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ABSTRACT. Methyl methacrylate (MMK) is a synthetic product with mild impact on human 
health that is not well studied on cellular basis. Here, human erythrocytes were used to 
investigate the effects MMK exerts on acid and heat-induced hemolysis. Biphasic effect of 
MMK was observed for acid-induced hemolysis; i.e., protection at low (0 – 0.05 % v/v) and 
stimulation at higher (0.1–0.4 % v/v) concentrations. The maximal protective effect was 
produced at 0.03 % (v/v). At this concentration MMK increased the temperatures of heat 
denaturation of erythrocyte membrane proteins, spectrin and integral proteins, by about 2 oC 
and inhibited the heat-induced hemolysis by 20 %. This membrane stabilization effect of 
MMK is similar to that produced by some anti-inflammatory and antirheumatic drugs. The 
increased acid resistance possibly indicated anti-oxidant properties of MMK. The non-
enzymatic antioxidant activity test evidenced that MMK has no superoxide dismutase-like 
activity but demonstrates strong catalase-like activity (about 900 kU/mmol at 0.05-0.1 mmol/l 
concentration). The results indicate that at low concentration MMK exerts benign effect on 
cellular membrane that could find therapeutic usage.  
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INTRODUCTION. MMK (CAS no. 80-62-6) is a volatile synthetic chemical that is used to 
produce polymer materials for the industry, medicine and everyday life. The majority of 
MMK pollution is predicted to be emitted to air, with small amounts being released into water 
and soil. The acute toxicity of MMK is low. MMK was not found carcinogenic in rats and 
mice exposed by inhalation. MMK is a mild respiratory and skin irritant in humans and has 
the potential to induce skin sensitization in susceptible individuals [1]. Inside human body 
MMK is rapidly metabolized and hydrolyzed to methanol, methacrylic acid, formic acid and 
other end products.  

In an extensive study Prakova [2] has found that the pH of blood plasma of workers in 
the production and prossessing of methyl methacrylate was reduced. In addition, the 
concentration of hemoglobin and number of erythrocytes were both reduced depending on the 
extent of exposure. This state was defined as metabolic acidosis and anemia related to the end 
products of MMK hydrolysis [3]. However, the direct impact of MMK on human erythrocytes 
was not investigated. The aim of that paper is to present in vitro study of the effects MMK 
exerts on the acid and thermal resistance of human erythrocytes and on the structural stability 
of erythrocyte membrane proteins.  
------------------------------ 
 
Abbreviations: DIDS, 4,4'-diiso-thiocyanato stilbene-2,2'-disulfonic acid; EDTA, ethylene 
diamine tetraacetic acid; EGTA, ethylene-bis(oxy-ethylenenitrilo) tetraacetic acid; MMK, 
methyl methacrylate; NSAIDs, non-steroid antiinflamatory drugs; SOD, superoxide 
dismutase. 
 



MATERIALS AND METHODS. Methyl methacrylate, DIDS, EDTA and EGTA were all 
purchased from Sigma (St. Louis, MO, USA). Another portion methyl methacrylate was 
obtained from the production facility in Biochim chemical plant of Stara Zagora, Bulgaria.  

1. Human erythrocytes were separated from fresh citrated blood of healthy donors. 
The blood was centrifuged at 1500 rpm for 10 min and the upper layer of the cediment that 
contained white blood cells and platelets was discarded. Before usage the erythrocytes were 
thrice washed in excese volume of cold NaCl saline and stored at 4 оС for less than a day. 
One-step resealed ghosts were obtained from human erythrocytes as described earlier [4]. 
Prior to the usage, the resealing was verified obtaining the Boyle van’t Hof linear relation of 
ghost volume with inverse of osmotic pressure [5]. Inhibition of the anion transport in 
erythrocyte membranes was produced by the application of DIDS as a highly specific, 

covalent inhibitor of anion channel [6].  
 

Fig. 1. Time course of HCl-induced 
hemolysis of human erythrocytes in the 
presence of MMK. The MMK concentration 
was zero (K), 0.03 % (v/v) (1) and 0.10 % 
(v/v) (2). Prior to the usage cells were 
suspended in 1.8 ml NaCl-saline to obtain 
concentration as indicated by the optical 
density (OD700). Arrow indicates the addition 
of 20 µl acid (final pH 3.2).  
 

2. Prior to the acid hemolysis    
1 % (v/v) stock solution of MMK in 
NaCl saline was properly diluted in 
order to obtain the desired final 
concentration. Erythrocyte suspension 

was prepared adding 20 µl suspension of intact or DIDS-inhibited erythrocytes to 1,8 ml 
unbuffered NaCl saline with or without MMK. The low pH-induced hemolysis of cells was 
induced by injecting 20 µl HCl-load to that suspension at continuous stirring. The final pH 
was determined by a pH-meter (Radelkis, Hungary) at a separate experiment. The hemolysis 
was followed by recording the changes in optical density at 700 nm (Spekol 21, Carl Zeiss 
Jena, Germany) on chart [7]. At this wavelength, the light absorption of hemoglobin is nil and 
the measured optical density, OD700, can be attributed mainly to the light scattering of cells 
still remaining intact. Acid resistance of cells is defined as the time needed to lyse 50 % of 
cells by the correspondent change in pH of the medium.  

