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Abstract 
Kidney tissue is particularly susceptible to reactive oxygen species attack which leads to devel-
opment of cancer. During oxidative stress, membrane lipids and proteins are major targets of 
reactive oxygen species (ROS). This work is focused on changes of phospholipids, proteins content 
and electric charge that occur in cell membranes of kidney cancer of pT3 stage, grade G3 and with 
metastasis. Qualitative and quantitative phospholipid composition and the presence of integral 
membrane proteins were determined by high-performance liquid chromatography. Electrophore-
sis was used to determine the surface charge density of the human kidney cell membrane. It was 
shown that the process of cancer transformation was accompanied by an increase phospholipid 
levels and altered the level of integral proteins as determined by decrease phenylalanine, tyrosine, 
cysteine and arginine. Moreover, the process of cancer transformation significantly enhanced 
changes in the surface charge density of the human kidney cell membrane. Cell membrane struc-
ture and function are modified by neoplasm lesion. 
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1. Introduction 
Cell membrane is an integral part of an alive cell and it plays an essential role in life processes. The most im-
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portant properties of a biological membrane are its electric charge and its potential drop between the membrane 
and surrounding solution. Electric properties of the membrane are determined by acid-base and complex forma-
tion equilibria of membrane and solution components [1]. Most membrane components—phospholipids and 
proteins—are involved in those equilibria. 

Immune cell activation and tumour growth result in an increased rate of “de novo” synthesis and turnover of 
membrane phospholipids [2]. It is well established that both the amount and type of fat consumed in the diet in-
fluence the lipid composition of immune and tumour cell membranes [3]. Changes in membrane structural cha-
racteristics in mammalian cells can change the activity of proteins that serve as ion channels, transporters, re-
ceptors, signal transducers or enzymes [4]. The phenomena connected with changes in cell membranes are sus-
pected to play an important role during the cancer transformation. Our previous experiments demonstrated that 
the cell membrane and the function are modified during cancer transformation. It is reflected by changes in the 
amount of phospholipids, proteins and free fatty acids in human colorectal cancer cell membrane [2] [5]-[7]. 

Tumour cells produce and excrete to blood numerous substances which are present in the cell itself in trace 
amounts only. They are called tumour biomarkers. Their physico-chemical properties are diverse and they are 
classed to several groups: cancer-phoetal antigens, carcinogenic antigens, proteins, cell metabolism product, cell 
growth factors, hormones, enzymes and isoenzymes [5]. They are transported to blood circulation system across 
the cell membrane. Therefore, the estimation of the state of the tumour cells membrane is likely to be essential 
in the studies on tumours biology. 

Therefore, the examining of electric charge may reveal a lot of information about the renal cell membrane. 
The work is focused on changes of phospholipids and proteins content and electric charge that occur in cell 
membranes of renal cancer. 

2. Materials and Methods 
Kidney tissue samples were obtained from 8 patients (6 men and 2 women) who underwent nephrectomy be-
cause of renal cancer. Tumor staging system consists of 4 TNM stages—lower number is related to better clini-
cal prognosis. Our study included only low stage renal cancers classified histopathologically as renal clear cell 
cancer in G3 grade in Fuhrman scale and pT3 stage. The patients had lymph nodes (N+) involved at the time of 
diagnosis. The age of patients ranged from 38 to 78 years old. Tumor samples with healthy renal tissue were 
collected immediately after tumor removal. 

These human studies were in concordance with ethical standards of 1975 Declaration of Helsinki and its latest 
revision in 2004 and approved by the Ethics Committee of Medical University of Bialystok. All the participants 
gave their informed consent before inclusion in the study. 

2.1. Phospholipid Isolation and Analysis by High-Performance Liquid Chromatography  
(HPLC) 

Kidney cell membranes were prepared by differential centrifugation method as described by [8] [9]. Phosphol-
ipids were extracted in chloroform-methanol as described by Folch [10]. Normal phase (NP)-HPLC separations 
were done using a Merck HPLC system equipped with a pump, an ultraviolet (UV) detector, an analog interface 
module (D-6000 A) and System Manager software. Phospholipids were separated using a silica gel column, with 
an acetonitryle-methanol-phosphoric acid (85%) mixture (130:5:1.5 volume ratio) by isocratic elution at 1 mL/ 
sec flow rate and 214 nm wavelength [6]. 

