
Introduction

Phenol and its derivatives are widely used by the chem-

ical industry as components or precursors of resins, plastics,

disinfectants, dyes, antioxidants and perfumes [1]. Phenolic

compounds are present in cigarette smoke and also exist in

smoked food products [2]. Catechol is used as a topical

antiseptic, reagent, an antifungal preservative on potato

seed, photographic developer and a developer in fur dyes,

as well as an antioxidant in many branches of industry,

including rubber, chemical, dye, photographic and pharma-

ceutical [3]. Moreover, catechol and hydroquinone are reac-

tive metabolites of benzene [4]. Due to the common occur-

rence of these compounds in the environment and potential

exposure of people and animals to their action, the mecha-

nisms of their toxic activity towards cells are still being

investigated [5-7].
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Abstract

This study continues our investigations concerning the interaction of phenol, catechol, 2,4-dichlorophe-

nol (2,4-DCP), 2,4,5-trichlorophenol (2,4,5-TCP) and 2,4-dimethylphenol (2,4-DMP) with human erythro-

cytes. We focus on the effects of these compounds on erythrocyte membrane fluidity, as well as on their impact

on membrane proteins. The fluorimetric method and fluorescent probes (ANS, DPH and TMA-DPH) were

used to estimate the fluidity of erythrocyte membranes. SDS-gel electrophoresis was carried out to separate

the proteins of the cell membrane. Additionally, an analysis of disturbances in size and shape of the erythro-

cytes by the application of the methods of flow cytometry and microscopic examination was performed.

It was observed that phenol derivatives like 2,4-DCP, 2,4,5-TCP, 2,4-DMP and catechol induced

changes in membrane fluidity and perturbations in the content of a cell’s membrane proteins. Changes in the

level of spectrin, band 3 protein and low molecular weight proteins were also noted. Using three fluorescent

probes we observed different changes in membrane fluidity on its different layers, depending on the structure

and the concentration of the compound used. The application of flow cytometry and microscopic technique

also demonstrated disturbances in the size and shape of erythrocytes. We concluded that chlorophenols

induced more severe changes in erythrocyte membrane properties and phenol expressed the lowest toxicity.

Keywords: phenol, chlorophenol, methylphenol, erythrocytes, fluidity, morphology 

*e-mail: bukow@biol.uni.lodz.pl



In this article, we continue the studies concerning the

influence of phenol and its derivatives on human erythro-

cytes. The previous studies suggest that phenol derivatives

have changed numerous biochemical parameters in ery-

throcytes, such as the activity of superoxide dismutase, glu-

tathione peroxidase and catalase [8, 9], the activity of mem-

brane acetylcholinesterase [10] and ATP-ase [11] and also

the level of reduced glutathione [8, 9]. Other investigations

showed that 2,4-dichlorophenol, 2,4-dimethylphenol and

catechol revealed oxidative properties and caused ROS for-

mation in the erythrocytes [6]. Moreover, it was observed

that chlorophenols induced lipid peroxidation in red blood

cells [12].

Erythrocytes represent a convenient model for investiga-

tion due to their susceptibility to lipid and protein peroxida-

tion [13]. It was proved that oxidants produce alterations in

erythrocyte membranes, decreasing cytoskeletal protein con-

tent, which can lead to abnormalities in erythrocyte shapes.

It has been suggested that some effects directly related

to the toxicity of chemicals could be mainly connected with

changes in membrane fluidity.

The concentrations of phenol and its derivatives which

were used in our experiment are not commonly present in

the human organism; however, they may be potentially

administrated during its acute intoxication [14]. Moreover,

it has been proved that congenial doses of phenols used in

other experiments may provoke changes in human erythro-

cytes [6, 11, 12].

We wanted to look closer into the interactions of phenol

and its derivatives with cell membrane proteins. Using flu-

orescent probes such as DPH, TMA-DPH and ANS, we

were able to specify the membrane area, in which the inves-

tigated compounds are localized. As the proteins of the

cytoskeleton and integral membrane proteins are responsi-

ble for the shape of red blood cells, the changes in protein

fractions content in the erythrocytes exposed to phenol and

its derivatives were also examined.