3. In order to determine the rate of thermal hemolysis, 0.25 ml packed cells were 
suspended in 3 ml NaCl-saline that contained 3 mM EDTA and heated at 54,2 oC [8]. The 
time course of thermohemolysis was assayed by measuring the optical density at 700 nm of 
0.05 ml aliquots periodically taken and diluted to 1.8 ml NaCl-saline. Thermal resistance of 
cells is defined as the time needed to lyse 50 % of cells. 

4. Non-enzymatic superoxide dismutase-like activity of MMK was determined by the 
xanthine/xanthine-oxidase/ nitroblue tetrazolium (NBT) method [9]. Xanthine 
/xanthine-oxidase produced O2- reduces NBT to formazan, which was assessed 
spectrophotometrically at 560 nm. SOD competes with NBT for the dismutation of O2- and 
inhibits its reduction. The level of this reduction is used as a measure of SOD activity. The 
total SOD activity is expressed in units/mg of protein, where one unit is equivalent to the 
SOD activity that causes 50 % inhibition of the reaction rate without SOD. 

5. Non-enzymatic catalase–like activity of MMK was assayed according to [10]. 
Briefly, hydrogen peroxide (30 mM) was used as a substrate and the decrease in H2O2 
concentration at 22 oC in a phosphate buffer (50 mM, pH 7.0) was followed spectroscopically 



at 240 nm for 1 min. The activity of the enzyme was expressed in units per mg of protein and 
1 unit equals the amount of an enzyme that degrades 1 µM H2O2 per minute.  

6. Determination of the denaturation temperature of spectrin and integral proteins of 
erythrocyte membrane [11]. Briefly: intact erythrocytes or resealed ghosts (inside content 150 
mM NaCl) were suspended at the hematocrit of 7 % in an isotonic media that contained 50 
mM NaCl and sucrose, thus imposing a strong outward gradient of ion concentration across 
the membranes. 0.25 ml of this suspension was heated with constant heating rate (2 oC/min) 
and the first derivative of the suspension impedance, measured at 10 kHz, was recorded as a 
function of temperature (derivative conductivity thermogram). The time differentiation was 
applied in order to compensate for the strong Boltzmann dependence of the suspension 
conductivity on the temperature. At a steady-rate heating, the thermogram appeared as a 
horizontal line, unless the suspension impedance increased, this causing a sharp peak around 
the inducing temperature T. 

 
 

Fig. 2. Concentration dependence of the effect of 
MMK on the acid resistance of human erythrocytes. 
The erythrocytes were suspended in NaCl-saline that 
contained the indicated concentration of MMK. Acid 
hemolysis was induced as explained for Fig. 1. Acid 
resistance was defined as the time for hemolysis of 
half the number of cells. 
 

 
Upon passing across a specific 

temperature intervals, particular proteins of 
erythrocyte membrane incur conformation 
change that produce change in the passive 
electric properties of membrane. When 
peripheral protein spectrin denatures (49,5 oC) 

the membrane capacitance decreases [12] and when integral proteins liberate internal motions 
(62 oC) the membrane ion permeability increases [11]. Hence, the suspension impedance is 
reduced at 49,5 oC (Ts) and about 62 oC (Tg). Two thermally induced membrane alterations 
could be detected as sharp peaks centered at Ts and Tg on the thermogram (Fig. 3). The Tg 
corresponds to thermohemolysis-related membrane alteration and resistance to heat-induced 
lysis of erythrocytes [11] while Ts is related to heat sensitivity of erythrocytes. 

The top temperatures of each peak had practically the same value in both ghosts and 
intact cells. During repeated heatings of different portions of a same ghost (cell) preparation, 
the variations of Ts and Tg lay within ± 0.2 oC. The Ts and Tg slightly depended, however, on 
the rate of heating. To avoid this dependence, Ts and Tg was determined at a same heating rate 
of 2.0 oC/min in all experiments. The method is assumed not sensitive to changes in the cell 
shape according to the data presented in [13]. The suspension impedance was measured by 
conductometer LM-301 (Germany) and the thermogram was recorded by a chart recorder 
Endim 620.02 (Germany). 
 
RESULTS. In intact human erythrocytes the onset of acid-induced hemolysis and time for  
50 % hemolysis were markedly detained in the presence of low concentrations of MMK 
(Fig.1). The increases of lag period and resistance against acid hemolysis both depended on 
the MMK concentration (Fig. 2). At high MMK concentrations, however, the acid hemolysis 
was accelerated. Similar results were obtained with DIDS-treated cells (not shown). Thus, 
biphasic effects of MMK were observed for the acid-induced hemolysis, i.e. the protection at 



relatively low MMK concentrations and stimulation at higher MMK concentrations. The 
MMK concentration offering maximal protection to the cells was 0.03 % (v/v). Similar data 

were obtained using MMK produced in the 
Biochim plant facility.  
  
