
INTRODUCTION

Our previous studies have shown that mildronate, a repre-
sentative of aza-butyrobetaine class, attenuated processes of
different tissue pathologies induced by anti-HIV drugs, used
as toxic model compounds. Mildronate reduced
azidothymidine-, stavudine- and lamivudine-induced
over-expression of the nuclear factor kappaBp65 (NF-
kappaBp65) in mice cardiac tissue (Klusa et al., 2006; Isa-
jevs et al., 2007), and protected isolated rat liver mitochon-
dria against azidothymidine-induced hydrogen peroxide
(H2O2) formation and uncoupled respiration (Pupure et al.,
2008). Recently we found that mildronate has also anti-
neurodegenerative and anti-inflammatory action in the brain
by regulation of the expression of signalling molecules in
brain cortical tissue in mice (Pupure et al., 2010). These
data allow us to suggest the protective action of mildronate
also in the peripheral nervous system.

Hence in the present study we examined the effect of
mildronate in a peripheral neurotoxicity model based on the

mitochondria-toxic test drug stavudine, and formalin as an
inflammatory reaction inducer. Stavudine is known as anti-
HIV drug of nucleoside-analogue reverse transcriptase in-
hibitor (NRTI) class, which can produce side effects by pre-
dominantly affecting the nervous system, mostly manifested
as peripheral neuropathy (Scarsella et al., 2002; Cherry et
al., 2006). This action differs from that of azidothymidine
(also a NRTI drug), which has dramatic side effects demon-
strated as cardiomyopathies (Benbrik et al., 1997; Perevjav
et al., 2007). However, NRTI-induced pathology in both
cardiac and nervous tissues shares the common mito-
chondriotoxicity (Badley et al., 2003; Collins et al., 2004;
Petit et al., 2005, Lewis et al., 2006). The inhibition of
mtDNA polymerase gamma (Poly) is one of the main
mitochondriotoxic effects of NRTIs, causing depletion of
mtDNA, alteration in activity of oxidative phosphorylation
enzymes, reduction of mitochondrial ATP production,
emergence of ROS, and loss of cytochrome c oxidase
(Badley et al., 2003). Some studies in a peripheral neuropa-
thy model have revealed that stavudine in a nerve growth
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indomethacin, a reference drug. The present results show that mildronate is capable of regulating
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factor-responsive PC-12 cell line may inhibit neurite out-
growth (Cui et al., 1997). However, no peripheral neuropa-
thy studies with stavudine have been performed on animals.

The aim of the present study was to clarify whether mil-
dronate may act as a protective agent in peripheral nerve tis-
sue damage. Firstly, we examined the influence of mil-
dronate on decreased myelin expression and increased
degeneration of cells in rat sciatic nerve tissue caused by
stavudine. The myelin sheath is a specific membrane, which
is produced by Schwann cells in the peripheral nervous sys-
tem, and oligodendrocytes in the central nervous system
(Baumann and Pham-Dinh, 2001). The loss of myelin from
axons of peripheral neurons is an important feature of a
wide range of disorders, including neuropathic pain (Fujita
et al., 2007; Ueda, 2008). Secondly, in formalin test we ex-
amined the development of inflammatory processes. The
formalin test is an important animal model in the study of
acute long-lasting pain (Capone and Aloisi, 2004), and it
provides a two-phase model for tonic pain and localised in-
flammation (Tjolsen et al., 1992). Indomethacin, a non-
steroidal anti-inflammatory drug that effectively can reduce
the animal paw licking pain behavior response in the second
(inflammatory) phase of the formalin test (Tjolsen et al.,
1992) was used as a reference drug.

MATERIALS AND METHODS

Chemicals. Stavudine (2'-3'-didehydro-2'-3'-dideo-
xythymidine, d4T, Zerit*, 40 mg capsules) was obtained
from Bristol-Myers Squibb (France). Mildronate [3-(2,2,2-
trimethylhydrazinium) propionate dihydrate] was synthe-
sised at the Latvian Institute of Organic Synthesis, and
manufactured by the Joint Stock Company Grindex (Riga,
Latvia). Myelin basic protein rabbit polyclonal antibody (di-
lution 1 : 100, code A0623), peroxidase conjugated poly-
clonal goat anti-rabbit IgG, polyclonal rabbit anti-goat IgG,
serum-free protein block, citrate buffer, 0.5% H2O2 and dia-
minobenzidine were from Dako, Denmark. Paraformalde-
hyde solution (37%) and indomethacin were from Sigma-
Aldrich, Bachem.

