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Summary

Muramyl peptides have been shown to exert several biological activities
including potentiation of humoral and cell-mediated immunity and stimula-
tion of natural resistance. The mode of action of muramyl peptides has not
been elucidated fully and the immunological activities of some derivatives
have been associated with toxic effects, including pyrogenicity and inflamma-
tory reactions. Nevertheless, the impact of muramyl peptides on mitochon-
drial respiration has never been addressed. In this study, the in vitro effects of
muramyl peptides on rat liver mitochondria were examined. Toxic muramyl
peptides induced a significant decrease in respiratory control ratio versus
non-toxic analogues. These results were confirmed by in vivo studies in mice
and were extended to mitochondria isolated from spleens. Our data address,
for the first time, the effect of muramyl peptides on mitochondrial
bioenergetics. Further studies are required to reveal the mechanism of mito-
chondrial toxicity in relation to the damaging effects of toxic muramyl
peptides.
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Introduction

Muramyl peptides are a family of immunomodulators with
diverse biological effects. Their immunological activities
include adjuvanticity [1], amelioration of non-specific resis-
tance to viral and bacterial infections [2], enhancement of
anti-tumour activity of macrophages [3], manipulation of
cytokine release [4,5] and restoration of haematopoiesis [6].
Furthermore, some derivatives have been developed within
the context of non-specific immune-based therapies and
have already reached clinical stages of development [7]. The
parent molecule of this family is muramyl dipeptide (MDP),
which has been reported in 1974 by Ellouz et al. as the
minimal adjuvant-active structure of bacterial peptidogly-
can [8]. However, MDP administration into different hosts
was associated with serious toxicity. Therefore, attempts
have been made to generate analogues with desirable prop-
erties and reduced toxicities. Some derivatives maintained
their toxic and immunological effects [e.g. MDP-lysine
(MDP-Lys)], others showed reduced toxicity but retained
certain biological activities [e.g. murabutide (MB) and
muradimetide (MDM)], and some turned out to be totally
inactive [e.g. MDP-D-alanyl-D-isoglutamine (MDP-DD)].
Some toxic effects of muramyl peptides include pyrogenicity,

somnogenicity, uveitis [9–11], acute polyarthritis [12],
autoimmune thyroiditis and increased serum amyloid A
protein [13,14]. For instance, intracerebroventricular
administration of 0·1 nmol of MDP or MDP-Lys was suffi-
cient to induce somnogenicity in rabbits whereas MB, and to
a lesser extent MDM, was not an effective inducer of slow-
wave sleep [10]. Moreover, the minimal pyrogenic dose of
MDP in rabbits is 25 mg/kg body weight following intrave-
nous administration. MB and MDP-DD did not induce
any febrile response at a concentration of 10 mg/kg when
administered by the same route [9,15].

It was proposed that muramyl peptides molecules exert
their biological activities following activation of the intrac-
ellular receptor nucleotide binding oligomerization domain
2 (NOD2). NOD2 is a cytoplasmic pattern recognition
receptor that acts as a general sensor of bacterial peptidogly-
can and was found recently to act as a receptor for MDP [16]
and some of its analogues, including MB and MDM (Bahr &
Girardin, unpublished observation). NOD2 activates the
nuclear factor kappaB pathway after ubiquitination of cellu-
lar IkB kinase (IKKg) resulting in the production of inflam-
matory mediators [17].

Despite a long-standing interest in the field of mura-
myl peptides, the implication of these molecules at the
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mitochondrial level has not yet been examined. The present
study constitutes the first attempt to evaluate the effects of
MDP and its derivatives on mitochondrial respiration. Our
goal was to assess the potential toxic effect of three groups of
muramyl peptides on mitochondrial respiration in vitro and
in vivo. The first group included MDP and MDP-Lys, which
are toxic and biologically active. The second was comprised
of MB and MDM, which are relatively non-toxic but bio-
logically active, and the third consisted of a non-active,
non-toxic derivative, MDP-DD. Our data indicate that toxic
muramyl peptides induce significant inhibition of succinate-
linked respiratory control ratio (RCR) in vitro and in vivo.
Conversely, the mitochondrial efficiency is not affected sig-
nificantly by either non-toxic muramyl peptides or bacterial
lipopolysaccharide (LPS), which constitutes a chemically dif-
ferent immunomodulator from muramyl peptides but exerts
a high toxic effect in vivo [1]. These results shed light on
mitochondria as a new target affected by MDP and its
derivatives and reveal a new approach, distinct from the
NOD2 signalling pathway, by which muramyl peptides could
exert their toxic effect.

