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A b s t r a c t

Introduction: Overexpression of the mdr-1 gene is the earliest discovered 
mechanism of multidrug resistance, which is associated with P-glycoprotein 
(P-gp) – a cell membrane protein responsible for the efflux of drugs of vari-
ous structures out of cancer cells. Although the expression of P-glycoprotein 
has been demonstrated in many cancer types, its relation to markers of 
hypoxia such as HIF-1α, EPO-R or EPO in invasive breast cancer is not well 
established. The aim of this research was to analyze the co-expression of 
P-glycoprotein and the markers of tissue hypoxia HIF-1α, EPO, and EPO-R by 
immunohistochemistry in invasive breast cancer classified according to the 
presence of steroid receptors and the HER2 receptors.
Material and methods: Tissue samples were collected from 58 patients with 
the diagnosis of invasive breast cancer with lymph node metastases. The 
expression of P-gp, HIF-1α, EPO-R and EPO was determined by immunohis-
tochemistry.
Results: Of all the invasive breast cancers with lymph node metastases, 
15.5% expressed P-gp in cell membrane and tumor blood vessels. In our 
research, there was a significant positive correlation between HER2-positive 
tumors that did not express steroid receptors (ER–/PR–/HER2+), and P-gp 
expression (p = 0.049, r = 0.105). Moreover, there was a significant positive 
correlation between EPO expression and P-gp (p < 0.001, r = 0.474), and 
between HIF-1α expression and P-gp (p = 0.00475, r = 0.371).
Conclusions: We found that HIF-1α and EPO expression is significantly as-
sociated with P-gp expression in invasive breast cancer with lymph node 
metastases. An important result of our study is the demonstration of a cor-
relation between P-gp expression and patients with HER2-positive breast 
tumors that do not express steroid receptors.

Key words: P-glycoprotein, markers of hypoxia, invasive breast cancers 
with lymph node metastases.

Introduction 

Because of very active cell proliferation, cancer tumors have a  fast 
rate of growth. As the tumor grows, its cells are increasingly susceptible 
to oxygen deficiency, because of an increased demand and inadequate 
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supply [1, 2]. This results from the low number of 
blood vessels that supply the tumor. In response 
to such unfavorable conditions, cancer cells pro-
duce factors that stimulate the development of 
new vessels and enable the necessary adaptation 
processes [2–4]. Uncontrolled proliferation of new 
tumor vessels leads to structural and functional 
defects, which results in the formation of patho-
logical vessels that are not able to meet the tu-
mor’s demand. Consequently, a  state of hypoxia 
ensues. Notably, a  number of studies have con-
firmed that tumor hypoxia is associated with re-
sistance to chemotherapy and radiation therapy, 
and can even stimulate metastasis. Cells that are 
located in the highly hypoxic regions of the tumor 
are not able to proliferate, and the dysfunctional 
vascular supply limits drug distribution, leading to 
poorer outcomes [4–6]. 

Some cancers have primary resistance to cyto-
static drugs, while others develop drug resistance 
during chemotherapy in spite of initial suscepti-
bility [2, 7]. 

Overexpression of the mdr-1 gene is the ear-
liest discovered mechanism of multidrug resis-
tance, which is associated with P-glycoprotein 
– a cell membrane protein that is responsible for 
the efflux of drugs of various structures out of 
cancer cells. P-glycoprotein belongs to a family of 
transport proteins termed the ABC transporters. 
These proteins are found in different organisms, 
from bacteria to humans [6–9]. To date, 48 pro-
teins of the ABC family have been described, and 
are classified in 7 sub-classes (A-G) [6]. The funda-
mental function of the ABC proteins is to protect 
the cell from potentially noxious substances such 
as xenobiotics or natural toxins. P-glycoprotein is 
the first and the best described protein from the 
ABC family – it consists of two transmembrane 
domains, each comprising six alpha-helices. Ad-
ditionally, there are two ATP-binding domains on 
the cytoplasmic end. Although there exist sever-
al hypotheses, the exact mechanism of action of 
P-glycoprotein has not been fully elucidated. It is 
thought that P-glycoprotein is an ATP-dependent 
pump whose function is to actively transport 
substances into the cell. P-glycoprotein removes 
toxic substances of exogenous origin, and takes 
part in hormone secretion. Moreover, P-glycopro-
tein plays other biological functions including 
the following: active efflux of drugs from cell cy-
toplasm; active transport of xenobiotics from the 
cytosolic to the external layer of the lipid bilayer, 
which enables further diffusion into the extracel-
lular space; active transport of xenobiotics with 
chloride ions out of the cell; and active efflux of 
xenobiotics captured in the cell membrane [5]. 
Recent research suggests that the latter function 
seems the most plausible, since it postulates that 