Mildronate was dissolved in saline and prepared as a 2%
stock solution. A water suspension of stavudine (1% stock
suspensions) was made by adding 1–2 drops of 0.6%
TWIN-80, and then diluting by saline to an appropriate con-
centration. The dose of mildronate was 100 mg/kg shown as
the most active from our previous studies (Klusa et al.,
2006); the stavudine dose was taken from literature (Weber
et al., 2007). Saline plus a corresponding amount of
TWIN-80 served as the control solution.

Animals. Animals were obtained from the Laboratory of
Experimental Animals, Rîga Stradiòð University, Rîga, Lat-
via: Wistar male rats each weighing 180.0 ± 9.5 g at the be-
ginning of the experiment for stavudine-induced peripheral
neuropathy test; ICR male mice, each weighing 16.9 ± 1.5 g
at the beginning of the experiment for the formalin-induced
licking paw test. The environment was maintained at 22.0 ±

0.5 oC with a 12-h light/dark cycle, animals were fed a stan-
dard laboratory diet.

Experimental design for stavudine-induced peripheral

neuropathy in rats. A nine-week (five plus four) experi-
ment was carried out in rats by drug daily administration at
a volume of 10 ml/kg intraperitoneally in both left and right
sides of the following rat groups (10 animals per group):

Group I or [C(5w)+C/C(4w)]: saline (left), five weeks + sa-
line (left side) and saline (right), four weeks;

Group II or [S(5w)+S/C(4w)]: stavudine (50 mg/kg, left),
five weeks + stavudine (50 mg/kg, left) and saline (right),
four weeks;

Group III or [S(5w)+C/C(4w)]: stavudine (50 mg/kg, left),
five weeks + saline (left) and saline (right), four weeks;

Group IV or [C(5w)+C/M(4w)]: saline (left), five weeks +
mildronate (100 mg/kg, left) and saline (right), four weeks;

Group V or [S(5w)+S/M(4w)]: stavudine (50 mg/kg, left),
five weeks + stavudine (50 mg/kg, left) and mildronate (100
mg/kg, right), four weeks;

Group VI or [S(5w)+C/M(4w)]: stavudine (50 mg/kg, left),
five weeks + mildronate (100 mg/kg, left) and saline (right),
four weeks.

On day 64, the rats were sacrificed by decapitation, and sci-
atic nerve in 1 cm length from its beginning at the level of
segments L4-L6 was removed and fixed in 10% neutral
buffered formalin, processed and embedded in paraffin rou-
tinely.

Formalin-induced licking paw test in mice. The formalin-
induced licking paw test was adopted from the method de-
scribed elsewhere (Bellasio et al., 2003). Male mice (10 an-
imals per group) received pre-treatment (for two weeks
prior to formalin injection) of mildronate (or saline for the
control group). Mildronate was injected daily intraperitone-
ally at a dose of 100 mg/kg; indomethacin as the reference
drug was administered daily at a dose 5 mg/kg intra-
peritoneally. Mice were gently restrained and 30 �l of for-
malin solution (1.5% in saline) was injected subcutaneously
into the plantar surface of the right hind paw, using a
microsyringe with a 27-gauge needle. Each mouse was then
placed in an individual clear Plexiglas observation chamber
(30×20×30 cm) and the total licking time of hind paw of
each mouse was registered with a stopwatch and quantified
in subsequent 5-min intervals for 60 min. All assessments
were carried out blind to the treatment observers. The re-
cording (in seconds, s) of licking time (first phase) started
immediately and lasted for 5 minutes. The late phase (sec-
ond phase) started about 15–20 min after formalin injection
and lasted up to 35 minutes.