2.2. Extraction of Membrane Proteins and Analysis by High-Performance Liquid  
Chromatography (HPLC) 

The cell membranes were rinsed with NaOH prior to solubilization in 30 ml buffer containing 20 mM Tris/HCl 
(pH 7.4) and 1% Triton X-100 at 4˚C. The suspension was centrifuged at 1000 ×g for 10 min. The supernatant 
was incubated at 32˚C for 2 h and was then dialyzed against distilled water and evaporated until dry [11] The 
membrane protein extract was hydrolysed by trypsin, at an enzyme:substrate ratio of 1:25 [12]. The reaction 
mixtures were incubated at 37˚C for 1 h. Hydrolysis was stopped by the addition of PMSF. Following hydrolysis, 
the peptides were separated by HPLC on a LichroCART RP-18 column 100A (5 µm, 250 × 4.0 mm) equili-
brated with solvent A [0.1% trifluoroacetic acid (TFA) in H2O] and eluted with a linear gradient of 20% to 100% 
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solvent B (0.1% TFA in acetonitrile) using a flow rate of 1mL/min [7]. A typical separation of the peptide mix-
ture containing integral renal membrane proteins is provided in Figure 1. The amino acid compositions of iso-
lated peptides (6.2 min; 8.2 min; 9.1 min; 11.7 min; 12.6 min; 14 min; 17.1 min; 27.4 min; 28.9 min; 30.7 min) 
were hydrolyzed as described previously [7]. The amino acid separation was performed on a Lichrosorb NH2 
column 100A (5 µm, 250 × 4.6 mm). The mobile phase consisted of solvents A (0.01 M KH2PO4, pH 4.3) and B 
(a 500:70 mixture of acetonitrile/water). All separations were performed with a 5% to 50% gradient of solvent A 
using a flow rate of 1ml/min. All of the peptides originated from different groups that consistently contained the 
following four amino acids: Phe, Tyr, Cys and Arg (Figure 2).  

2.3. Electrochemical Methods 
In order to determine surface charge density of cell membrane, kidney tissue from human was exposed to trypsin 
action. Received cells were put into the measuring vessel, then electrophoretic mobility on dependent pH was 
measured by using Zetasizer Nano ZS apparatus (MALVERN INSTRUMENTS). 

The surface charge density has been determined using equation: σ = ηu/d; where u is the electrophoretic mobil-
ity, η in the viscosity of the solution and d is the diffuse layer thickness [13]. The diffuse layer thickness was de- 

termined from the formula 0
22
R T

d
F I

ε ε⋅ ⋅ ⋅
=

⋅ ⋅
, where R is the gas constant, T is the temperature, F is the Faraday  

number, I is the ionic strength of 0.9% NaCl, and ε and εo—are the relative and absolute permittivities of the me-
dium [14].  

Acidic (CTA) and basic (CTB) functional group concentrations and their average association constants with hy-
drogen (KAH) or hydroxyl (KBOH) ions were determined as described previously [15]. 

2.4. Statistical Methods 
The data obtained in this study are expressed as mean ± SD. The data were analysed using Wilcoxon Matched- 
Pairs Signed-Ranks Test (from standard statistical program SPSS 8.0 PL) for comparisons between control and 
cancer samples. The values of p < 0.05 were considered significant. 

3. Results 
3.1. The Phospholipid Composition of Kidney Cell Membranes during Cancer  

Transformation 
Figure 3 shows that the levels of phospholipids increased significantly during cancer transformation in the cell 
membrane. We worked out an average of 8 patients because the changes observed in patients 1 - 8 proved to be 
similar. The content of the individual phospholipids: phosphatidylinositol (PI), phosphatidylserine (PS), phos-
phatidylethanoloamine (PE), and phosphatidylcholine (PC) increased by about 60%, 36%, 47%, and 45%, re-
spectively. 

3.2. The Integral Membrane Proteins of Kidney Cell Membranes during Cancer  
Transformation 

Figure 4 shows that the levels of integral membrane proteins decreased significantly during cancer transforma-
tion in the cell membrane. About a 30% decrease in integral membrane protein levels was observed in the pa-
tients at pT3 stage, G3 grade with metastasis with respect to the unaffected cells. 