drugs are recognized by P-glycoprotein already in 
the cell membrane and do not enter the cell at all. 
P-glycoprotein is coded by the mdr-1 gene. In the 
case of cancer cells, P-glycoprotein causes their 
resistance to chemotherapy, and its concentra-
tion correlates negatively with the expression of 
mdr-1. Increased expression of P-glycoprotein has 
been demonstrated in patients with drug-resis-
tant cancers such as ovarian cancer, colon cancer, 
breast cancer or gastric cancer [10–13].

Recent research on the mechanisms of mul-
tidrug resistance indicates that multidrug resis-
tance can result from tissue hypoxia [5, 6, 14–16]. 
However, the correlation between P-gp expression 
and hypoxia markers (HIF-1, EPO, EPO-R) has not 
been clearly investigated in invasive breast can-
cers with lymph node metastases.

Therefore, the aim of this research was to ana-
lyze the co-expression of P-glycoprotein and mark-
ers of tissue hypoxia (HIF-1α, EPO and EPO-R) by 
immunohistochemistry in invasive breast cancer 
classified according to the presence of steroid re-
ceptors and the HER2 receptors. 

Material and methods

Patient selection and clinicopathological 
analysis

We evaluated formalin-fixed, paraffin-embed-
ded tissue blocks from 58 patients with a  diag-
nosis of invasive breast cancer with lymph node 
metastases (the study was carried out as part of 
project NZME/PM42/15/15.

The mean age of the study participants was 
59.9 ±12.3 years (median: 58.5 years, range: 30–
79 years). Histological and immunohistochemical 
studies were performed at the Department of 
Pathology, Military Medical Institute in Warsaw. 
Tumor sections were fixed in 10% phosphate 
buffered formalin. After 24-hour fixation, tissue 
samples were dehydrated in alcohols of gradu-
ally increasing concentrations – 50%, 60%, 70%, 
80%, 90%, 96% – followed by pure alcohol and 
xylene. Subsequently, they were embedded in 
paraffin blocks that were later cut into 4 µm-thick 
slices. Such prepared sections were then stained 
for diagnostic purposes with various methods. 
The tumors were classified and graded according 
to the WHO and the Nottingham modification of 
the Scarff-Bloom-Richardson systems. In routine 
H&E sections, the following evaluations were car-
ried out: type of neoplasm (WHO classification), 
tumor grade including tubule formation, intensity 
of division as well as the degree of neoplastic cell 
differentiation and mitotic index, expressed as the 
mean number of mitotic figures in neoplastic cells 
counted in 10 fields of vision at a 400× magnifica-
tion (surface field 0.17 mm2). 
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Among 58 cases of invasive breast cancer 
with lymph node metastases, there were 50 
(86.22%) invasive ductal carcinomas of no special 
type (IDC-NST), 5 (8.62%) metaplastic carcino-
mas, 2 (3.44%) invasive lobular carcinomas and  
1 (1.72%) mixed ductal and lobular carcinoma. Re-
garding the histological grade of malignancy, the 
largest group of invasive breast cancer with lymph 
node metastases comprised grade 2 and grade 3 
(43.1%; 51.72%) (G2 and G3) tumors. During the 
analysis of the pre-operative staging of the studied 
cancers, it was found that the largest group of in-
vasive breast cancer tumors with lymph node me-
tastases consisted of those assessed as T1 (37.9%) 
and T2 (48.3%). The lymph node status was also 
assessed during the study; N1 and N2 were found 
in 53.4% and 29.3% respectively (Table I). 