Immunohistochemical assessments. Paraffin-embedded
tissues were cut in 4-micron-thick sections. According to
the immunohistochemical method described elsewhere (Di
Stefano et al., 2002) rat nerve tissue sections were stained
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for visualisation of myelin positive cells. Briefly, antigen

retrieval was achieved by treatment in a microwave oven

for 20 min at 450 W in citrate buffer, pH = 6.0. Endogenous

peroxidase activity was blocked by 0.5% H2O2 for 10 min-

utes. Nonspecific primary antibody binding was blocked by

serum-free protein block for 10 minutes. Rabbit polyclonal

anti-myelin antibody was applied at 1 : 100 and incubated

for one hour. Detection of primary polyclonal rabbit anti-

myelin antibody binding was performed using specific per-

oxidase conjugated polyclonal goat anti-rabbit IgG (at 1 :

100 for 30 min) and, subsequently, by peroxidase conju-

gated polyclonal rabbit anti-goat IgG at 1 : 100 for 30 min-

utes. The immunoperoxidase colour reaction was developed

by incubation (7 min) with diaminobenzidine. A negative

control without primary antibody was included in each

staining run. Myelin expression in rat nerve tissue was ex-

pressed in scores: 0 – expression of myelin less than 25% of

all nerve fibers; 1 – expression of myelin between 25% and

50%; 2 – expression of myelin between 50% and 75%; 3 –

expression of myelin more than 75% from all nerve fibers.

Slides were coded and counted blind by two pathologists.

Morphological assessment. Morphometrical analysis of rat

nerve tissue was performed using image analysis software

Motic Image Advanced 3.2 (Motic, Xyamen, China). Paraf-

fin-embedded rat nerve tissue was cut in 4 micron-thick

sections and stained with haematoxylin and eosin and cresyl

violet for morphological examination. The total number of

degenerated cells (neurons and Schwann cells) was ex-

pressed as cells per 1 mm
2

and counted in 20 high powered

fields at magnification ×400.

Animal ethics. All experimental procedures were carried

out in accordance with guidelines of the Directive

86/609/EEC “European Convention for the Protection of

Vertebrate Animals Used for Experimental and other Scien-

tific Purposes” (1986) and were approved by the Animal

Ethics Committee of the Food and Veterinary Service

(Riga, Latvia).

Statistics. For statistical analysis, GraphPad Prism 4 soft-

ware was used. Results are expressed as the mean ± SE val-

ues, and significance was set at P < 0.05 (unpaired t-test or

Mann-Whitney U test). The formalin test results were ana-

lysed using one-way ANOVA with Dunnet's multiple com-

parison tests. Data from the second phase of formalin test

were expressed as the area under curves (AUCs).

RESULTS

Influence of mildronate on stavudine-induced alter-

ations in rat sciatic nerve tissue: total number of degen-

erative cells. Our results (Figs. 1A-C, 2) showed that

stavudine administration for nine weeks [group S(5w) +

S/C (4w)] significantly increased the total number of degen-

erated cells in peripheral nerves, in comparison to the saline

control group [C(5w) + C/C (4w)]: 14.0 ± 2.3 vs. 3.2 ± 0.4,

cells/mm
2
, P < 0.01, cells/mm

2
. A similar increase was

observed also after five-week administration of stavudine

followed by four-week saline adiministration [group S(5w)

+ C/C (4w)]. Histological data showed that stavudine

caused also a small pericellular and perivascular edema

(data not shown). Mildronate per se (Fig. 2) did not cause

alterations in sciatic nerve tissue during a period of

four-week administration followed by five-week saline ad-

ministration [group C (5w) + C/M (4w)]. Mildronate ad-

ministered for four weeks together with stavudine after

five-week stavudine administration [group S(5w) + S/M

(4w)] significantly reduced the stavudine-induced increase

in the total number of degenerated cells in comparison to

the nine-week stavudine-treated group [(S (5w) + S/C (4w)]

data (8.4 ± 0.7 vs. 14.0 ± 2.3, cells/mm
2
, P < 0.05, Figs.

