designed to inhibit carnitine biosynthesis, in order to

prevent accumulation of cytotoxic intermediate prod-

ucts of fatty acid beta-oxidation in ischemic tissues

and to block this highly oxygen-consuming process

[28]. Mildronate not only suppresses carnitine-

dependent oxidation, but also switches metabolism to

the more favorable aerobic glycolysis [23]. Several

reports indicate the possible existence of an alterna-

tive, carnitine-independent mechanism of action for

mildronate that involves the stimulation of nitric ox-

ide production in the vascular endothelium by modifi-

cation of gamma-butyrobetaine and its ester pools

[28]. Mildronate is used in several countries mainly in

cardiological practice for the treatment of heart ische-

mia and its outcomes, and is also used in neurological

practice for the correction of brain circulation disor-

ders. It has been shown that mildronate increases the

ATP level in cardiac tissue after coronary artery oc-

clusion [16] and prevents the hypoxia-induced drop in

ATP levels in isolated rat hearts [2]. Mildronate was

found to inhibit carnitine-palmitoyltransferase-1, thus

protecting against the accumulation of activated free

fatty acids and the subsequent damage of rat liver mi-

tochondrial membranes [4]. Furthermore, it was re-

cently shown that mildronate protects liver mitochon-

dria from azidothymidine-induced mitochondrial

damage at the level of Complex I, mainly by reducing

hydrogen peroxide generation, suggesting that mil-

dronate may act as a mitochondria-targeted drug [20].

Mitochondria are increasingly recognized as an im-

portant target of toxicity during I/R [6, 18, 21]. Pro-

longed ischemia followed by reperfusion leads to sup-

pressed activity of the mitochondrial respiratory chain

and a subsequent decrease in ATP production, deple-

tion of substrates and accumulation of inorganic phos-

phate and Ca2+, which induces membrane permeabili-

zation [13]. It has been shown that fatty acids and

their derivatives (acyl-carnitines and acyl-CoA esters)

accumulate in tissue and in mitochondria during myo-

cardial ischemia and are thought to be implicated in

I/R injury and mitochondrial dysfunction [17, 26].

Therefore, mildronate-induced inhibition of carnitine

biosynthesis, transport and reabsorption may reduce

the possibility of accumulation of toxic acyl-carniti-

nes in ischemic tissues and prevent their deleterious

effects on mitochondria, which may be important dur-

ing the recovery of cells after an ischemic period.

The mechanism of mildronate action at the level of

the mitochondria during liver ischemia/reperfusion

has not been investigated in detail, as most previous

studies have been focused on the cardioprotective

mechanisms of mildronate pre-treatment. The aim of

our study was to investigate the influence of mil-

dronate pre-treatment on mitochondrial function in

the in vivo model of rat liver ischemia (90 min) fol-

lowed by 30 min of reperfusion.

Materials and Methods

Animals

The experimental procedures used in the present

study were performed with the permission of the

Lithuanian Committee of Good Laboratory Animal

Use Practice (No. 0053/2005). Adult female Wistar

rats weighing 240–250 g were housed under standard

laboratory conditions and maintained on a natural

light and dark cycle and had free access to food (ssniff

R/M-H, ssniff Spezialdiäten, Germany) and water.

Animals were acclimatized to laboratory conditions

before the experiment. All of the surgical procedures

were carried out between 09:00 and 11:00.

Chemicals

Glutamic acid, malic acid, succinic acid, palmitoyl-

L-carnitine hydrochloride, cytochrome c from bovine

heart, adenosine-5’-diphosphate (ADP) sodium salt,

ethylene glycol-bis-(�-aminoethylether)-N,N,N‘N‘-

tetraacetic acid (EGTA), KH2PO4, atractyloside and

rotenone were obtained from Sigma-ALDRICH Che-

mie GmbH, Germany. Mannitol, sucrose, KCl, HEPES

and magnesium chloride were obtained from Carl

Roth, GmbH+Co.KG, Germany.

