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Abstract

Malondialdehyde (MDA) is a deleterious end-product of lipid peroxidation. The naturally-occurring dipeptide carnosine (b-
alanyl-L-histidine) is found in brain and innervated tissues at concentrations up to 20 mM. Recent studies have shown that
carnosine can protect proteins against cross-linking mediated by aldehyde-containing sugars and glycolytic intermediates. Here
we have investigated whether carnosine is protective against malondialdehyde-induced protein damage and cellular toxicity. The
results show that carnosine can (1) protect cultured rat brain endothelial cells against MDA-induced toxicity and (2) inhibit MDA-
induced protein modification (formation of cross-links and carbonyl groups).  1997 Elsevier Science Ireland Ltd.
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Oxygen free-radicals promote the formation of a number
of species that are highly deleterious to cellular macromo-
lecules. Reactive oxygen species (ROS) have been postu-
lated to be involved in ageing in general [5] as well as
various human pathologies such as inflammatory joint dis-
eases, atherosclerosis, diabetes [4] and Alzheimer’s disease
(AD) [19–21]. An end-product of ROS-induced peroxida-
tion is malondialdehyde (MDA), itself potentially damaging
to polypeptides and known to induce cross-links in protein
[12]. We have previously observed [8,9] that the dipeptide
carnosine can react preferentially with aldehydes and
thereby protect proteins against aldehyde and ketone-con-
taining glycating (cross-linking) agents such as fructose,
deoxyribose, dihydroxyacetone and glyceraldehyde-3-phos-
phate. This suggests that carnosine might be protective
against MDA.

Carnosine (b-alanyl-L-histidine) is found in innervated
tissues, cerebrospinal fluid and the lens, sometimes at high

concentrations (up to 20 mM) (for review see [2]). The
proper function of this dipeptide is uncertain although
many properties have been proposed including physiologi-
cal buffer, wound healing agent, radioprotectant, anti-oxi-
dant, free-radical scavenger, metal ion chelator, immuno-
modulator, anti-tumour agent [2] and anti-ageing compound
[7,14]. This study investigates whether carnosine protects
against MDA-mediated cellular and molecular damage.

Rat brain endothelial cells (RBE4), obtained from Dr.
P.O. Courand (INSERM, Paris, France), were cultured as
described [17]. Briefly, cells at passage 52–58 were grown
to confluence in 24-well collagen-coated plates in 1 ml cul-
ture medium supplemented with 5% foetal bovine serum.
The effect of MDA, prepared as described [12], was exam-
ined following its addition to confluent RBE4 cell cultures.
Cell viability was determined after 24 h by assaying glucose
consumption [1], intracellular lactate dehydrogenase (LDH)
[23] and mitochondrial dehydrogenase function as mea-
sured by reduction of 3-[4,5-dimethylthiazol-2-yl]–2,5-
diphenyltetrazolium bromide (MTT) as described [3].

Table 1 shows that MDA was toxic as indicated by
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decreased glucose uptake, loss of cellular LDH and
decreased mitochondrial enzyme activity. Within 24 h of
the addition of the highest concentrations of MDA (4
mM) most of the cells were detached from the culture vessel
surface as seen by phase-contrast microscopy (not shown).

Fig. 1 demonstrates that the effect of MDA on mitochon-
drial function was dose dependent; the ability to reduce
MTT declined by more than 95% after addition of 3 mM
MDA, while 2 mM MDA produced a 73% decline and
inhibition at 1 mM MDA was more modest. Carnosine
(20 mM) was protective at all MDA concentrations
employed, up to 4 mM, and provided at least 50% protection
(Fig. 1). Carnosine protection was concentration-dependent
as measured by all three assays (Fig. 2a,b) and 20 mM
carnosine provided 70–90% protection against the cellular
effects of 2 mM MDA. Residual MDA in the growth med-
ium did not inhibit the glucose assay; increased quantities of
the sugar were detected in the extracellular fluid following
MDA treatment (indicating decreased utilisation). Carno-

sine did not appear to affect glucose consumption (Fig.
2a). Given the reactivity of MDA towards proteins, etc.
we did not anticipate that much of it would remain free
within the cells after 24 h exposure. Nevertheless, the
cells were washed prior to assay of the cell-associated activ-
ities to eliminate the remote possibility that residual MDA
interference.

We cannot be certain how MDA-mediated cellular toxi-
city is caused but deleterious interaction with proteins is one
possibility. Using a model system, we found that MDA
modifieda-crystallin in at least two ways, (1) by induction
of protein-protein cross-links, as evidenced by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) [8], and (2) by protein oxidation as shown by for-
mation of carbonyl groups measured by their reaction with
2,4-dinitrophenylhydrazine [6] (Fig. 3a,b). Both modifica-
tions were inhibited by carnosine (Fig. 3a,b). Despite the
high concentrations of MDA employed for this study (up to
25 times the maximum used in the cell experiments) we
found that carnosine was protective at concentrations only
5–10 times those added to the cells. These results suggest

Fig. 1. Effects of MDA (0–4 mM) on cultured rat brain endothelial cell
viability as measured by mitochondrial activity (MTT assay): effect of
20 mM carnosine. Cells were cultured and assayed for mitochondrial
function after 24 h (see legend to Table 1) in the presence of 0–4 mM
extracellular MDA. Carnosine (20 mM) was added to parallel wells 2
h prior to addition of MDA (0–4 mM). Data are the mean ± SEM
(n = 3–15).