1A-C, 2). There was no significant reduction in the number

of degenerated cells when mildronate was administered for

four weeks after five-week stavudine administration [group

S(5w) + C/M (4w)] compared to the corresponding group

[S(5w) + C/C (4W)], Fig. 2.

Influence of mildronate on stavudine-induced alter-

ations in rat sciatic nerve tissue: expression of myelin.

Administration of stavudine for nine weeks reduced the ex-

pression of myelin in rat nerve tissue by about of 30% (data

not shown) in comparison to the saline control group (1.9 ±

0.1 vs. 2.7 ± 0.2 scores, P = 0.01). Expression of myelin

was also reduced, when stavudine was administered for five

weeks, in comparison to the saline control (2.1 ± 0.1 vs. 2.7

± 0.2 scores, P < 0.05). Four-week administration of

mildronate followed by five-week saline administration per

se did not cause significant alteration in myelin expression
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Fig. 1. Photomicrographs of rat peripheral nerve tissue stained with cresyl violet (A–C), magnification at ×200. Saline control (10 ml/kg), stavudine (50

mg/kg), and mildronate (100 mg/kg) were administered intraperitoneally five + four weeks. In the control group (A) prominent cells were stained in violet

colour; stavudine group (B) showed decreased staining (neurodegeneration), arrow indicates negatively stained cells; mildronate coadministration with

stavudine prevented neurodegeneration (C, arrow indicates positively stained cells).



administration did not influence considerably the stavudine

effect (data not shown).

Influence of mildronate on formalin-induced pain/in-

flammation. Formalin injection caused a considerable paw

licking behaviour in mice in both the first phase (0–5 min

after injection, data not shown) and the second phase

(20–35 min after injection). Two-week mildronate adminis-

tration did not influence formalin-induced response in the

first phase (data not shown), whereas it significantly short-

ened a licking time in the second phase, in comparison to

control: AUC (area under curve): 212.9 ± 33.1 s vs. 378.0 ±

44.9 s, P < 0.01 (Fig. 3). The effect of mildronate was com-

parable to that of indomethacin, a reference drug: 162.7 ±

41.0 s vs. 378.0 ± 44.9 s, control group, P < 0.01 (Fig. 3).

DISCUSSION

Mildronate is a well known cardioprotective drug (Dam-

brova et al., 2002). However, it also shows neuroprotective

properties in brain tissue (Pupure et al., 2010). Recently,

the effect of mildronate in normalising mitochondrial

dysfunctions was also demonstrated (Pupure et al., 2008).

Mildronate’s efficacy in the peripheral nervous system is re-

ported here for the first time. In the present study

mildronate was shown to be capable of protecting at least in

part the stavudine-induced (about four-fold) degeneration of

cells in rat peripheral sciatic nerve tissue by reducing the to-

tal number of degenerated cells (by about 34%). However,

mildronate did not significantly affect stavudine-induced

demyelination, probably due to the very complicated

demyelination cascades of signals, which involve neurons,

glia, and cells of the immune system, as well as further pro-

duction of cytokines, regulation of macrophage recruitment,

myelin removal, regeneration, and neuropathic pain

(Abbadie et al., 2003). Our previous results showed that

mildronate protected mice cardiac tissue against stavudine-

induced over-expression of NF-�Bp65, as well as cellular

infiltration and necrosis (Isajevs et al., 2007). Although

stavudine treatment induces a high percentage of peripheral

neuropathies in HIV-infected AIDS patients (Scarsella et

al., 2002; Cherry et al., 2006), until now there are no ade-

quate stavudine neuropathy animal models. Our experimen-

tal schedule with a long-term (five and nine weeks)

stavudine administration was in an attempt to develop a

model, and the obtained results demonstrated that mildron-

ate can reduce degenerative events in the peripheral nervous

system. However, the study can be considered as prelimi-

nary. The ability of mildronate to halt degenerative pro-

cesses was shown also in our recent findings, where

mildronate (particularly at dose 50 mg/kg) reduced neuro-

degenerative and apoptotic events in mice brain cortex by

normalising the decrease in cytochrome c oxidase expres-

sion, the increase in caspase-3 expression, as well as by re-

ducing the expression of glial fibrillary acidic protein, and

cellular infiltration (Pupure et al., 2010).