Drug pre-treatment and experimental groups

The procedures were as follows: animals were

pre-treated with two injections of mildronate or

Ringer solution intramuscularly on a daily basis for

one or two weeks prior to surgery. The last injection

was administered 12 hours prior to surgery. Animals

were divided into four experimental groups: 1) untreated

group – received two intramuscular injections of 0.25 ml
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of Ringer solution daily (the same quantity of saline

injection as in mildronate groups); 2) treated with mil-

dronate 100 mg/kg/day for seven days – received 0.25 ml

injection of 10% mildronate solution (Grindex, Lat-

via) and 0.25 ml injection of Ringer solution daily for

one week; 3) treated with mildronate 200 mg/kg/day

for seven days – received two 0.25 ml injections of

10% mildronate solution daily for one week; 4) treated

with mildronate 200 mg/kg/day for 14 days – received

two 0.25 ml injections of 10% mildronate solution

daily for two weeks. The dose (100 or 200 mg/kg/day)

and the time course of treatment with mildronate were

chosen based on the reported values in literature [1, 2,

12, 25, 14]. We used a shorter time of pre-treatment (7

or 14 days) and a moderate dose, as it has been re-

ported that the longer pre-treatment period (3 or 6

weeks) and higher doses (above 200 mg/kg) could

cause liver steatosis [5, 30]. Mildronate was adminis-

tered intramuscularly in order to ensure quick, correct

and simple administration of the drug.

Surgical procedure

Prior to surgery, rats were anesthetized with a combi-

nation of an intraperitoneal injection of Narcoren

(20 mg/kg) (Merial GmbH, Hallbergmoos, Germany)

and intramuscular injection of Ketanest (100 mg/kg,

Parke-Davis GmbH, Berlin, Germany). Body tem-

perature was kept constant at 37°C with a warming

pad. For monitoring hemodynamic parameters and

blood retrieval, polypropylene catheters (Braun,

Melsungen, Germany) were placed in the left carotid

artery and left jugular vein. Subsequently, in both,

non-treated and mildronate pre-treated animals, a mid-

line incision was performed, and a Yasargil clamp

(Aesculap, Tübingen, Germany) was placed on the

pedicle of the left lateral liver lobe for 90 min to in-

duce normothermic ischemia, which was followed by

30 min of reperfusion based on a modified model of

Elimadi et al. [8]. The sham-operated group received

the same surgical procedure as the other groups with-

out being subjected to the ischemia/reperfusion proto-

col.

Macrohemodynamic observation and blood

distribution

The blood pressure was measured with the supervi-

sion system (Hellige Servometer, Hellige GmbH,

Freiburg, Germany) and documented before the op-

eration, on the 45th and 90th min of ischemia and

30 min after reperfusion. At the same time, 0.1 ml of

arterial blood was taken to test blood gases (pO2,

pCO2, pH) with a blood gas analyzer (ABL 5, Radi-

ometer GmbH, Willich, Germany).

To index the quality of hepatic reperfusion, the

time needed for the left lateral lobe to turn uniformly

red from the inflow of blood after removing the vascu-

lar clamps was recorded, as described elsewhere [24].

Serum transaminase and lactate dehydroge-

nase assays

Blood samples were drawn from the jugular vein be-

fore the operation and 30 min after reperfusion for al-

anine aminotransferase (ALT), aspartate aminotrans-

ferase (AST) and lactate dehydrogenase (LDH) meas-

urements. After centrifugation, the serum was stored

at –20°C until analysis. Serum concentrations of AST,

ALT and LDH were determined by standard enzy-

matic methods [3].

Histology

Livers were perfused with Ringer solution 30 min af-

ter reperfusion. The tissue from left lateral lobe was

subsequently collected, embedded in paraffin and

then processed for histological examination (hema-

toxylin and eosin staining). For the assessment of his-

tomorphological changes, 40 areas of 0.15 mm2 were

evaluated per slide with a point counting method, as

described previously. Briefly, grade 0 showed mini-

mal or no evidence of injury; grade 1 showed mild in-

jury consisting of cytoplasmic vacuolation and focal

nuclear pyknosis; grade 2 showed moderate to severe

injury with extensive nuclear pyknosis, cytoplasmic

hypereosinophilia and loss of intercellular borders;

and grade 3 showed severe necrosis with disintegra-

tion of hepatic cords, hemorrhage and neutrophil in-

filtration [15].