Material and Methods

Reagents

Catechol and phenol were obtained from Sigma

(Poznań, Poland), but 2,4-dimethylphenol (purity 99%),

2,4-dichlorophenol (purity 98%), and 2,4,5-trichlorophenol

(purity 98%), were purchased from Dr. Ehrenstorfer GmbH

(Augsburg, Germany). All other reagents were of analytical

grade and were bought from ChemPur (Piekary Śląskie,

Poland) and from Sigma-Aldrich (Poznań, Poland). 

Preparation of Erythrocyte Suspensions 

and Cell Membrane

Human whole blood was obtained from the Blood Bank

of Łódź. Blood was centrifuged (3,000 rpm × 10 min.),

plasma and leukocyte buffy coat were aspired and the ery-

throcyte pellet was washed three times with phosphate-

buffered saline (PBS), pH 7.4.

Erythrocytes were suspended to final hematocrit of 5%

in PBS containing phenol and its derivatives at the concen-

trations from 10 ppm to 250 ppm. They were incubated at

37°C with continuous mixing for the appropriate time.

Erythrocytes suspended in PBS were used as a control. For

each experiment all samples (control and samples incubat-

ed with xenobiotics) were prepared from blood taken from

a single individual.

Erythrocyte membrane ghosts were obtained by hypo-

tonic lysis according to the procedure of Dodge et al. [15].

The erythrocytes were hemolyzed in 20 mM phosphate

buffer, pH 7.4, and washed several times with 10 mM and

then 5 mM phosphate buffer containing 0.1 mM EDTA and

0.1 mM PMSF (phenylmethylsulfonyl fluoride) till hemo-

globin was released. All operations were carried out at

about 4°C. Protein concentration was estimated using the

method of Lowry and co-workers [16] with bovine serum

albumin as a standard.

SDS-Gel Electrophoresis of Erythrocyte

Membrane Proteins

Sodium dodecyl sulfate-polyacrylamide gel elec-

trophoresis (SDS-PAGE) of erythrocyte membrane pro-

teins was performed on a 5-20% running and 3% stacking

gel using the method of Laemmli [17] with slight modifi-

cations. Forty milligrams of cell membrane proteins solubi-

lized with β-mercaptoethanol were applied to polyacry-

lamide gels. The gels were stained with Coomassie Brilliant

Blue R-250 using the method of Fairbanks and co-workers

[18] and analyzed with DESAGA CD-60 densitometer

(Heidelberg, Germany).

Flow Cytometry

Control cells and erythrocytes incubated with phenol

and their derivatives were analyzed with a flow cytometer

(LSR II, Becton Dickinson). Cell size and shape were

evaluated with simultaneous separate detection of low

angle (FSC-A) and right angle (SSC-A) light scattering.

The data obtained were displayed in the form of a diagram

of cell number versus light scatter and were analyzed by

the standard computer program WinMDI 2.8. The light

scattered near the forward direction (low angle) is expect-

ed to be proportional to the size (volume) of the particle

and is independent of cell refractive index and shape,

whereas scattering at the right angle depends on the cell

shape and internal properties of the scattered particles

[19].

Fluorescence Measurements

Erythrocyte suspension aliquots were incubated for 10

min. at room temperature with the fluorescent probes DPH

(1,6-diphenylhexatriene), TMA-DPH (4’-trimethyl-ammo-

nio-1,6-diphenyl-1,3,5-hexatriene) or ANS (8-anilino-1-

naphthalene sulfonate). The final total concentrations of

fluorescent probes were 2 μM for DPH and TMA-DPH and

also 1 μM for ANS in 0.04% haematocrit, respectively.
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These values were selected for the fluorescence measure-

ments in erythrocytes according to the membrane/water

partition coefficient and fluorescence quantum yield of

each probe. Measurements were made at room tempera-

ture using a Perkin Elmer LS-5B spectrofluorimeter. The

excitation and the emission wavelengths were λexc/em =

352 nm/430 nm for DPH, and λexc/em = 358 nm/428 nm for

TMA-DPH and λexc/em = 337 nm/480 nm for ANS.