Material and methods

Animals

Experiments were performed on adult Sprague–Dawley rats
weighing 250–300 g. Initially, rat livers were used because of
the need to recover high concentrations of mitochondria
that are necessary to perform multiple in vitro titrations.
For the in vivo studies, experiments were performed on
Balb/C mice weighing 40–50 g to limit the concentration of
muramyl peptides needed for injection and to generate data
comparable with most of the published work conducted on
MDP. Animals were housed under standard conditions
(12-h light/dark cycle, 22 � 2°C). Mice were injected intra-
peritoneally with muramyl peptides or LPS, 2 h prior to
mitochondria isolation. All experiments were approved by
the Institutional Animal Care and Use Committee of the
University of Balamand and complied with the principles of
laboratory animal care.

Chemicals and reagents

Muramyl peptides used in this work were kindly provided by
ISTAC-SA (Lille, France) and were synthesized as described
previously [18]. LPS, derived from Escherichia coli (0127:B8),
was purchased from Sigma (Germany).

Isolation of mitochondria

Mitochondria from rat or mouse liver were prepared as
described previously [19], with all steps carried out at 4°C.
Tissues were homogenized using a glass Dounce homo-
genizer in isolation medium consisting of 250 mM sucrose,

5 mM Tris–HCl (pH 7·4) and 2 mM ethyleneglycol tetraace-
tic acid (EGTA). The homogenate was centrifuged at 1047 g
for 3 min. The supernatant was centrifuged at 11 360 g for
10 min. Mitochondrial pellets were resuspended in the iso-
lation medium and centrifuged at 11 360 g for 10 min. This
step was repeated. Mitochondrial pellets were suspended in
the isolation medium and protein concentration was deter-
mined by the Biuret method [20]. All results are expressed
per mg mitochondrial protein.

Mitochondria from mice spleens were isolated similarly.
The isolation medium was supplemented with 1% bovine
serum albumin (BSA) and 0·1 mM phenylmethylsulphonyl
fluoride (PMSF). The last two washes in the centrifugation
step were carried out with the isolation medium without BSA.

Measurement of oxygen consumption

Measurements of oxygen consumption were performed
using electrode sensitive to oxygen (Clark electrode; Rank
Brothers Ltd, Cambridge, UK). Oxygen consumption rates
were calculated assuming that the concentration of oxygen
in the air-saturated incubation medium was 406 nmol/ml.

Mitochondria from liver (0·25 mg/ml) were incubated in
standard assay medium (KHE) (3·5 ml) containing 120 mM
KCl, 5 mM KH2PO4, 3 mM HEPES, 1 mM EGTA supple-
mented with 0·3% defatted BSA and 2 mM rotenone (pH
7·2, 37°C). Respiration was initiated with 2 mM succinate as
substrate. Titration of state 3 was carried out in the presence
of 200 mM adenosine diphosphate (ADP) and titration of
state 4 was performed by adding 1 mg/ml oligomycin. Elec-
trode linearity was checked by following the uncoupled res-
piration rate in the presence of 2 mM fluoro-carbonyl
cyanide phenylhydrazone (FCCP) from 100% to 0% air
saturation. RCR were calculated as state 3 divided by state 4
respiration rates. Mitochondria from spleen were incubated
in 1·5 ml of standard assay medium at a concentration of
1·5 mg/ml.

Results

In vitro effect of muramyl peptides and LPS on liver
mitochondrial oxygen consumption rates

At the biochemical level, several approaches are available
for the determination of mitochondrial respiratory chain
perturbations. In this study, the activities of the respiratory
chain complexes have been examined polarographically as
the oxygen consumption rate after addition of various sub-
strates. The mitochondrial respiratory function is separated
conventionally into different states. State 2 is the sub-
strate-dependent respiratory state. State 3 is defined as the
ADP-dependent oxygen consumption and reflects the
mitochondrial respiration coupled to adenosine triphos-
phate (ATP) production; this is the phosphorylation state.
State 4, the resting respiration or the non-phosphorylation
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state in the presence of oligimycin, is a measure of the
oxygen consumed uncoupled from ATP synthesis. State
3/state 4, termed the RCR, is the ratio of the maximal rate
of O2 consumption in the phosphorylation state to the
basal rate in the non-phosphorylation state. This is used as
an indicator of coupling between oxidative phosphoryla-
tion and the mitochondrial electron transport chain. By
this criterion, well-coupled and high physical and func-
tional mitochondrial integrity can be evaluated.

