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B-Cyclohexylmethyl-, B-cyclohexylethyl-, and B-4-fert-butyl-cyclohexyl glycosides of mu-
ramyl dipeptide were shown to increase the resistance of mice to intraperitoneal infection
with cultures of Staphylococcus aureus and Escherichia coli. These compounds increased the
production of cytokines by mononuclear cells from healthy donors. B-Cyclohexylethyl glyco-
side of muramyl dipeptide was more potent than muramyl dipeptide and other derivatives in
increasing in vivo antibacterial resistance and in vitro production of interleukin-1p, interleu-
kin-6, tumor necrosis factor-a, and interferon-y. This glycopeptide had a strong stimulatory
effect on the production of interleukin-4 and tended to stimulate the synthesis of interferon-a.
B-Cyclohexylmethyl glycoside of muramyl dipeptide was most potent in stimulating the pro-
duction of interleukin-4. Biological activity of B-4-tert-butyl-cyclohexyl glycoside of muramyl
dipeptide was lower than that of other glycosides of muramyl dipeptide.
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N-acetylmuramyl-L-alanyl-D-isoglutamine (muramyl
dipeptide, MDP) was extensively studied by immuno-
pharmacologists for more than 35 years. Chemical mod-
ification of this molecule resulted in the development
of some immunotropic substances and large group of
pharmacological drugs to increase the antiinfectious and
antitumor immunity [2,3,8]. The molecular mechanisms
for action of MDP and its derivatives include an ago-
nistic relationship between pattern-recognizing recep-
tors NOD-2 [9]. These data provide the basis for the
synthesis of efficient and safe analogues of MDP. We
previously attempted to attach a cyclic structure to the
glycoside site of MDP. Biological activity of glycopep-
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tide (B-cyclohexyl glycoside of MDP and -adamantyl
glycoside of MDP) increased [5,6,7], remained un-
changed, or even decreased under these conditions
(a- and B-cyclododecyl glycosides of MDP) [4].

Here we evaluated the capacity of new cycloalkyl
glycosides of MDP to increase the resistance of mice
to infections with gram-positive and gram-negative
bacteria and to stimulate the production of cytokines
by human mononuclear cells.

MATERIALS AND METHODS

B-Cyclohexylmethyl-, B-cyclohexylethyl-, and (-4-
tert-butyl-cyclohexyl glycosides of MDP were synthe-
sized as described elsewhere (Fig. 1) [1]. Unmodified
MDP was synthesized [10] and served as the reference
agent in all biological tests.

For in vivo and in vitro studies, MDP glycosides
were dissolved in 10% dimethylsulfoxide (10 mg/ml,
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Fig. 1. Structure of B-cycloalkyl glycosides of MDP. -Cyclohexylmethyl
glycoside of MDP (/), B-cyclohexylethyl glycoside of MDP (//), and
B-4-tert-butyl-cyclohexyl of MDP (/ll).

Tatkhimfarmpreparaty). This solution was brought to
the desired concentration by adding 0.9% NaCl or
culture medium.

The effect of glycopeptides on the resistance to
bacterial infection was studied on outbred albino mice
aging 20-25 days and weighing 12-14 g (Stolbovaya
nursery) [4]. MDP glycosides in a final volume of
0.5 ml were injected intraperitoneally to animals with
sepsis induced by S. aureus strain Wood 46 (doses
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Fig. 2. Effect of p-cycloalkyl glycosides of MDP on the resistance of
animals to intraperitoneal infection with S. aureus. Light bars, 0.15
mg/kg; dark bars, 1.5 mg/kg; shaded bars, 15 mg/kg. Results of one
of three independent experiments. Here and in Fig. 3: control (1);
MDP (reference control, 2); B-cyclohexylmethyl glycoside of MDP
(3); B-cyclohexylethyl glycoside of MDP (4); B-4-tert-butyl-cyclohexyl
of MDP (5). p<0.05: *compared to the control; *compared to the
reference control (MDP).

0.15, 1.5, and 15 mg/kg) or Escherichia coli strain
264 (doses 3.75, 75 pg/kg, and 1.5 mg/kg). Control
mice received 0.5 ml 0.9% NaCl. The animals were
infected with an 18-h culture of infectious agents 24 h
after treatment. The amount of microbial bodies was
estimated in preliminary experiments (10° and 2x107
for S. aureus and E. coli, respectively) and served as
the minimum infectious dose (death of 100% animals
over the first 3 days). The animals were examined for
10 days. The efficacy of MDP glycosides was esti-
mated from animal survival.

Mononuclear cells were isolated from the ve-
nous blood of healthy donors by the standard method
using a Ficoll-Paque density gradient (Pharmacia).
The cells (final concentration 2x10° cells/ml) were
cultured in RPMI 1640 medium containing 10% in-
activated fetal bovine serum, 2 mM L-glutamine,
10 mM HEPES buffer (Flow Lab), and 50 pg/ml
gentamicin (KRKA). Culturing was performed in a
humid atmosphere at 37°C and 5% CO, for 24 h. The
test substances in a final concentration of 0.2, 2, or 20
ug/ml were added to the medium before incubation.
Phytohemagglutinin (PHA, Difco) in a concentra-
tion of 1 pg/ml was added to the cell culture, which
served as a positive control. The concentrations of
interferon-a (IFN-a), IFN-y, interleukin-1§ (IL-1p),
IL-4, IL-6, and tumor necrosis factor-o (TNF-a) were
measured by solid-phase enzyme immunoassay with
Vector-Best kits according to the manufacturer’s re-
commendations.