Figure 5 shows changes in peptide content after hydrolysis of proteins isolated from cell membranes from the 
control and tumour. We worked out an average of 8 patients because the changes observed in patients 1-8 
proved to be similar. Cancer transformation caused an decrease in peptide levels relative to the unmodified cells. 
The peptide contents at the following selected retention times [in min.]: 6.2; 8.2; 9.1; 11.7; 12.6; 14; 17.1; 27.4; 
28.9; 30.7 decreased approximately: 23%; 25%; 24%; 27%; 19%; 25%; 48%; 12%; 21% and 24%, respectively. 
The levels of the amino acids Phe, Cys, Tyr and Arg were determined for individual peptides following kidney 
membrane protein hydrolysis. The cancer tissues showed a decrease in the amount of individual amino acids 
relative to the control. We also worked out an average of 8 patients because the changes observed in patients 1 - 
8 proved to be similar (Table 1). 
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Figure 1. A example separation of peptides from tissue integral membrane proteins (UV detected at 220 nm).              
 

 
Figure 2. Chromatogram for the amino acids Phe, Tyr, Cys and Arg, which occurred in the all of the peptides for control and 
tumour group after hydrolysis of kidney cell membrane protein isolates (UV detected at 200 nm).                        
 

3.3. The Electric Properties of Kidney Cell Membranes during Cancer Transformation 
Surface charge density dependences on pH of normal and renal cancer cell membrane are similarly shaped 
(Figure 6). There is an increase in positive surface charge density of the cells at low pH values until a plateau is 
reached. At high pH values, the negative charge of the cells also increases reaching a plateau. Overall, an in-
crease in negative charge at low pH values as well as in positive charge et high ones is observed in human renal 
cancer cells compared to unaffected cells. 

The surface fraction occupied by phospholipids and proteins as well as the surface concentration of acidic 
groups (CTA) and the surface concentration of basic groups (CTB) parameters of human kidney cell membrane 
unmodified and of the membrane modified by neoplasm lesion are presented in Table 2. An increase in acid and 
basic groups surface concentration was observed in the above mentioned patients with respect to unmodified  
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Figure 3. Content of phospholipids of cell membranes in human renal cancer of pT3 stage, G3 
grade with metastasis. Statistically significant differences for p < 0.05. xIn comparison with 
control.                                                                        

 

 
Figure 4. Content of integral membrane proteins of cell membranes in human renal cancer of 
pT3 stage, G3 grade with metastasis, calculated per 1g tissue (a) or per 1 mg phospholipids  
(b). Statistically significant differences for p < 0.05. xIn comparison with control.               

 

 
Figure 5. Content of peptides of hydrolyzed cell membranes in human renal cancer of pT3 
stage, G3 grade with metastasis. Statistically significant differences for p < 0.05. xIn compari- 
son with control.                                                                
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Figure 6. Dependence on pH of surface charge density of normal and renal cancer cells from 
several patients.                                                                 

 
Table 1. Content of the amino acids Phe, Cys, Tyr and Arg for individual peptides following membrane protein hydrolysis of 
cell membranes in human renal cancer of pT3 stage, G3 grade with metastasis. Statistically significant differences for p < 
0.05. xIn comparison with control.                                                                           
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6.2 
8.2 
9.1 
11.7 
12.6 
14.0 
17.1 
27.4 
28.9 
30.7 

2.61 ± 0.53 
1.34 ± 0.15 
1.65 ± 0.22 
2.43 ± 0.14 
2.73 ± 0.17 
1.69 ± 0.34 
1.71 ± 0.33 
1.58 ± 0.14 
2.85 ± 0.56 
3.04 ± 0.11 

1.97 ± 0.49 
1.01 ± 0.15x 
1.18 ± 0.12x 
1.58 ± 0.10x 
2.15 ± 0.10x 
1.22 ± 0.14 
1.16 ± 0.22 
1.02 ± 0.08x 
1.83 ± 0.37x 
2.02 ± 0.13x 
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6.2 
8.2 
9.1 
11.7 
12.6 
14.0 
17.1 
27.4 
28.9 
30.7 

0.26 ± 0.03 
0.30 ± 0.04 
0.21 ± 0.01 
0.24 ± 0.05 
0.30 ± 0.02 
0.18 ± 0.03 
0.28 ± 0.05 
0.29 ± 0.03 
0.19 ± 0.06 
0.30 ± 0.02 