Isolation of liver mitochondria

For isolation of mitochondria, the liver from an indi-

vidual rat was divided into two parts: 1) non-ischemic

right lateral lobe (indicated as “pre I/R”) and 2)

ischemic left lateral lobe (indicated as “post I/R”).

Liver tissue was rapidly excised and placed into ice-

cold (4°C) isolation medium containing 210 mM

mannitol, 70 mM sucrose and 10 mM HEPES (pH
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7.4). The tissue was minced with scissors, homoge-

nized in isolation medium supplemented with 1 mM

EGTA and centrifuged for 5 min at 750 × g. The su-

pernatant was then centrifuged for 10 min at 10,000 × g

to obtain the mitochondrial pellet. The pellet was then

washed with the isolation medium without EGTA and

centrifuged for 10 min at 10,000 × g. The final mito-

chondrial pellet was suspended in the isolation me-

dium without EGTA and kept on ice. The mitochon-

drial protein concentration was determined by the biu-

ret method [10] with bovine serum albumin as the

standard. The final mitochondrial protein concentra-

tion for all experiments was 1 mg/ml.

Measurement of liver mitochondrial respiratory

rates

Mitochondrial oxygen consumption was measured at

37°C using a Clark-type electrode in 1.5 ml incuba-

tion medium containing 100 mM KCl, 2 mM KH2PO4,

10 mM HEPES and 1 mM MgCl2 (pH 7.4) using: (1)

5 mM glutamate + 5 mM malate; (2) 15 mM succinate

+ 5 µM rotenone; or (3) 18 µM palmitoyl-L-carnitine

+ 0.24 mM malate as substrates. The mitochondrial

State 3 respiration rate was obtained by adding 3 mM

ADP. The solubility of oxygen was taken to be 422 nmol

O2/ml at 37°C. Respiration rates were expressed as

nmol O2/min/mg mitochondrial protein. The respira-

tory control index (RCI) was calculated as the ratio of

State 3 and State 2 oxygen consumption rates.

Statistical analysis

The results are presented as the means ± SEM (n = 6

in each group). Nonparametric methods were applied

to draw inference from the data. Differences between

mean values in dependent groups were tested using

the Wilcoxon matched pairs test. Differences between

mean values in independent groups were tested using
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Tab. 1. Macrohemodynamic parameters were stable throughout the experiments

Parameter Mean
arterial

pressure
(mmHg

Temperature
� C

pH pO�

(mmHg)
PCO�

(mmHg)