The results were analyzed by Statistica 7.0 soft-
ware.

RESULTS

Pretreatment with cycloalkyl glycosides of MDP
increased survival of mice infected with S. aureus
(Fig. 2). B-Cyclohexylethyl glycoside of MDP had
the strongest protective effect. This substance in high
(15 mg/kg) and low doses (0.15 mg/kg) prevented
death of 100% animals (two of three experiments).
B-Cyclohexylmethyl glycoside of MDP had a wide
range of effective doses. However, the survival rate of
infected animals after injection of this substance was
lower compared to that observed in experiments with
B-cyclohexylethyl glycoside of MDP. Activity of B-4-
tert-butyl-cyclohexyl glycoside of MDP was similar to
that of unmodified MDP. This substance significantly
decreased mortality rate (dose 1.5 mg/kg) or tended to
increase survival of animals (other doses).
B-Cyclohexylethyl glycoside of MDP was most
potent in increasing the antibacterial resistance during
experimental sepsis induced by intraperitoneal injection
of E. coli culture (Fig. 3). This glycopeptide in a dose
of 1.5 mg/kg prevented death of 100% animals (much
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more significant than MDP). B-Cyclohexylmethyl gly-
coside of MDP in the same dose increased survival
of infected animals to 60%. MDP and -4-fert-butyl-
cyclohexyl glycoside of MDP tended to decrease the
mortality rate of infected mice.

B-Cyclohexylethyl glycoside of MDP was more
potent than other derivatives of MDP in stimulating
in vitro production of IL-1p, IL-6, TNF-0, and IFN-y
by human mononuclear cells (Table 1). As differentia-
ted from other glycosides of MDP, this glycopeptide
increased production of IL-4 and tended to stimulate
the synthesis of IFN-a. B-Cyclohexylethyl glycoside
of MDP in a dose of 20 pug/ml significantly increased
the production of this cytokine. B-Cyclohexylmethyl
glycoside of MDP was most effective activator of 1L-4
production and its effect in a dose of 2 ug/ml far sur-
passed the effect of the reference preparation. It should
be emphasized that both glycopeptides in concentra-
tions of 2 and 20 pg/ml increased the production of
IL-6 (similarly to PHA in a dose of 1 pg/ml). Similarly
to in vivo experiments, biological activity of B-4-tert-
butyl-cyclohexyl glycoside of MDP was lower than
that of MDP and other derivatives. This glycoside of
MDP only in a concentration of 20 ug/ml stimulated
the production of IL-4 and IL-6.

The increase in biological activity of cycloal-
kyl glycosides of MDP in in vivo and in vitro test
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Fig. 3. Effect of B-cycloalkyl glycosides of MDP on the resistance
of animals to intraperitoneal infection with E. coli. Light bars, 3.75
ug/kg; dark bars, 75 ug/kg; shaded bars, 1.5 mg/kg.

systems was shown to correlate with mobility of
the cyclic aglycone (relative to the glycoside site
of MDP). B-Cyclohexylethyl glycoside of MDP was
most potent in stimulating antibacterial resistance of
mice and cytokine production by human mononu-
clear cells. Its structure includes a two-carbon spacer,
which provides greater conformational mobility of
the lipophilic aglycone. These features contribute to

TABLE 1. Effect of Cycloalkyl Glycosides of MDP on Cytokine Production by Human Mononuclear Cells (pg/ml, M+m)

Concen-
Test substances Sfjfs“tgﬂcgs IFN-a IFN-y TNF-a IL-1p IL-4 IL-6
ug/ml
Spontaneous
production (control) — 18+6 15+4 92+21 309 6.1+£3.2 81£19
PHA 1 2544 18942 | 737+95% | 1020£110* | 41x19* | 1250%210*
MDP 0.2 195 1145 116429 3710 1127 72+16
(reference control) 2 1426 27+5* 154+21 40+12 20+4* 144+22*
20 1557 264+ 161£25* 811" 29+6* 163+29*
B-Cyclohexylmethy 0.2 1544 14£3 128420 4446 2125+ 237+51%
glycoside of MDP 2 19+7 31+5* 171422+ 51+6* 42+7% | 975%120*
20 2046 2516 15926 5947 41£5* | 1090+140*
B-Cyclohexylethyl 0.2 22+5 2046 160+19* 60+7*" 195 365:62*
glycoside of MDP 2 2146 356+ 203+25* 696+ 21+3* | 1330£150*
20 314 3415+ 21124 | 111%15* 40£5* | 1290%110*
B-4-tert-Butyl- 0.2 145 1745 84+16 23+6 5.4+2.9 85+13
cyclohexyl of MDP 2 1247 12+4* 98+11* 24+7 11+3 10114*
20 21+4 1443 110£19° 39+8° 16+4*" 179+21*

Note. Results of 3 independent experiments. p<0.05:*compared to the control; *compared to the reference control (MDP).



626 Bulletin of Experimental Biology and Medicine, Vol. 148, No. 4, 2009 IMMUNOLOGY AND MICROBIOLOGY

biological advantages of B-cyclohexylethyl glycoside
of MDP over other derivatives of MDP. By contrast,
cyclic aglycone of B-4-tert-butyl-cyclohexyl glyco-
side is firmly attached to MDP. This glycoprotein had
minimum immunotropic effect and was less potent
than MDP (in several test systems). Further studies
should be performed to evaluate the relationship be-
tween the structure and mobility of aglycones (rela-
tive to the glycoside site in cycloalkyl glycosides of
MDP) and interaction of these glycopeptides with
intracellular receptors NOD-2.
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