Immunohistochemical staining for steroid 
receptor and HER2 (ER, PR and HER2) 

For immunohistochemistry, paraffin sections 
attached to glass slides covered with 2% saline/
acetone solution (Sigma) and dried for 24 h at 
42°C were used. Prior to the immunohistochemi-

cal staining, sections were dewaxed by immersion 
in a series of alcohols of gradually decreasing con-
centrations followed by washing in distilled water. 
Subsequently, the sections were placed in a buffer 
solution of pH 9 (Dako) in the case of estrogen 
receptors, or of pH 6 (Dako) for all other antigens, 
followed by heat treatment in a 90°C water bath 
for 30 min, in order to uncover the epitope. When 
antigen epitopes were revealed, sections were 
cooled for 20 min. After washing twice with dis-
tilled water and incubating in 3% hydrogen per-
oxide for 5 min, the sections were washed with 
TBS buffer (Tris-Buffered Saline, Code: S1968, pH 
7.6) (Sigma). The primary antibody was applied in 
an appropriate dilution and incubated in a mois-
ture chamber for 60 minutes at room temperature. 
Specimens were subsequently washed in TBS buf-
fer (Tris-Buffered Saline, Code: 1968, pH 7.6) (Sig-
ma) for 10 min. Appropriate monoclonal or poly-
clonal sets were used for each antibody in order to 
visualize the immunohistochemical reaction, fol-
lowed by washing in TBS buffer (Tris-Buffered Sa-
line, pH 7.6) (Sigma) and application of diamino-
benzidine (DAB) (Substrate-Chromogen Solution) 
solution, prepared according to the manufactur-

Table I. Clinicopathological characteristics of invasive breast cancer with metastasis to lymph nodes

Parameter Number of patients with invasive breast cancer with 
metastasis to lymph nodes (total = 58)

Age (mean ± SD) 59.9 ±12.3

N %

Histological type of invasive breast cancer:

Invasive ductal carcinoma of no special type (IDC-NST) 50 86.22

Metaplastic carcinoma 5 8.62

Invasive lobular carcinoma (ILC) 2 3.44

Mixed ductal and lobular carcinoma 1 1.72

Tumor stage (pT):

T1 22 37.9

T2 28 48.3

T3 2 3.44

T4 6 10.36

Nodal stage (pN):

N1 31 53.4

N2 17 29.3

N3 10 17.3

Tumor grade (G1–G3):

G1 3 5.18

G2 25 43.1

G3 30 51.72
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er’s instructions, for 10 min, in order to visualize 
the color of the reaction. Sections were inspected 
for color intensity, and subsequently washed in 
tap water, stained with Ehrlich’s hematoxylin for 
5 min, differentiated in 1% acid alcohol solution, 
and washed in tap water once again. Sections 
were then dehydrated in graded alcohol series of 
increasing concentrations, cleared in xylene and 
embedded in DPX mounting medium (Gurr® Co.). 

The primary antibodies used in immunohis-
tochemical studies were monoclonal antibodies 
specific for estrogen receptors (Monoclonal Mouse 
Anti-Human Estrogen Receptor α, 1 : 50 dilution, 
Clone: 1D5, Code: IR654, Dako) and progesterone 
receptors (Monoclonal Mouse Anti-Human Pro-
gesterone Receptor, 1 : 400 dilution, Clone: PR636, 
Code: IR068, Dako), which were used in order to 
determine their expression. Immunohistochemis-
try was performed using EnVision-HRP (DakoCyto-
mation) (EnVision + Dual Link System-HRP, DAB+, 
Code: K4065). Evaluation of immunohistochemi-
cal markers was performed by two pathologists as 
follows: ER and PR were categorized as negative 
(0%) or low positive (1–10%), whereas nuclear 
staining in > 10% of tumor cells was considered 
positive for ER and PR. 

HER2 expression was determined using Her-
cepTest (Dako) (Code: K5204). It enabled detection 
of HER2 expression using a  polyclonal antibody 
specific for this protein (Rb A-Hu HER2 – Rabbit 
Anti-Human HER2 Protein). HER2 results were de-
termined based on the maximum area of staining 
intensity according to the manufacturer’s instruc-
tions and the American Society of Clinical Oncolo-
gy (ASCO)/College of American Pathologists (CAP) 
guidelines as follows: strong, circumferential 
membranous staining in > 30% of invasive carci-
noma cells was graded 3+; moderate, circumfer-
ential membranous staining in ≥ 10% of invasive 
tumor cells or strong, circumferential membra-
nous staining in ≤ 30% of cells was designated as 
2+ staining; weak and incomplete membranous 
staining in invasive tumor cells was scored as 1+; 
and no staining was marked 0. Specimens with 0 
to 1+ were regarded as negative and those with 
3+ were considered positive. Results identified 
as HER2 2+ were verified by fluorescence in situ 
hybridization (FISH). Positive and negative control 
preparations were previously determined.