Untreated

Before ischemia 115 ± 2 37.1 ± 0.2 7.37 ± 0.01 103 ± 5 38.1 ± 2.1

45 min of ischemia 112 ± 4 36.1 ± 0.7 7.36 ± 0.03 107 ± 4 37.4 ± 1.2

90 min of ischemia 116 ± 5 36.4 ± 0.4 7.39 ± 0.01 104 ± 2 36.7 ±1.6

30 min after reperfusion 119 ± 3 36.7 ± 0.3 7.38 ± 0.03 101 ± 3 36.4 ± 1.8

7 days 100 mg/kg/day mildronate

Before ischemia 110 ± 4 36.9 ± 0.3 7.38 ± 0.01 103 ± 2 37.5 ± 1.5

45 min of ischemia 112 ± 2 36.5 ± 0.4 7.39 ± 0.02 102 ± 4 35.9 ± 2.2

90 min of ischemia 114 ± 2 36.3 ± 0.5 7.37 ± 0.01 99 ± 4 36.7 ± 2.1

30 min after reperfusion 113 ± 2 36.8 ± 0.2 7.4 ± 0.02 101 ± 3 37.1 ± 1.8

7 days 200 mg/kg/day mildronate

Before ischemia 116 ± 2 37.2 ± 0.1 7.39 ± 0.02 105 ± 4 37.5 ± 1.1

30 min after reperfusion 117 ± 2 36.8 ± 0.4 7.4 ± 0.03 103 ± 2 37.1 ± 1.4

45 min of ischemia 110 ± 4 36.3 ± 0.6 7.38 ± 0.01 102 ± 3 37.0 ± 1.5

90 min of ischemia 114 ± 3 36.3 ± 0.3 7.37 ± 0.02 101 ± 1 36.8 ± 1.9

14 days 200 mg/kg/day mildronate

Before ischemia 113 ± 1 36.7 ± 0.2 7.41 ± 0.03 110 ± 3 36.9 ± 1.1

30 min of ischemia 109 ± 3 36.9 ± 0.7 7.39 ± 0.02 108 ± 4 37.0 ± 1.5

45 min of ischemia 112 ± 4 36.7 ± 0.4 7.34 ± 0.04 105 ± 2 37.4 ± 1.4

90 min of ischemia 109 ± 4 37.3 ± 0.5 7.42 ± 0.05 105 ± 3 36.9 ± 1.8



the nonparametric Kruskal-Wallis test with Dunn’s

post-hoc evaluation; p < 0.05 was taken as the level of

significance. Statistical analysis was performed by us-

ing the software package, SPSS 12.

Results

Macrohemodynamic observation and reperfu-

sion/blood distribution

Blood pressure, blood gases and body temperature

were constant in all groups during all experimental

phases. There were no differences between the groups

(Tab. 1).

To determine the influence of mildronate on the

quality of reperfusion after normothermic ischemia,

the time for the organ to turn uniformly red after re-

moving the vascular clamps was recorded. In non-

treated groups, it took 196 ± 46 s for the blood to dis-

tribute homogeneously and completely. After treat-

ment with 100 mg/kg/day of mildronate, reperfusion

took 187 ± 29 s. It took 202 ± 31 and 194 ± 24 s in the

groups treated with 200 mg/kg/day mildronate for one

and two weeks, respectively. The blood distribution

time was comparable in all experimental groups and

differences did not reach statistical significance.

Effect of I/R and mildronate on liver injury

In order to estimate liver tissue damage during I/R,

we measured the serum AST, ALT and LDH levels.

As shown in Figure 1, I/R increased the levels of AST,

ALT and LDH in the untreated group to 419 ± 37, 245

± 40, 5073 ± 737 U/l, respectively. Pre-treatment with

either mildronate concentration (100 mg/kg/day or

200 mg/kg/day) for one week had no beneficial effect

on any of the parameters when assessed 30 min after

reperfusion (Fig. 1). Similarly, two weeks of pre-

treatment with 200 mg/kg/day mildronate had no ef-

fect on liver enzyme activity (Fig. 1).

Liver tissue was taken and processed for light mi-

croscopy by hematoxylin and eosin staining. The

untreated group displayed focal necrosis and ischemic

degeneration of hepatocytes, mainly in central venous

areas, at 30 min after reperfusion (Tab. 2). Also, we

found no statistically significant changes in the histo-

logical patterns of mildronate pre-treated livers (Tab.

2). No steatotic liver alterations were observed in any

of the four experimental groups.

Effect of I/R and mildronate on liver mitochon-

drial function

The experimental protocol for the respirometric stud-

ies in isolated mitochondria respiring on glutamate +

malate as substrates and the effect of I/R are shown in

Figure 2. The same protocol was used for the studies

of mitochondria respiring on succinate or palmitoyl-

L-carnitine + malate as substrates. At the beginning of

the experiment, we measured the mitochondrial State

2 respiration rate (V2) in the presence of the respira-

tory substrate (glutamate + malate). After addition of

3 mM ADP, the maximal State 3 respiration rate

(VADP) was recorded. Next, atractyloside, an inhibitor

of the ADP/ATP-translocator, was added to measure

the non-phosphorylating, State 4 respiration rate (VATR).

Finally, we added exogenous cytochrome c to assess
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Fig. 1. Activities of serum transaminases (AST, ALT) and LDH. En-
zyme activities were measured before ischemia and after 30 min of
reperfusion to establish the level of liver damage. Normothermic
ischemia dramatically increased serum transaminases and LDH ac-
tivities. One or two weeks of mildronate pre-treatment had no benefi-
cial effect. Values are the mean ± SEM; n = 6 in each group