Membrane fluidity was assessed by fluorescence

anisotropy measurements [20]. Fluorescence anisotropy

was calculated according to equation: 

r = (Ivv-IvhG)/(Ivv+2IvhG)

...where Ivv and Ivh represent the components of light inten-

sity emitted, respectively, parallel and perpendicular to the

direction of the vertically polarized excitation light, and G

is the correction factor (G=Ihv/Ihh).  

Phase Contrast Microscopy

Erythrocytes incubated with phenol and their deriva-

tives were fixed on a glass surface and the samples were

evaluated using a phase contrast microscope (Olympus,

Japan) at 600 x magnification.

Statistical Analysis

Statistical analysis was performed with STATISTICA

data analysis software (2000 StatSoft, Inc., Tulsa, OK,

USA). One-way analysis of variance (ANOVA) with post

hoc multiple comparisons procedure (Tukey's test) was

used to assess statistical differences in this study. The dif-

ference was considered to be significant for P < 0.05 and

highly significant for P < 0.001. Mean values were cal-

culated for 3 to 10 donors, whereas for each donor an

experimental point was a mean value of three replica-

tions.
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A

ANS 

anisotropy [%]
Phenol 2,4-DMP 2, 4-DCP 2, 4,5-TCP Catechol

Control 100 100 100 100 100

10  ppm 93.4 ± 5.5* 96.0 ± 7.8 101.4 ± 14.9 99.2 ± 5.9 91.9 ± 8.0

50  ppm 92.1 ± 5.1* 91.6 ± 9.2 108.1 ± 14.2 105.1 ± 9.9 89.4 ± 8.2*

100 ppm 89.2 ± 9.3* 89.1 ± 7.9* 109.5 ± 7.10* 109.5 ± 7.1* 88.6 ± 8.1*

250 ppm 90.3 ± 6.8* 90.5 ± 5.4* 114.5 ± 10.7* 110.8 ± 6.8* 89.5 ± 8.8*

ANOVA I
F4; 44 = 4.71  

P< 0.01

F4; 45 = 4.35  

P< 0.001

F4; 60 = 3.52   

P< 0.02

F4; 65 = 7.85 

P< 0.001

F4; 49 = 4.72  

P< 0.01

B

TMA-DPH 

anisotropy [%]
Phenol 2,4-DMP 2, 4-DCP 2, 4,5-TCP Catechol

Control 100 100 100 100 100

10  ppm 100.7 ± 9.6 99.5 ± 6.6 97.4 ± 7.5 100.0 ± 10.4 101.1 ± 12.9

50  ppm 94.5 ± 6.2 100.7 ± 6.8 98.5 ± 9.5 102.6 ± 13.5 97.2 ± 8.6

100 ppm 99.7 ± 5.6 97.6 ± 10.8 98.1 ± 5.8 103.1 ± 10.3 100.5 ± 13.5

250 ppm 99.7 ± 5.1 100.4 ± 7.6 99.8 ± 8.8 100.3 ± 10.6 98.5 ± 10.2

ANOVA I
F4; 45 = 1.63  

P> 0.05

F4; 55 = 0.35  

P> 0.05

F4; 55 = 0.30    

P> 0.05

F4; 55 = 0.28   

P> 0.05

F4; 50 = 0.25 

P> 0.05

C

DPH

anisotropy [%]
Phenol 2,4-DMP 2, 4-DCP 2, 4,5-TCP Catechol

Control 100 100 100 100 100

10  ppm 95.6 ± 6.5 97.5 ± 7.5 94.1 ± 14.3 97.1 ± 6.6 104.9 ± 9.5

50  ppm 93.6 ± 10.2 95.6 ± 8.5 87.1 ± 8.22 93.9 ± 8.9 102.0 ± 9.3

100 ppm 85.9 ± 11.7* 91.2 ± 8.1* 90.1 ± 7.1* 87.8 ± 7.7* 102.7 ± 12.4

250 ppm 85.2 ± 10.4* 86.8 ± 8.4* 86.4 ± 6.4* 86.0 ± 7.9* 97.9 ± 6.4

ANOVA I
F4; 45 = 3.99  

P< 0.01

F4; 45 = 1.63   

P> 0.05

F4; 55 = 5.24    

P< 0.01

F4; 55 = 8.71 

P< 0.001

F4; 51 = 0.92  

P> 0.05

Table 1. Per cent of anisotropy of ANS (part A), TMA-DPH (part B) and DPH (part C) in control erythrocytes and erythrocytes incu-

bated with phenol, 2,4-DMP, 2,4-DCP, 2,4,5-TCP and catechol. Data are shown as means ± SD for 8 - 12 independent experiments.



Results

Membrane Fluidity

Fluorescence anisotropy measurements are widely used