Immunohistochemical staining for HIF-1α, 
EPO, EPO-R and P-gp

HIF-1α, EPO, EPO-R and P-gp localization on 
the tissue sections was performed using the avi-
din–biotin immunoperoxidase technique. Prior to 
the immunohistochemical staining, sections were 
dewaxed by immersion in a series of alcohols of 
gradually decreasing concentrations followed by 

washing in distilled water. Incubations were per-
formed at room temperature (20°C) in a humidi-
fied chamber. Antigen unmasking was performed 
by microwave heat treatment, with sodium citrate 
buffer (pH 6). The sections were heated twice at 
95°C for 5 min in a  standard microwave oven, 
and the slides allowed to cool down in the buf-
fer for approximately 20 min. The sections were 
then rinsed and washed twice in deionized water. 
The sections were incubated with 1% hydrogen 
peroxide in deionized water for 10 min to quench 
intrinsic endogenous peroxidase activity, followed 
by two 5-minute washes in phosphate-buffered 
saline (PBS) at pH 7.4. The sections were then in-
cubated for 20 min in 1 to 3 drops of 5% normal 
goat serum. 

Subsequently, the sections were incubated for 
2 h at room temperature in a moist chamber with 
primary antibodies: mouse monoclonal anti-hu-
man HIF-1α (1 : 50 dilution, Clone: 28b, sc:13515; 
Santa Cruz Biotechnology, Inc.), rabbit polyclonal 
anti-human EPO (1 : 100 dilution, Clone: H-162, 
sc:7956; Santa Cruz Biotechnology, Inc.), rabbit 
polyclonal anti-human EPO-R (1 : 250 dilution, 
Clone: C-20, sc:695; Santa Cruz Biotechnology, 
Inc.) and mouse monoclonal anti-human P-gp  
(1 : 100 dilution, Clone: E-10, sc:390883; Santa 
Cruz Biotechnology, Inc.). 

The sections were then rinsed and washed 
twice with PBS and they were incubated in 1 to 
3 drops of prediluted biotinylated secondary an-
tibody (ImmunoCruz Mouse ABC Staining System, 
sc:2017; ImmunoCruz Rabbit ABC Staining Sys-
tem for visualization, sc:2018; ImmunoCruz Rab-
bit LSAB Staining System, sc:2051; ImmunoCruz 
Mouse LSAB Staining System, sc:2050 [Santa 
Cruz Biotechnology, Inc.]) for 30 min, followed by 
two brief washes in PBS. The site of the immu-
noreaction was made visible by incubating the 
sections with 1 to 3 drops of horseradish perox-
idase (HRP)–streptavidin complex (ImmunoCruz 
TM Staining System sc:2017, sc:2018, sc:2051 
and sc:2050; Santa Cruz Biotechnology, Inc.), for  
30 min followed by a brief wash with PBS, followed 
by incubation with 1 to 3 drops of 3′,3′-diamino-
benzidine tetrahydrochloride (DAB). They were 
developed for 20 min until the desired stain inten-
sity appeared. The sections were washed twice for  
5 min each in de-ionized water. After that, sections 
were counterstained briefly for 10 s with hema-
toxylin. Sections were then dehydrated in graded 
alcohol series of increasing concentrations, cleared 
in xylene and embedded in DPX mounting medium 
(Gurr® Co.).

A  total of 58 cases of invasive breast cancer 
with metastasis to lymph nodes were assessed 
for the expression of HIF-1α (Monoclonal Mouse 
Anti-Human HIF-1α, Clone: 28b, sc:13515; Santa 
Cruz Biotechnology, Inc.). The visualization system 
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ImmunoCruz Mouse ABC Staining System, sc:2017 
(Santa Cruz Biotechnology, Inc.) was subsequently 
applied. Tumor-cell immunoreactivity was scored 
according to both the extent of nuclear staining 
(relative number of HIF-1α-positive cells) and 
the intensity of the reaction: [–] not detected; [+]  
< 1% positive cells; [+] 1–10% weakly to moder-
ately stained cells; [++] 1–10% intensively stained 
cells or 10–50% weakly stained cells; [+++] 10–50% 
positive cells with moderate to marked staining; 
[++++] > 50% positive cells [14]. Positive controls 
consisted of HIF-1α immunoreactive breast cancer 
tissues. Negative controls were prepared with the 
omission of primary antibodies. 