0.18 ± 0.02x 
0.21 ± 0.03x 
0.13 ± 0.07 
0.18 ± 0.04 
0.21 ± 0.02x 
0.10 ± 0.02 
0.24 ± 0.04 
0.19 ± 0.03x 
0.14 ± 0.05 
0.21 ± 0.01x 
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30.7 

40.3 ± 9.38 
60.2 ± 5.12 
42.0 ± 2.31 
36.2 ± 2.81 
33.0 ± 6.07 
27.4 ± 4.96 
37.5 ± 2.68 
30.2 ± 2.37 
28.4 ± 3.54 
36.0 ± 5.11 

31.8 ± 7.21 
50.7 ± 3.30x 
26.2 ± 1.99x 
22.4 ± 2.50x 
25.5 ± 5.34 
22.9 ± 4.01 
23.4 ± 4.11x 
21.6 ± 2.29x 
20.5 ± 3.09x 
26.6 ± 4.12x 
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6.2 
8.2 
9.1 
11.7 
12.6 
14.0 
17.1 
27.4 
28.9 
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9.10 ± 0.52 
8.22 ± 1.09 
5.88 ± 1.49 
3.95 ± 0.44 
4.96 ± 0.55 
9.51 ± 1.05 
4.17 ± 0.48 
7.12 ± 0.66 
4.03 ± 0.61 
4.17 ± 0.65 

6.72 ± 0.21x 
5.92 ± 0.93x 
3.67 ± 1.26 
2.45 ± 0.40x 
3.24 ± 0.35 
7.44 ± 1.08 
2.70 ± 0.40x 
5.43 ± 0.55x 
2.09 ± 0.30x 
2.61 ± 0.44x 

 
cells. The CTA, CTB and KBOH values of cell membranes modified by cancer transformation were higher than in 
unmodified cells, while KAH decrease in comparison (Table 1). 
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Table 2. CTA, CTB, KAH and KBOH of human renal cancer of pT3 stage, G3 grade with metastasis. Statistically significant 
differences for p < 0.05. xIn comparison with control.                                                           

Patient No’s  CTA 
[10−7 mol/m2] 

CTB 
[10−7 mol/m2] 

KAH 
[m3/mol] 

KBOH 
[107 m3/mol] 

1. 
control 1.19 ± 0.09 0.71 ± 0.07 45.80 ± 0.92 1.82 ± 0.09 

tumour 1.74 ± 0.10x 0.89 ± 0.08x 31.61 ± 1.02x 2.09 ± 0.11x 

2. 
control 2.07 ± 0.11 0.77 ± 0.09 50.08 ± 0.89 2.02 ± 0.11 

tumour 2.61 ± 0.10x 1.16 ± 0.08x 33.62 ± 1.10x 2.48 ± 0.12x 

3. 
control 1.71 ± 0.10 0.87 ± 0.07 42.18 ± 1.10x 1.91 ± 0.10x 

tumour 2.07 ± 0.11x 0.93 ± 0.06 34.28 ± 1.11x 2.61 ± 0.11x 

4. 
control 1.18 ± 0.09 0.95 ± 0.09 41.12 ± 1.10x 1.62 ± 0.09x 

tumour 1.62 ± 0.11x 1.22 ± 0.06x 33.82 ± 1.01x 2.14 ± 0.10x 

5. 
control 2.03 ± 0.10 0.73 ± 0.07 38.32 ± 0.95 2.09 ± 0.08 

tumour 2.31 ± 0.10x 0.92 ± 0.08x 27.16 ± 1.02x 2.31 ± 0.10x 

6. 
control 2.14 ± 0.10 0.69 ± 0.07 31.21 ± 1.02 1.93 ± 0.07 

tumour 2.63 ± 0.11x 0.95 ± 0.05x 27.57 ± 0.86x 2.16 ± 0.08x 

7. 
control 1.75 ± 0.10 0.59 ± 0.05 40.12 ± 1.09 1.96 ± 0.09 

tumour 2.33 ± 0.11x 0.76 ± 0.05x 31.23 ± 1.07x 2.27 ± 0.11x 

8. 
control 2.21 ± 0.14 0.74 ± 0.06 39.37 ± 1.01 1.71 ± 0.07 

tumour 2.75 ± 0.16x 0.99 ± 0.08x 29.24 ± 0.90x 2.01 ± 0.10x 

4. Discussion 
Kidney tissue is particularly susceptible to reactive oxygen species attack which leads to development of cancer. 
During oxidative stress, membrane lipids and proteins are major targets of reactive oxygen species (ROS). The 
convergent mechanisms dependent on ROS may explain a role in the process of carcinogenesis.  