Fig. 3. Temperature profile of the derivative of 
impedance dZ/dt of erythrocyte membrane 
suspension. The 52.2 oC peak corresponds to the heat 
denaturation of spectrin. The 65.5 oC peak indicates 
egress of conductive material from the resealed 
plasma membranes.  
 
 

Recent results has demonstrated that 
acid hemolysis of human erythrocytes is 
secondary event to the oxidative stress 
generated following the entry of extracellular 
acid into cytosole [4]. Acid hemolysis could be 
effectively suppressed by the presence of 

superoxide dismutase and catalase [4]. As MMK at low concentrations inhibited acid 
hemolysis one could expect MMK should have some inhibitory action against reactive 
oxidative species. It is shown in Table I that MMK had no SOD-like activity and 
demonstrated intense catalase-like activity. The latter activity of MMK was an order of 
magnitude higher than that of the widely used substances with similar properties; vitamins E 
and C.  

 
Table I. Antioxidant activity of MMK. 

 
Concentration of 

MMK (mmol/liter) 
Non-enzymatic 

SOD –like activity 
(kU/mmol) 

Non-enzymatic 
catalase-like activity 

(kU/mmol) 
0.1 0 852 ± 66 
0.05 0 945 ± 55 

 
The structural stability of erythrocyte membrane proteins could be expressed by the 

temperature of their heat denaturation. Fig. 3 shows the temperature dependence of the 
electrical impedance of erythrocyte membranes. This thermogram demonstrates the heat 
denaturations of the undermembrane peripheral protein spectrin at Ts [12] and the integral 
proteins at Tg [11]. Both the Ts and Tg temperatures were increased by about 2 oC at the 
presence of 0.15 % (v/v) MMK and decreased by 1 to 2 oC at the presence of 0.30 % (v/v) 
MMK (not shown). Again, biphasic effect of MMK was observed for the structural stability 
of plasma membrane proteins, i.e. stabilization at relatively low MMK concentrations and 
labilization at higher MMK concentrations. 
 As the structural stability of plasma membrane proteins was increased by low 
concentrations of MMK the thermal hemolysis could be inhibited. Fig. 4 displays the result 
that low concentrations of MMK postponed the onset of hemolysis and increased the time for 
50 % hemolysis under thermal stress.   
 
DISCUSSION. Data obtained by other authors have shown that heat-induced lysis of human 
erythrocytes and heat denaturation of proteins (albumin) was inhibited to a variable extent by 
the main group of anti-inflammatory drugs, NSAIDs [14]. This group includes diclofenac and 



salicylate [14], indomethacin, ibuprofen, ibufenac, piroxicam, naproxen and phenylbutazone 
[15]. Some herbal water extracts with anti-inflammatory, analgesic and antirheumatic activity 
has also exerted a dose-dependent protective effect on thermohemolysis and heat denaturation 
of albumin [16, 17]. This inhibitory and protective effect correlates the therapeutic action of 
the drugs and it is this stabilizing effect on the cell membrane that is thought to be important 
for the therapeutic activity [18].  

 
 

Fig. 4. Effect of the presence of MMK on the 
resistance of human erythrocytes against thermal 
hemolysis. The cells were exposed to 54.2 oC in a 
medium that did not contain MMK (K) or contain 
0.05 % (v/v) MMK (1).  

 
 
The main finding of this study was 

that low concentrations of MMK protects 
human erythrocytes against both acid and 
heat-induced hemolysis and stabilize the 
proteins of erythrocyte membrane. These 

findings substantiate the conclusion that low concentration of MMK stabilized the structure of 
plasma membrane and its proteins. This inhibitory and protective effect was produced at 
concentrations equal and higher than those found in the blood plasma of humans exposed to 

MMK. These results stay in accordance with the 
inference that MMK itself has no acute effects and its 
metabolites mainly produce harmful effects to exposed 
humans [2, 3]. 

 
 

Fig. 5. Chemical formulae of methyl methacrylic acid (A) and 
propionic acid (B). 

 
 
 
The findings present substantiate that MMK 

elicits  membrane stabilization effect similar to that of the anti-inflammatory and 
antirheumatic drugs. This could originate from the resemblance in the molecular structure of 
the precursors of MMK and these drugs (Fig. 5).  

At higher concentrations, however, MMK stipulated both the acid and thermal 
hemolysis and labilized the proteins of erythrocyte membrane. Thus, biphasic effects of 
MMK were observed, i.e. protection at relatively low MMK concentrations and stimulation at 
higher MMK concentrations. MMK is lipophilic substance that readily incorporates into 
plasma membranes [1]. Relatedly, MMK could strongly affect the structure and stability of 
plasma membranes depending on its membrane concentration. The enhancement of hemolysis 
at higher concentrations was probably a secondary event resulting from the disturbance of 
membrane barrier function. 

These findings suggest that MMK has a certain membrane stabilizing effect, in addition to 
the anti-oxidant activity, and that the activity may be probably related to membrane proteins 
rather than membrane lipids. 
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