Fig. 2. Effects of carnosine on 2 mM MDA toxicity in cultured rat brain
endothelial cells as measured by (a) glucose utilisation and (b) cell
associated LDH and mitochondrial activity (MTT assay). Cells were
cultured as described in the text. Carnosine (0–20 mM) was added to
the cells. After 2 h MDA at 2 mM was added to the cells. Twenty-four
hours later the cells were assayed for glucose utilisation, lactate
dehydrogenase activity and mitochondrial activity as described in
the text. Data are the mean ± SEM (n = 11–32).

Table 1

Effects of 2 mM MDA on cultured rat brain endothelial cells

Control cells cells + 2mM
MDA

% Inhib-
ition

Glucose consumption
mmoles/24 h

5.59 ± 0.045 3.52 ± 0.21 37.0

Intracellular LDH
mmoles/ml/min

0.657 ± 0.044 0.344 ± 0.028 47.6

MTT % control 99.9 ± 1.5 27.6 ± 1.9 72.4

Cells were cultured as described [17]. MDA (2 mM) was added to
confluent cell cultures for 24 h. Glucose utilisation, cell associated
LDH and mitochondria1 activities by MTT assay were measured as
described [1,3,23], respectively. The presence of MDA in the culture
medium prevented measurement of extracellular LDH activity. Data
are the mean ± SEM (n = 16–32).
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that one way that carnosine might protect endothelial cells is
simply by preferential reaction with the MDA to spare cel-
lular macromolecules, and previous studies have shown that
carnosine reacts readily with other aldehydes [8]. We do not
yet know anything amount the stoichiometry and kinetics of
the carnosine-mediated protection, or whether prior expo-
sure of MDA to carnosine eliminates toxicity as anticipated.

The present experiments suggest that the protective
actions of carnosine and related dipeptides should be inves-
tigated further. We have recently shown that carnosine pro-
tects cultured rat brain endothelial cells against the toxic
effects of an amyloid peptide [16]. The mechanisms remain
to be elucidated, but an involvement of ROS [13] culminat-
ing in generation of deleterious aldehydes such as 4-hydro-
xynonenal and MDA which are scavenged by carnosine
rather than reacting with cellular macromolecules is one
possibility. Alternative or additional explanations including
interference with amyloid peptide binding to receptors, sti-
mulating peptide catabolism, effects on second messenger
processes and scavenging superoxide or hydroxide radicals
are not excluded. Nevertheless, the present results show that
at least in our model system carnosine can prevent MDA-
induced protein modifications (carbonyl groups and cross-
links).

Accumulation of oxidatively-damaged and glycated pro-
teins (as evidenced by the presence of carbonyl groups,
cross-links and advanced glycosylation end-products)
occurs during normal ageing [22] and in increased quantities
during AD [20,21] (it is disputed whether oxidatively-

damaged DNA accumulates in AD [11,13]). A number of
observations suggest that carnosine is protective against
age-related macromolecular damage via mechanisms addi-
tional to the dipeptide’s direct involvement with oxygen
free-radicals and their generation [2]. For example the
amino and imidazole groups of lysine and histidine residues
respectively are the most susceptible to oxidation during
protein ageing [18]; carnosine possesses both targets. Simi-
larly, carnosine may be an endogenous anti-glycating agent
as it resembles preferred protein glycation sites [8,9]. Car-
nosine can delay senescence [14] and decrease DNA oxida-
tion [10] in cultured human fibroblasts. The present results
showing that carnosine intervenes against a major lipid per-
oxidation product (MDA) by modulating its toxicity and
inhibiting protein damage provide additional evidence for
the dipeptide’s potential as a pluripotent protective agent.

Whether carnosine is protective in vivo remains to be
determined, but declining lenticular carnosine levels are
associated with increasingly severe cataracts containing
insoluble protein modified by glucose and/or ROS [2]. Car-
nosine and related peptides are present (sometimes in mM
amounts) in the brain, innervated muscle and the lens, and
while it is not known whether carnosine concentrations
change with age, a decline in CSF homocarnosine has
been reported [15].

We propose that the possible relationship between carno-
sine, deleterious aldehydes, ageing and age-related pathol-
ogies might be worthy of further investigation, together with
the potential for therapeutic activity of carnosine and related

Fig. 3. Effects of carnosine on MDA-induced protein modification (a) cross-linking and (b) oxidation (formation of carbonyl groups). a-Crystallin (1
mg/ml) was treated with 100 mM MDA for 2 h in 100 mM phosphate buffer (pH 7) at 37°C. Where present, carnosine was added 30 min prior to
addition of MDA. (a) Protein cross-linking was determined by SDS-PAGE as described [8]. From left to right each lane contained the following:
lane 1, crystallin only; lane 2, crystallin + MDA; lane 3, crystallin + MDA + 50 mM carnosine; lane 4, crystallin + MDA + 100 mM carnosine; lane
5, crystallin + MDA + 200 mM carnosine. (b) Protein oxidation was determined by assaying for carbonyl groups (absorbance at 450 nm) following
their reaction with 2,4-dinitrophenylhydrazine as described [6].
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structures (or agents that regulate the dipeptide’s synthesis
or degradation) with respect to pathologies that result from
aldehyde-mediated macromolecular modification
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