as a simple means of estimating plasma membrane fluidity.

The value of fluorescence anisotropy of the lipid probe

points to its free rotation in the lipid bilayer and thus, it is

an indicator of membrane fluidity. A decrease in anisotropy

reflects a decrease in lipid order, which is associated with

an increase in membrane fluidity.

To determine cell membrane fluidity, fluorescent probes

ANS, TMA-DPH, and DPH were selected. Results are pre-

sented in Table 1. 

Comparison of the anisotropy value for ANS probe

showed that all tested compounds interacted with proteins

and lipids near the surface of the cell membrane (Table 1A).

2,4-DCP and 2,4,5-TCP caused an increase in ANS

anisotropy and thus a decrease in fluidity of this region of

erythrocyte membranes. Stronger changes were noted for

2,4-DCP. The 2,4-DMP; phenol and catechol caused a

decrease in this parameter and an increase in fluidity of this

region of erythrocytes membrane. 

TMA-DPH was used to monitor fluidity in the outer

layer of the plasma membrane. The TMA-DPH molecules

are believed to accumulate and remain almost exclusively

in the outer leaflet of cell membranes, because their polar

heads are anchored at the lipid–water interface while hydro-

carbon moieties enter the lipid part of the membrane. The

anisotropic orientation of TMA-DPH inside the membrane

reflects the degree of the order of membrane lipid mole-

cules. For this probe, no changes for any of the compounds

examined were noted (Table 1B).

DPH intercalates between the lipid chains of the

hydrophobic core of the membrane due to its hydrophobic

character and this molecule is oriented perpendicularly to

membrane plane. We observed a decrease in DPH

anisotropy for all investigated compounds (excluding cate-

chol) (Table 1C).

The Content of Cell Membrane Proteins

In this experiment we used only the highest concentra-

tion (250 ppm) of  the individual compounds. This dose

was selected as it caused changes in our earlier investiga-

tions [9-11].

After the incubation of human erythrocytes with phenol

and its derivatives the content of the main protein fractions

was obtained after SDS-PAGE and densitometric evalua-

tion of the gels. 

We identified the following protein fractions: spectrin 1

and 2, band 3 protein, band 4.1 protein, band 4.2 protein,

actin (band 5), band 6 protein and low (small) molecular

weight proteins (Fig. 1). 

It was shown that 2,4-DMP, 2,4-DCP, 2,4,5-TCP and

catechol caused changes in the level of the proteins. Fig. 2

shows that the strongest changes in the percentage of the

protein contents were observed for spectrin, band 3 protein

and low molecular weight proteins. 
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Fig. 1. Densitogram of control sample of protein fractions sep-

arated by the use of electrophoresis.

Fig. 2. The content of protein [%] in control erythrocytes and erythrocytes incubated with phenol and its derivatives in a concentration

of 250 ppm. Data are shown as means ± SD for 6 independent experiments.