Figure 1a shows the effect of different MDP and MB con-
centrations on RCR of rat liver mitochondria in vitro. MDP
induced 22% reduction in RCR at 10 mM and a maximum
inhibition of 50% at 100 mM; higher concentrations up to
1000 mM did not induce any further inhibition (data not
shown). MB concentrations up to 500 mM, as well as LPS at
50 and 100 mg/ml (data not shown), did not affect the RCR
significantly. Figure 1b shows the time study of MDP, MB

and LPS effects on RCR of rat liver mitochondria. MDP at
100 mM induced 50% decrease in RCR at 2 min and up to
3 h of incubation. Conversely, no significant changes were
depicted in RCR of MB and LPS-treated mitochondria at any
time-point evaluated. The RCR of control mitochondria was
fairly constant at a value of between 5 and 6 during the entire
study. Figure 2a and b shows the in vitro effects of MDP and
MB within 2 min of incubation at 100 mM on the respiration
rates indexes of rat liver mitochondria. The state 3 rate was
depressed significantly by 25% with MDP, whereas state 4
respiration was stimulated by 75%. The state 2 and
uncoupled respiration rates were unchanged (Fig. 2a). MB
was without significant effect on the respiratory rates
(Fig. 2b).

The conditions at which MDP exerted its maximum
effects on the mitochondria were applied to examine the
impact of the other derivatives. Figure 2c summarizes the
effects of muramyl peptides and LPS on mitochondrial
RCR at 100 mM and 50 mg/ml, respectively, after 2 min
incubation. The RCR values of mitochondria treated with
MDP-Lys decreased significantly by 23%. In contrast, the
RCR remained almost unchanged after LPS, MB, MDM
and MDP-DD treatment. The 21% decrease in state 3
induced by MDP-Lys justified the alterations in the RCR.
No major changes were observed in state 4 (data not
shown).

In vivo effect of muramyl peptides and LPS on liver
mitochondrial oxygen consumption rates

It becomes clear from the preceding results that toxic MDP
derivatives affect the performance of the mitochondria in
vitro, but is this true in vivo? To answer this question, mice
were injected intraperitoneally with 100 mg/kg of MDP, and
RCR of liver mitochondria was measured at different time
intervals. As shown in Fig. 3a, mitochondria from MDP-
treated mice showed a maximum decrease in the RCR (about
27%) after 2 h of injection and returned to its basal level at
6 h. The in vivo effect of other MDP analogues on mitochon-
drial respiration was assessed at 100 mg/kg concentration
after 2 h of injection and the results are presented in Fig. 3b.
The RCR was depressed by 20% in MDP-Lys-treated mice.
However, no significant differences in the RCR were
observed between the control mice and those treated with
LPS, MB, MDM and MDP-DD.

Table 1 shows that a 20% decrease in state 3 in vivo was
responsible for the RCR drop in MDP-Lys-treated mice,
whereas a 55% increase in state 4 triggered RCR reduction in
the case of MDP.

In vivo effect of muramyl peptides on spleen
mitochondrial oxygen consumption rates

To check whether muramyl peptides have a general or tissue-
specific toxic effect, we studied the effects of MDP and MB
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Fig. 1. Effects of muramyl dipeptide (MDP), murabutide (MB) and

lipopolysaccharide (LPS) on respiratory control ratio (RCR) in rat

liver mitochondria in vitro. Oxygen consumption was measured (a)

within 2 min in the presence of 1, 10, 50, 100 and 500 mM of MDP

(�) and 100 and 500 mM of MB (�) and (b) at 100 mM of MDP (�)

and MB (�) and at 50 mg/ml of LPS (�) after 2, 60, 120 and 180 min

of incubation. The decrease in RCR is presented as percentage of

inhibition. Data are means � standard error of the mean of three

independent experiments each performed in triplicate. *P < 0·05.
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on mice spleen mitochondria. Similar to the effect observed
in liver mitochondria, a 33% fall in RCR was noticed in
MDP-treated mice; MB did not affect the mitochondrial
performance, as shown in Fig. 4.