the integrity of the outer mitochondrial membrane. As

the mitochondrial outer membrane is impermeable to

cytochrome c, the stimulation of respiration after ad-

dition of cytochrome c indicates damage of the mito-

chondrial outer membrane, which causes the loss of

cytochrome c [31]. Upon comparing the mitochon-

drial respiration traces from untreated animals, a clear

I/R-induced decrease in the State 3 respiration rate

from 165 nmol O2/min/mg (pre I/R) to 95 nmol

O2/min/mg (post I/R) was observed (Fig. 2). The

State 2 and State 4 respiratory rates were also slightly

increased after I/R, resulting in the decrease of RCI

by 52%, i.e., from 5.6 to 2.7 after I/R. Thus, I/R

caused substantial injury to liver mitochondria, as

demonstrated by the 33% increase in the State 2 respi-

ration rate with glutamate + malate, by 51% with pal-

mitoyl- L-carnitine + malate and by 31% with succi-

nate as substrates. The State 3 respiration rate de-

creased by the 52%, 51% and 30% (with glutamate +

malate, palmitoyl-L-carnitine + malate and with suc-

cinate, respectively; Fig. 3–5, A) and the RCI by 62%

with glutamate + malate, 68% with palmitoyl-L-

carnitine + malate and 47% with succinate (Tab. 3).

Pre-treatment with either mildronate concentration

(100 mg/kg/day and 200 mg/kg/day) for one to two

weeks had no beneficial effect on any of the mito-

chondrial parameters. First, we compared the effect of

I/R-induced mitochondrial injury within each group.

Thus, the State 3 respiration rate (substrate: glutamate

+ malate) after I/R in the one-week mildronate

pre-treated group remained significantly decreased by

59% and 41% (100 mg/kg/day and 200 mg/kg/day, re-

spectively; Fig. 3B and C) compared to 52% decrease

in the untreated group (Fig. 3A). The succinate-

dependent State 3 respiration rate after I/R remained

similarly diminished (43% and 35 %, Fig. 5B and C)

compared to the untreated group (30%), Fig. 5A. The

palmitoyl-L-carnitine + malate-dependent State 3 res-

piration rate was also diminished by 50% in mil-

dronate pre-treated and untreated groups (Fig. 4A, B).

No beneficial effects on mitochondrial function were

observed after prolonged (two weeks) mildronate

pre-treatment with 200 mg/kg/day. We then compared

liver mitochondrial respiratory rates among the four

groups after ischemia/reperfusion. As can be seen in

Figures 3–5, the absolute mitochondrial respiratory

rates after I/R were similar in all of the mil-

dronate-treated groups and were not different from

the untreated group with any of the substrates used,

indicating that mildronate pre-treatment for one to

two weeks prior to I/R did not protect against the I/R-

induced mitochondrial injury. Note that the I/R-
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Tab. 2. Histology. Liver from untreated animals displayed focal necrosis and ischemic degeneration of hepatocytes mainly in central venous
areas at 30 min after reperfusion. No statistically significant changes in the histological patterns of mildronate pre-treated livers were found

Parameter Post I/R Post I/R + 7 days mildronate
100 mg/kg/day

Post I/R + 7 days mildronate
200 mg/kg/day

Post I/R +14 days mildronate
200 mg/kg/day

Index of tissue injury 1.58 ± 0.2 1.7 ± 0.1 1.61 ± 0.1 1.81 ± 0.2

Necrosis [%] 4.4 ± 0.3 5.1 ± 0.5 4.6 ± 0.4 4.8 ± 0.6

Pre I/R

Post I/R

A.

B.

Fig. 2. The experimental protocol for the respirometric studies in iso-
lated liver mitochondria. Representative traces of measurements of
oxygen consumption by liver mitochondria isolated from untreated
animals before (A) and after 90 min of ischemia/30 min reperfusion
(B). The upper curve indicates the mitochondrial oxygen consump-
tion in the oxygraph vessel; the lower curve represents the curve of
the rates of respiration (nmol O

�
/min/mg) as the first derivative of the

oxygen vs. time curve. Substrates were 5 mM glutamate + 5 mM ma-
late. Further additions: 0–1 mg of mitochondria; A1 – 3 mM ADP; A2 –
0.1 mM atractyloside; A3 – 32 µM cytochrome c
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Fig. 3. The effect of ischemia/reperfusion
and mildronate pre-treatment on mito-
chondrial function with glutamate + malate
as substrates. Rats were subjected to 90
min ischemia followed by 30 min of
reperfusion as described in the Materials
and Methods. Liver mitochondria then
were isolated and mitochondrial respiration
was measured, as shown in Figure 2. V