2,4-DMP induced an increase in the percentage of con-

tent of band 3 and a decrease in low molecular weight pro-

teins whereas catechol induced a decrease in  spectrin and

a increase in low molecular weight proteins. Chlorophenols

induced the highest alteration in membrane proteins: spec-

trin, band 3, 4.1 and 4.2, band 6 and low molecular weight

proteins. No statistically significant changes in the percent-

age of the contents of the erythrocyte membrane proteins

were observed for phenol (P > 0.05). 

Estimation of Morphological 

Changes in Erythrocytes

Flow cytometry technique was used to analyze erythro-

cyte size and shapes. Figs. 3 and 4 present quantitative

changes in FSC-A and SSC-A parameter. After FSC-A his-

togram analysis, which gives information about cell size, it

can be noticed that phenol and its derivatives caused

changes in this parameter (Fig. 3). The strongest changes

were observed for 2,4,5-TCP and catechol. Catechol 

(F5; 36 = 7.77; P < 0.001), and 2,4-DMP (F4; 24 = 19.41; 

P < 0.001), induced a statistically significant increase in

FSC-A parameter after 1 h incubation. Phenol did not

change this parameter for all tested concentrations. 2,4-DCP

(F4; 30 = 8.23; P < 0.001) and 2,4,5-TCP (F4; 26 = 25.97; 

P < 0.001) induced a statistically significant increase in

FSC-A values up to 20 ppm and the highest concentration

(100, 250 ppm) decreased its value. 

SSC-A histograms provide information about cell shape

and the structure of the outside surface of cell membrane

(Fig. 4). The analysis of histogram SSC-A shows that the

strongest changes in the cell shape and the structure of the

outside surface cell membrane were observed for 2,4,5-

TCP (F4; 26 = 51.57; P < 0.001). At the beginning an increase

in SSC parameter value up to 50 ppm of 2,4,5-T was

observed and then it was decreased from a dose of 100

ppm. 

Catechol (F5; 36 = 13.23; P < 0.001), 2,4-DMP (F4; 27 = 8.76;

P < 0.001) and 2,4-DCP (F4; 27 = 29.69; P < 0.001) induced

a statistically significant decrease in SSC-A after 1 h incu-

bation. No statistically significant changes in SSC-A were

observed for all tested concentrations of phenol (P > 0.05). 

Phase Contrast Microscopy

The observed changes using the method of flow cytom-

etry concerning the size (volume) and shape of erythrocytes

were confirmed by visual observations (microscopic pho-

tographs) (Fig. 5). 

Phenol and 2,4-DMP did not cause statistically signifi-

cant changes in erythrocyte morphology. We did not

observe echinocyte and stomatocyte formations in cases of

the activity these compounds.

Chlorophenols provoked a formation of echinocytes

with the highest effect for 2,4,5-TCP [9]. They also induced

follicle formation (tearing away of membrane fragments),

which suggested that oxidative processes appeared in red

blood cells. Catechol changed erythrocyte morphology

with the formation of a few echinocytes.  

Discussion

In this article we tried to compare the effect of phenol

and its derivatives on erythrocyte membrane. Phenol deriv-

atives changed the fluidity of the erythrocyte membrane

and interacted with its proteins. Additionally, we estimated

the changes in the size and shape of red blood cells after

treatment with the tested compounds.

Fluid properties of biological membranes are essential

for numerous cell functions, including cell growth, solute

transport, signal transduction and membrane-associated

enzymatic activities. Even slight changes in membrane

fluidity may cause an aberrant function and pathological

processes [21].
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Fig. 3. Flow cytometry analysis of the percent changes of the

control in the size of human erythrocytes incubated with phenol

and its derivatives in doses of 10-250 ppm for 1 hour.
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of control erythrocytes and erythrocytes incubated with phenol
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We used three fluorescent probes to study cell mem-

brane fluidity at different depths of the lipid bilayer. 