Discussion

Detailed and extensive experimental systems have been used
in order to investigate the mode of action of muramyl
peptides. Nevertheless, all studies have neglected one impor-
tant aspect of potential toxic events, namely, those affecting
mitochondrial function. Data in this study demonstrate the
ability of toxic muramyl peptides to impair the mitochon-
drial bioenergetics system. MDP causes concentration-
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dependent inhibition of state 3 (phosphorylation state),
increased state 4 (non-phosphorylation state) and decreased
RCR of respiration in isolated rat liver mitochondria. MDP-
Lys exerts similar effects, supporting the notion that these
compounds have common toxic characteristics. In contrast,
MB, MDM and MDP-DD have no effect on mitochondrial
respiration. The toxic effect of MDP is also seen in in vivo
studies which show that MDP decreases significantly the
RCR of mouse liver mitochondria. Our results also show that
MDP affect the RCR of spleen mitochondria similar to the
liver mitochondria, indicating that MDP has a broad toxic
effect on mitochondrial bioenergetics.

The lack of difference between the control and MDP for
state 2 rates (substrate-dependent respiratory rate) with
succinate suggests no effect induced by MDP on Complex
II. A decrease in state 3 (phosphorylation state) indicates
that toxic muramyl peptides act directly on the ATP syn-
thase complex by disturbing the coupling between the F0

and F1 components, thereby depressing the phosphoryla-
tion efficiency of mitochondria. On the other hand,
increased oxygen consumption during state 4 (non-
phosphorylation state) with decreased RCR is an indication
of increased basal proton leakage. This indicates that toxic
muramyl peptides decrease the efficiency of ATP produc-
tion. In this regard, the effect on state 4 is similar to an
uncoupling effect, but all muramyl peptides do not possess
any acid-based group which is typical of uncouplers (as
FCCP). Moreover, this enhancement in state 4 rate cannot
be explained as a detergent effect, as the FCCP respiration
rate is not affected.

The inhibition of RCR by toxic derivatives in vitro reveals
a direct structural effect on mitochondria. Thus, toxic
muramyl peptides might be able to bind to mitochondria
and induce defects, whereas non-toxic derivatives, regardless
of their biological activity, do not. What strengthens this
hypothesis is the time-independent effect of MDP and its
toxic analogue in vitro. However, there is no common struc-
tural component among toxic analogues that is absent in
non-toxic derivatives, which could help in predicting the link
between structural modification and toxicity.

In order to understand the mechanism of action of
muramyl peptides on mitochondria in vivo, it is necessary
to address the way in which muramyl peptides reach the
cytosol. hPEpT1, present in intestinal epithelial cells and
macrophages, has been demonstrated to be an exclusive
transporter, allowing MDP to pass the plasma membrane
and reach the cytosol and activate NOD2 [21]. Despite the
fact that liver cells contain NOD2 [22], the effect of MDP
on mitochondria is not mediated through the NOD2 sig-
nalling pathway, as non-toxic but biologically active deriva-
tives such as MB and MDM, known to activate NOD2
(Bahr & Girardin, unpublished observation), do not induce
any impact on mitochondrial respiration. Furthermore, the
observed effect could not be attributed to a degradation
product of MDP because 90% of the molecule was

Table 1. Effects of lipopolysaccharide (LPS) and muramyl dipeptide (MDP) derivatives on respiration rates in mice liver mitochondria in vivo

(nmolO/min/mg).

Percentage of control

State 2 State 3 State 4 FCCP rate

MDP 109·7 � 4·8 114·78 � 16·2 155·09 � 13·6* 116·77 � 6·3

MDP-Lys 92·34 � 6·4 80·98 � 1·9 (*) 100 � 0 101·92 � 7·5

MB 144·44 � 23·6 142·03 � 25·7 132·14 � 20·2 112·94 � 18·4

MDM 125 � 14·4 121·54 � 8·2 124·04 � 14·4 139·47 � 9·8

MDP-DD 88·41 � 0·4 108·68 � 5·3 109·22 � 4·8 99·06 � 4

Liver mitochondria were isolated from mice after 2 h of intraperitoneal injection of MDP derivatives (100 mg/kg). Data are presented as percentage

of control. Data are means � standard error of the mean of three independent experiments each performed in triplicate. *P < 0·05. MB, murabutide;