�
–

mitochondrial respiratory rate in State 2
with 5 mM glutamate + 5 mM malate as
substrates; V

���
– respiration rate in the

presence of 3 mM ADP. Respiratory rates
are given as nmol O

�
/min/mg. *p < 0.05

vs. pre-I/R in the same group; n = 6 in
each group

2

Fig. 4. The effect of ischemia/reperfu-
sion and mildronate pre-treatment on
mitochondrial function with palmitoyl-
L-carnitine + malate as substrates.
Rats were subjected to 90 min ische-
mia followed by 30 min of reperfusion,
and mitochondria were isolated as de-
scribed in the Materials and Methods.
V
�

– rate of mitochondrial respiration with
18 µM palmitoyl-L-carnitine + 0.24 mM
malate as substrates; V

���
– respiration

rate in the presence of 3 mM ADP. Res-
piratory rates are given as nmol O

�
/min

/mg. * p < 0.05 vs. pre-I/R in the same
group; ** p < 0.05 vs. pre-I/R in non-
treated group; n = 6 in each group

2

Fig. 5. The effect of ischemia/reperfu-
sion and mildronate pre-treatment on
mitochondrial function with succinate
as the substrate. Rats were subjected
to 90 min ischemia followed by 30 min
of reperfusion, and mitochondria were
isolated as described in the Materials
and Methods. V

�
– rate of mitochon-

drial respiration with 15 mM succinate
(+ 5 µM rotenone); V

���
– respiration

rate in the presence of 3 mM ADP. Res-
piratory rates are given as nmol
O
�
/min/mg. * p < 0.05 vs. pre-I/R in the

same group; ** p < 0.05 vs. pre-I/R in
untreated group; n = 6 in each group



induced increase in the State 2 respiration rate with

glutamate + malate was slightly reduced after mil-

dronate pre-treatment; however, this difference was

not statistically significant (Fig. 3). The stimulation of

the State 4 respiration rate by cytochrome c after I/R

was similar (40% in untreated group, 52% and 48% in

mildronate 100 mg/kg/day and 200 mg/kg/day for

seven days groups, respectively and 39% in mil-

dronate 200 mg/kg/day for 14 days group (Tab. 3), in-

dicating that I/R induced the injury of mitochondrial

outer membranes and the partial loss of cytochrome c,

which was the most evident in mitochondria respiring

on succinate. Mildronate pre-treatment at either con-

centration did not significantly improve the I/R-

lowered RCI value for any of the substrates used (Tab.

3). The RCI with glutamate + malate was slightly in-

creased after mildronate at a dose 200 mg/kg/day one to

two-weeks pre-treatment; however, this difference

was not statistically significant. It is important to note

that one week of mildronate pre-treatment did not af-

fect any respiratory parameter from liver mitochon-

dria isolated before I/R; however, the State 3 respira-

tion rate was slightly reduced after two weeks of pre-

treatment.

Discussion

This study was designed to investigate the effect of

mildronate on liver damage by measuring the levels

of AST, ALT and LDH and mitochondrial functions in

an in vivo model of normothermic ischemia (90

min)/reperfusion (30 min). The model of 90-min

ischemia was chosen because, according to our expe-

rience, this is the shortest period of ischemia that pro-

duces repeatable, statistically significant changes in

mitochondrial respiratory functions. The dose of mil-

dronate (100 or 200 mg/kg/day) and the time course

of its administration were chosen based on the re-

ported values in the literature, in which 50 mg/kg,

100 mg/kg or 200 mg/kg of mildronate have been

used daily [12, 14, 29, 30]. The time course of pre-

treatment varied between 3, 7 and 10 days or 3 and 6
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Tab. 3. Effect of ischemia/reperfusion and pre-treatment with mildronate on mitochondrial respiratory parameters in rat liver mitochondria.