ANS was a very important probe that we used. This

molecule is not able to immerse itself deeply in lipid bilay-

er because its negatively charged sulphonic residue has to

remain on the surface. ANS may be bound to proteins, thus

it provides information about surface fluidity (of this part)

of the membrane. In our studies we observed two kinds of

effects. The 2,4-DCP and 2,4,5-TCP caused an increase in

the anisotropy parameter for higher concentrations of these

compounds. For the other tested compounds we noted a

decrease in the anisotropy parameter (Table 1A). 

The results obtained with the TMA-DPH probe showed

that phenol and its derivatives did not cause changes in the

fluidity in hydrophilic regions of the lipid bilayer (Table

1B). 
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Fig. 5. Micrographs of human control erythrocytes and erythrocytes incubated with 250 ppm of phenol, 2,4-DMP, catechol and 2,4-DCP.

Bukowska in Cell Biology International 2004 published photo with 2,4,5-TCP. 2,4,5-TCP induced drastic shape changes, i.e. to cell
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Our study showed the effect of phenol and its deriva-

tives on membrane fluidity, mainly in the deeper hydropho-

bic part of the lipid bilayer (Table 1C). This region was test-

ed with a DPH probe. Excluding catechol, all the tested

compounds caused a decrease in the anisotropy parameter.

Duchnowicz and Koter also investigated the fluidity of ery-

throcyte membrane using 16-doxylstearic acids using ESR

[12]. This probe study estimated the changes in lipid fluid-

ity at the level of the 16th carbon atom in the fatty acid moi-

ety that may also be measured by the use of DPH in the flu-

orometric method. They observed a decrease in the τB and

τC correlation times in erythrocytes incubated with 2,4-

DCP, 2,4,5-TCP and 2,4-DMP, which suggested an increase

in membrane fluidity. Our measurements confirmed these

findings. 

Because changes in the anisotropy fluorescence of ANS

inform us about perturbation in both lipids and proteins pre-

sent in cell membranes, we tried to compare the changes in

membrane proteins using the elelectrophoresis technique.

Protein-protein and protein-lipid interactions are thought to

play a vital role in the maintenance of the shape and defor-

mation of red blood cells [22].  

Changes in the content of proteins in erythrocyte mem-

branes were observed in elelectrophoretic gels (Fig. 2).

Catechol and 2,4,5-TCP increased the content of low mol-

ecular weight proteins as compared to control, suggesting

fragmentation of main membrane proteins. The highest

changes were observed for 2,4,5-TCP, which caused statis-

tically significant changes in the relative amounts of some

fractions: spectrin (α and β), band 3, bound 4.1 and 4.2 and

low molecular weight proteins. 2,4-DCP caused changes in

the relative amounts of spectrin and band 3 and band 6 pro-

teins, and catechol changed the relative amounts of spectrin

and lower molecular weight proteins. 

Every change in the content of spectrin will provoke a

transformation in the cell shape, leading to a decreased cel-

lular deformability and survival [23-25]. Therefore, the

observed changes in spectrin and band 3 protein prompted

us to examine erythrocyte shape and size. 

We may conclude that catechol, phenol, and 2,4-DMP

increased FSC-A parameter, which was accompanied by

a decrease in SSC-A and, reversely, a decrease in FSC-

A (size/volume) accompanied by an increase in SSC-A

(shape). The exceptions are chlorophenols that at lower

doses up to 50 ppm, increased both SSC-A and FSC-A

parameters, but decreased them at higher doses. The

highest changes both for SSC-A and FSC-A parameters

were observed for 2,4,5-TCP. We suppose that the effect

on the shape of erythrocytes was determined by the pres-

ence of three chlorine atoms in this phenol (Figs. 3 and

4).