MDM, muradimetide; MDP-DD, N-acetyl-muramyl-D-alanyl-D-isoglutamine; MDP-Lys, N-acetyl-muramyl-L-alanyl-D-isoglutamine-L-lysine; FCCP,

fluoro-carbonyl cyanide phenylhydrazone.
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reported to be excreted in urine, in an unchanged form,
within 2 h after administration [23]. In addition, toxic
derivatives do not exert the same effect on respiratory states
indexes in in vitro and in vivo experiments. MDP and
MDP-Lys decrease the rate of state 3 (phosphorylation
state) in vitro, thus reducing the efficiency of mitochondrial
oxidative phosphorylation by disturbing the ATP synthase
complex. MDP stimulates the rate of state 4 (non-
phosphorylation state) in vivo, thus increasing the energetic
cost of mitochondrial ATP production. This increase in the
basal proton leak activity of mitochondria from MDP-
treated mice could be the result of activation or an induc-
tion of expression of a mitochondrial membrane protein
(mitochondrial permeability transition pores, uncoupling
proteins, adenine nucleotide transferase, etc.) that catalyzes
a proton leak increasing the inefficiency of oxidative phos-
phorylation, thus reducing the generation of high energy
bonds. Further studies are required to reveal the mode of
action of MDP and its analogues on mitochondria.

The LPS does not show any significant effect on mito-
chondrial bioenergetics in vitro or in vivo within the time
range studied. It has been demonstrated previously that LPS
requires a period of 16 h to induce a significant impact on
rat mitochondrial respiration in vivo [24]. Therefore, the
mechanism of action of these two molecules in vivo is com-
pletely different, as LPS requires more time than MDP to
induce mitochondrial inefficiency. Also, MDP induces a
direct effect on mitochondrial respiration in vitro whereas
LPS does not, indicating the inability of LPS to interact with
the mitochondrial membrane proteins and/or lipids, and
might explain the time-period required for the in vivo effect
to become detectable.

Toxicological studies are required to ensure safe and
appropriate administration of a certain molecule and
to achieve a better understanding of its molecular phar-
macology. It has been shown that parenteral administration
of MDP induces an increase in tissue morphine levels in rats
[25], neutrophil influx into the skin of rabbits [26], acute
polyarthritis and oedemagenic activity in rats [14], autoim-
mune thyroiditis and amyloidosis in mice [13,14] and uveitis
and decreased plasma metal iron levels in rabbits [11,27].
Moreover, administration of MDP via either the intravenous
or the intracerebroventricular route induces elevation in
body temperature in rabbits [9]. These biological effects are
accompanied by the release of a battery of inflammatory
cytokines [interleukin (IL)-1b, IL-6, IL-8, tumour necrosis
factor-a]. Many of these inflammatory processes have been
found to be minimal or even absent following administra-
tion of non-pyrogenic derivatives including MB [4]. Thus, in
addition to inflammatory and autoimmune reactions,
muramyl peptides with toxic profile are demonstrated, in
this study, to alter the mitochondrial function. Moreover, it is
of importance to note that the maximum in vivo effect of
MDP and some of its derivatives on mitochondrial respira-
tion was observed 2 h after administration, a time peak

which has been reported for several of the toxicological
effects of MDP in vivo [9,11,26].

Alterations in mitochondrial bioenergetics have been
assessed previously upon treatment with several drugs. For
example, 4-hydroxytamoxifen, a proposed chemotherapeu-
tic agent for breast cancer treatment, has been found to affect
the in vitro phosphorylation efficiency of mitochondria [28].
Furthermore, 5 days of dexamethasone treatment, a potent
synthetic glucocorticoid, increases the contribution of the
mitochondrial proton cycle to oxidative phosphorylation
[29]. Such interactions of toxic compounds with mitochon-
drial function can result in severe impairment of the general
metabolism, given that defective electron transport and
oxidative phosphorylation can impair the function of
physiological activities. A wide range of seemingly unrelated
disorders, such as schizophrenia, dementia, Alzheimer’s
disease, migraine headaches, Parkinson’s disease, diabetes
and hepatitis C, have common underlying pathophysiologi-
cal mechanisms, namely mitochondrial dysfunction and
impaired ATP generation [30]. Therefore, some of the unde-
sirable side effects of muramyl peptides could be the result of
mitochondrial inefficiency in ATP synthesis. This implies
that muramyl peptides-induced alterations in mitochondrial
bioenergetics could contribute to the pathogenesis of toxic
derivatives. Nevertheless, the implication of this effect in the
overall toxicity of muramyl peptides in vivo still requires
further investigation.
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