Untreated Mildronate
100 mg/kg/day;

7 days

Mildronate
200 mg/kg/day;

7 days

Mildronate
200 mg/kg/day;

14 days

Pre I/R Post I/R Pre I/R Post I/R Pre I/R Post I/R Pre I/R Post I/R

RCI (Glu/Mal) 6.1 ± 0.4 2.3 ± 0.5 * 5.6 ± 0.5 2.1 ± 0.2 * 5.8 ± 0.4 3.2 ± 0.3 * 6.7 ± 0.8 3.2 ± 0.3 *

RCI (palm-L-carn/mal) 3.1 ± 0.5 1.0 ± 0.2 * 3.6 ± 0.2 0.9 ± 0.3 * 3.1 ± 0.4 1.2 ± 0.1 * 2.2 ± 0.2 1.0 ± 0.2 *

RCI (Succ) 3.4 ± 0.1 1.8 ± 0.1 * 3.0 ± 0.3 1.6 ± 0.3 * 3.0 ± 0.1 1.8 ± 0.2 * 3.2 ± 0.3 1.9 ± 0.2 *

V
���

+cyt c (Succ) 49 ± 3 83 ± 5 * 52 ± 8 78 ± 11 * 54 ± 10 75 ± 5 * 38 ± 3 57 ± 5 *

Effect of cytochrome c,%
(Succ)

26 ± 2 40 ± 3 * 24 ± 2 52 ± 10 30 ± 2 48 ± 7 42 ± 4 39 ± 10

Before the induction of ischemia/reperfusion, rats were treated with mildronate (100 mg/kg/day or 200 mg/kg/day for 7 days or 200 mg/kg/day
for 14 days). The untreated group received the same quantity of Ringer solution. Livers were then subjected to 90 min ischemia followed by 30
min of reperfusion. Liver mitochondria were then isolated and mitochondrial respiration was measured as shown in Figure 2; RCI, respiratory
control index, was calculated as the ratio of State 3 and State 2 oxygen consumption rates. V���+cyt c (Succ) – the State 4 respiration rate
(nmol O�/min/mg) in the presence of exogenous cytochrome c. Effect of cytochrome c – the stimulation (%) of the State 4 respiration rate after
addition of cytochrome c. Values represent the mean ± SE. * p < 0.05 was considered statistically different from the pre-I/R measurements in
the same group



weeks. A protective effect of mildronate against heart

injury has been demonstrated when the drug was ad-

ministered at a dose of 50–150 mg/kg for 10 days

[29]. Hanaki et al. showed that mildronate at a dose of

100 mg/kg for 7 days prevented the reduction of

NADH-cytochrome c reductase and cytochrome c oxi-

dase activities in heart mitochondria [12]. The benefi-

cial effects of mildronate on heart tissue after 10 days

of pre-treatment have been also reported by others [1,

2, 19, 25].

In our study, we first evaluated the I/R-induced

liver injury by measuring activities of transaminases

and LDH, which are released from damaged cells into

the blood serum. We found that after 90 min of ische-

mia followed by 30 min of reperfusion, the AST, ALT

and LDH activities increased in the untreated group

by nine-, six- and eleven-fold, respectively, compared

to normal values. These changes in enzymatic activi-

ties were comparable with the level of liver I/R injury

observed upon histological examination. Activities of

transaminases and the histopathological patterns of

livers obtained from animals pre-treated for one week

intramuscularly with two different mildronate con-

centrations revealed that mildronate was unable to

prevent early I/R-induced injury. However, it is im-

portant to mention that treatment of the liver with

high doses of mildronate did not increase the inci-

dence of liver steatosis in our study (Tab. 2) and did

not affect preoperative serum transaminase and lac-

tate dehydrogenase activities.

The marked I/R-induced damage has been ob-

served at the level of mitochondria. We found that I/R

causes marked reductions in the mitochondrial State 3

respiration rate and RCI and an increase in the State 2

respiration rate when glutamate + malate or palmi-

toyl-L-carnitine + malate were used as substrates. Mi-

tochondrial respiration with a FAD-linked succinate

substrate was less affected; however, it was also sup-

pressed. Furthermore, a large I/R-induced increase in

State 2 (by 31% with succinate, by 33% with gluta-

mate + malate and by 51% with palmitoyl-L-carnitine

+ malate as substrates) and in State 4 respiratory rates

in the presence of exogenous cytochrome c (by 25%

with glutamate + malate and by 67% with succinate)