One hypothesis is that mediators of the effects of ROS may lie in the initiation of the formation of oxidation 
products including those derived from lipid peroxidation [16]. For example, the generation of 4-hydroxy-2- 
nonenal (HNE), which is one of the final products of lipid peroxidation, has been observed in an experimental 
animal model of renal carcinoma [17] [18]. HNE is highly electrophilic molecule, which predisposes it to local-
ize in the cell membranes. It can easily react with low molecular weight compounds, such as glutathione, with 
proteins and lipids [19] [20]. HNE has been shown to form Michael adducts via the C-3 atom with the sulfydryl 
group of Cys residues [21]. Recently, it has been proposed that HNE can also modify Arg residues of proteins 
[22]. Other amino acids are also susceptible to attack by free radicals. The aromatic amino acids, such as pheny-
lalanine (Phe) and tyrosine (Tyr) are most sensitive to oxidation. Phe can be converted into Tyr [23]. Moreover, 
the nitration of tyrosine residues in various proteins has been shown to inhibit their functions [24]. The occur-
rence of these types of reactions corresponds with a decrease in the number of Phe, Tyr, Cys and Arg in renal 
cancer detected in our study relative to the unmodified cells (Table 1). 

The ultimate consequence of cancer transformation-induced protein modifications can include structural 
changes, such as aggregation or fragmentation [25] [26]. The results presented herein indicate that structural 
changes in protein molecules following cancer transformation are characterized by fragmentation rather than by 
aggregation because they are more susceptible to proteolysis. Protein fragmentation can generate new functional 
groups, both acidic and basic. These changes can yield higher negative electric charge at high pH values and 
lower positive electric charges at low pH values, as described previously [6].  

The decrease in the levels of integral proteins in renal cell membrane may in turn lead to an increase in the 
levels of other charged molecules on the cell surface, such as phospholipids. Our previous experiments demon-
strated that the cell membrane and the function are modified during cancer transformation. It is reflected by 
changes in the amount of phospholipids of human renal cell membrane [1]. The results of our research confirm 
the increase in the levels of phospholipids of renal cancer cell membrane relative to the unmodified cells 
(Figure 3). The amounts of phospholipids presented in this Figure also show that the content of phosphatidyl-
choline in normal human kidney and human kidney cancers is higher than that of other phospholipids. Its 
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amount is higher in cancer cells. The higher amount of phospholipids can be due to enhanced cell membrane 
synthesis related to accelerated neoplasm cell replication [1]. The mechanisms which are responsible for an in-
crease in the amount of phospholipids can vary depending on cell nature, cell growth phase and its malignancy.  

Increased amount of phospholipids results in a higher amount of functional groups: amino, carboxy and 
phosphate groups. In acid medium (low pH), the charge of phospholipids is mainly due to amino groups whereas 
in basic medium (high pH) it is due to carboxy and phosphate groups. Increased amount of phospholipids can 
increase surface density of negatively charged groups of renal cancer cell membrane at low pH values and that 
of positively charged ones at high pH; it has been confirmed by the results of this work (Figure 6, Table 2). The 
main component of the renal cancer cell membrane outer layer is phosphatidylcholine and its higher content can 
provoke an increase in both positively charged groups concentration at low pH values and in negatively charged 
groups concentration at high pH values.  

The cell membrane charge is also affected by sialic acid being the component of glycolipids and glycoproteins. 
Sialylation affects the half-lives of many circulating glycoproteins and plays roles in a variety of biologic pro- 
cesses such as cell-cell communication, cell-matrix interaction, adhesion and protein targeting [27]. It has been 
supposed that sialic acid also influences surface concentration of acid and basic groups as well as association con-
stants of positive and negative groups during cancer transformation.  

5. Conclusion 
To sum up, the renal cell membrane structure and function are modified by neoplasm lesion. It is reflected by 
changes in the amount of proteins, phospholipids and in the electric charge of human kidney cell membrane. 
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