We demonstrated here the anti-inflammatory action of mil-

dronate in mice using the formalin test, which is validated

for the assessment of a two-phase model for tonic pain and

localised inflammation (Tjolsen et al., 1992). Although

mildronate did not affect the first phase nociception, it re-

duced the licking behaviour during the second phase, which

is attributed to the inflammatory response. The anti-inflam-

matory action of mildronate was comparable to that of

indomethacin, a reference drug of the cyclooxygenase

(COX) inhibitor class. At present, we cannot provide a pre-

cise mechanism of anti-inflammatory action of mildronate

in peripheral tissue, since the late phase followed by forma-

lin injection appeared to depend on a combination of in-

flammatory reaction caused by different substances, such as

glutamate, substance P, and neurokinin (Yaksh, 1997). The

present data are in line with those obtained previously:

anti-inflammatory action of mildronate in mice cardiac tis-

sue (Klusa et al., 2006; Isajevs et al., 2007) by reducing

considerably the expression of NF-�Bp65. This nuclear fac-

tor has been linked to inflammation by upregulating various

inflammatory cytokines, chemokines and adhesion mole-

cules (Di Stefano et al., 2002).
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Fig. 2. Number of degenerated cells in rat sciatic nerve (cells/mm
2
). Saline

control (C, 10 ml/kg), stavudine (S, 50 mg/kg), and mildronate (M, 100

mg/kg) were administered intraperitoneally five (5w) + four (4w) weeks.

Statistical significance expressed as:
*
P < 0.05 vs. C+C/C group,

#
P <

0.05 vs. S+S/C group, unpaired t-test.

Fig. 3. Effects of saline control (Sal, 10 ml/kg), mildronate (M, 100 mg/kg)

and indomethacin (Ind, 5 mg/kg) on formalin (Form)-induced inflamma-

tion (second phase, 15–35 min). The y axis: area under curve (AUC) for

paw licking time in seconds. Statistical significance expressed as: *P <

0.05 vs. Sal+Form group, One-way ANOVA with Dunnet's multiple com-

parison test.



In conclusion, our data demonstrate for the first time that
mildronate protects peripheral nerve tissue from cell death
and inflammatory processes, probably by action focused on
the regulation of mitochondrial functions. Our data suggest
that mildronate can be useful in the protection of different
neuropathies associated with mitochondrial toxicity.
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MILDRONÂTA PROTEKTÎVIE EFEKTI PERIFÇRAJÂ NERVU SISTÇMÂ: STAVUDÎNA NEIROPÂTIJAS UN FORMALÎNA
IEKAISUMA MODEÏI

Iepriekðçjos pçtîjumos esam parâdîjuði mildronâta spçju regulçt mitohondriâlos procesus izolçtos þurku aknu audos, kâ arî normalizçt
smadzeòu audu daþâdu signâlmolekulu ekspresiju. Ðajâ darbâ pârbaudîjâm hipotçzi, ka mildronâts spçj uzrâdît protektîvu darbîbu arî
perifçrajâ nervu sistçmâ. To pçtîjâm modeïvielas — stavudîna izrasîtâs neiropâtijas modelî un formalîna izraisîtâ iekaisuma procesos.
Mildronâts devâ 100 mg/kg bûtiski samazinâja stavudîna izraisîto deìeneratîvo ðûnu skaitu þurku perifçrajos (sçþas nerva) nervu audos,
taèu neietekmçja samazinâto mielîna ekspresiju. Mildronâts lîdz kontroles lîmenim samazinâja iekaisuma reakciju formalîna testa otrajâ
fâzç, un rezultâts bija salîdzinâms ar indometacîna efektu. Ðie rezultâti liecina, ka mildronâts spçj regulçt deìeneratîvos un iekaisuma
procesus perifçrajâ nervu sistçmâ, ko var izskaidrot ar tâ spçju regulçt mitohondriâlos procesus. Iegûtie dati norâda uz mildronâta
iespçjamiem protektîvajiem efektiem perifçro neiroloìisko saslimðanu (piemçram, neiropâtiju) ârstçðanâ.
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