in comparison to controls indicated the damage to mi-

tochondrial outer membrane. These results indicate

a severe effect of ischemia/reperfusion on liver mito-

chondria that are in agreement with data from other

studies on ischemia/reperfusion-induced acute altera-

tions of liver mitochondrial functions. Studies of

other investigators have revealed a decrease in RCI

[8, 9], mitochondrial uncoupling leading to a reduc-

tion in ATP synthesis, opening of mitochondrial per-

meability transition pores, mitochondrial membrane

collapse and a reduction in the mitochondrial

NADP(H) content, which were all correlated with he-

patocyte membrane damage [8]. We also measured

the CCCP-uncoupled respiratory rate after I/R in all

groups and found that the uncoupled respiratory rate

was inhibited to the same extent as the ADP-

stimulated respiration rate after I/R in mildronate-

pre-treated and untreated groups with all substrates

(glutamate/malate, succinate or palmitoyl-L-carnitine

/malate) used (data not shown). Thus, the inhibition of

the mitochondrial respiratory chain during ische-

mia/reperfusion may be one possible reason for the

diminished oxygen consumption with NAD- and

FAD-linked substrates.

In order to gain a deeper insight into the mecha-

nism of action of mildronate, we tested its effect on

liver mitochondrial functions in an in vivo model of

ischemia/reperfusion. This approach is important, as

most previous studies were done on the heart, and lit-

tle research has been focused on the effect of mil-

dronate on liver ischemia/reperfusion. We found that

one or two weeks of pre-treatment of rats with differ-

ent doses of mildronate (100 or 200 mg/kg/day before

the induction of liver ischemia followed by reperfu-

sion), did not reduce I/R-induced damage to liver mi-

tochondria and did not decrease the leakage of the

liver enzymes, AST and ALT. Mitochondria respiring

on glutamate + malate as substrates after pre-treatment

with 200 mg/kg/day mildronate for one week were

somewhat less affected by I/R compared to the untreated

group (the State 3 respiration rate decreased by 41%

vs. 52% in the untreated group and RCI decreased by

45% vs. 62 % in the untreated group); however, this

difference was not statistically significant.

The one week course with a higher dose of mil-

dronate (600 mg/kg/day) was also ineffective in our

model (data not shown), as was the two week course

of 200 mg/kg/day of mildronate. It is possible that an

even longer period of mildronate pre-treatment is nec-

essary in order to achieve the hepatoprotective effect.

However, the study of Spaniol et al. [30] demon-

strated that rats develop liver steatosis after prolonged

mildronate treatment. Another study also demon-

strated that rats with carnitine deficiency due to mil-

dronate administration at 800 mg/kg/day developed

liver steatosis only upon fasting [5]. They observed an
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approximately 13-fold reduction in liver carnitine

content and a 50% reduction in the palmitate oxida-

tion rate in the perfused organs and a nine-fold in-

crease in the triglyceride content [5]. We did not ob-

serve liver steatosis after one or two weeks of

pre-treatment with mildronate in any of the experi-

mental groups.

It is difficult to compare our results to other studies

as there are no data on the effect of mildronate against

ischemia/reperfusion-induced injury of liver mito-

chondria in in vivo models. In the in vitro model using

isolated rat liver mitochondria, it has been shown that

mildronate protects mitochondria from azidothymid-

ine-induced toxicity [20]. Authors revealed, that mil-

dronate significantly reduces mitochondrial H2O2

generation promoted by azidothymidine and prevents

the azidothymidine-induced inhibition of uncoupled

respiration. Combined administration of mildronate

and azidothymidine increased ADP/O ratio and en-

hanced the transmembrane potential with gluta-

mate/malate as substrate [20] which were depressed

by azidothymidine alone. Similarly, Akahira et al. [1]

reported that mildronate may protect heart tissue

against myocardial derangement of energy metabo-

lism induced by the H2O2. However, it is difficult to

extrapolate these data to the situation in vivo.

In conclusion, 90 min of liver ischemia followed

by 30 min of reperfusion has a deleterious effect on

mitochondrial functions. At a dose of intramuscular

100 or 200 mg/kg/day of mildronate pre-treatment for

one or two weeks, rats did not develop liver steatosis;

however, mildronate did not protect liver mitochon-

dria from ischemia/reperfusion-induced injury.
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