Furthermore, the light microscope technique was used

to analyze erythrocyte shapes. The comparison of a series

of erythrocyte photos revealed that, in contrast to biconcave

disc shape of normal red cells, erythrocytes incubated with

chlorophenols and catechol displayed remarkable changes

in morphology. Among normal erythrocytes, irregular cells

were found. According to Sheetz and Singer’s [26] hypoth-

esis, the shape changes induced in erythrocytes arise from a

differential expansion of two monolayers in the membrane

lipid bilayer. Thus, echinocytes are produced by the inser-

tion of the added compound in the outer monolayer, where-

as  stomatocytes are obtained by its location in the inner

monolayer. In our experiments, echinocytes were formed

after a treatment with catechol and chlorophenols. After

incubation with erythrocytes with 2,4-DMP and phenol we

did not observe the formation of stomatocytes and

echinocytes (Fig. 5).

Comparing the actions of the investigated compounds

on erythrocyte membrane, we proved that chlorophenols

induced the strongest changes in erythrocyte membrane

properties and phenol induced the relatively lowest

changes. Phenol did not change the level of carbonyl

groups in human erythrocytes [6] and the percentage of

membrane protein fractions (Fig. 2), the value of the size of

human erythrocytes (Fig. 3) and the activity of acetyl-

cholinesterase membranes in erythrocytes [10]. This com-

pound did not induce lipid peroxidation [27] and did not

increase the amount of free radicals in erythrocytes after 3

hours (only after 24 hours) [6]. 

The 2,4-dimethylphenol increased the level of carbonyl

groups [6], induced haemoglobin oxidation [28] and

changed the value of SSC-A and FSC-A (Figs. 3 and 4) but

did not induce lipid peroxidation [28], and did not change

erythrocyte morphology (Fig. 5). The observed changes in

erythrocyte morphology incubated with 2,4-DMP differ

from those observed under the influence of chlorine-con-

taining compounds (Fig. 5). The presence of the methyl

group within the phenol molecule did not cause severe

oxidative changes in erythrocyte membrane or changes in

composition of the lipid-protein bilayer structure.

Chlorophenols oxidize lipids [28] and proteins [6],

cause ROS formation [29, 30], change protein conforma-

tion [12] and induce the highest changes in the percentage

of membrane protein fractions (Fig. 2). They also disturb

membrane fluidity (Table 1) and, finally, change the size

and shape of red blood cells (Figs. 3 and 4) and in a conse-

quence the morphology of erythrocytes (Fig. 5). The addi-

tional chlorine atom in 2,4,5-TCP is most probably respon-

sible for significant changes in erythrocyte size and shape

(Figs. 3 and 4), which may lead to cell shrinkage and hemo-

globin leakage [9]. 

One major functional consequence of such damage is

the breakdown of the membrane barrier and thus hemolysis

of erythrocytes. Cruz Silva et al. [31] suggested that hemol-

ysis may be the result of the modifications of erythrocytes

membrane proteins and changes of the framework of

cytoskeleton and/or plasma membrane proteins.

Disturbance of the structure of the erythrocyte membrane

caused by the intercalation of phenol derivatives into mem-

brane may lead directly to the loss of membrane integrity

and facilitate the penetration of other toxic factors into the

bilayer of other agents. The earlier investigations per-

formed by Duchnowicz et al., [28] and also Bukowska and

Kowalska [27] confirmed that phenol and its derivatives

induced hemolysis. The stronger lysis was observed for cat-

echol, lower for chlorophenols and methylphenol and the

lowest for phenol. 
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In conclusion, phenol derivatives induced disturbances

in the structure of erythrocyte membranes, leading to

changes in normal erythrocyte size and shape. They also

decreased mechanical stability of red blood cells.

Abbreviations: 

2,4-DCP – 2,4-dichlorophenol; 

2,4,5-TCP – 2,4,5-trichlorophenol; 

2,4-DMP – 2,4-dimethylphenol; 

DPH – 1,6-diphenylhexatriene; 

TMA-DPH – 4’-trimethyl-ammonio-1,6-diphenyl-1,3,5-

hexatriene;

ANS – 8-anilino-1-naphthalene sulfonate; 

ROS – Reactive Oxygen Species; 

FSC-A – size, volume of erythrocytes (low angle light

scattering); 

SSC-A – shape of erythrocytes (right angle light scat-

tering).
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