Expression of erythropoietin (EPO) was also 
assessed in all of the studied invasive breast can-
cers using an appropriate antibody specific for the 
EPO antigen (Polyclonal Rabbit Anti-Human EPO, 
Clone: H-162, sc:7956; Santa Cruz Biotechnology, 
Inc.) and subsequent application of the Immu-
noCruz Rabbit ABC Staining System for visualiza-
tion, sc:2018 (Santa Cruz Biotechnology, Inc.). EPO 
staining results were scored according to the per-
centage of cytoplasmic positive cells as follows: 
(–), < 10%; (+), 10–20%; (++), > 20%. Moderate 
expression of EPO was defined as > 20% tumor 
cells with positive staining, whereas low expres-
sion was < 20% [15]. 

In all examined invasive breast cancers we 
also assessed the expression of erythropoietin 
receptor (EPO-R) using an appropriate antibody 
against EPO-R antigen (Polyclonal Rabbit Anti- 
Human EPO-R, Clone: C-20, sc:695; Santa Cruz 
Biotechnology, Inc.) and ImmunoCruz Rabbit 
LSAB Staining System, sc:2051 (Santa Cruz Bio-
technology, Inc.) for visualization. EPO-R staining 
results were scored according to the percentage 
of membrane positive cells as follows: (–) < 10%; 
(+), 10–20%; (++) > 20%. Moderate expression 
of EPO-R was defined as > 20% tumor cells with 
positive staining, whereas < 20% was consid-
ered low expression. The immunoexpression 
of EPO-R was located mainly within cell mem-
branes, although in most cases also a granular 
cytoplasmic reaction was observed [15]. For EPO 
and EPO-R slides, adult kidneys were used as 
positive controls. 

Fifty-eight cases of invasive breast cancer with 
metastases to lymph nodes were assessed for the 
expression of P-gp using a specific primary anti-
body (Monoclonal Mouse Anti-Human P-gp, Clone: 
E-10, sc:390883; Santa Cruz Biotechnology, Inc.), 
and subsequent application of the ImmunoCruz 
Mouse LSAB Staining System, sc:2050 (Santa Cruz 
Biotechnology, Inc.). P-gp expression was grad-
ed according to the percentage of stained tumor 
cells: (0%) [–] none; (1–9%) [+] weak; (10–69%) 
[++] moderate; (70–100%) [+++] strong [16].

Statistical analysis

All statistical analyses were performed with 
SPSS software v12.0. The chi-square (χ2) test was 
used to assess the relationship between P-gp and 
the expression of steroid receptors, HER2, HIF-1α, 
EPO, EPO-R, the degree of histological malignancy, 
and clinical staging. 

The Fisher exact test was used when the ex-
pected cell counts were less than 5. The results 
were considered statistically significant if the  
p value was less than 0.05 (p < 0.05). Spearman 
rank correlation was used to analyze the associa-
tion. Yule’s Φ and Cramér’s V tests were used to 
analyze the association.

Spearman’s rank-order correlation is a  non- 
parametric test. Spearman’s correlation coeffi-
cient measures the strength of association be-
tween two ranked variables. Its value is between 
–1 and 1.

Cramér’s V test is a measure of association be-
tween two nominal variables. It gives a value be-
tween 0 and 1. Cramér’s V test is used as a post-
test to determine the strength of association after 
χ2 has determined significance. Yule’s Φ test is 
used to find a correlation in a 2 x 2 contingency 
table. The correlation coefficient gives a value be-
tween –1 and 1.

Results

The mean age of the study participants was 
59.9 ±12.3 years (median: 58.5 years, range: 30–
79 years). In the pathological examination the fol-
lowing cancer types were found: invasive ductal 
carcinoma of no special type (IDC-NST; 86.22%) 
(Figure 1), invasive lobular carcinoma (ILC; 3.44%), 
metaplastic carcinoma (8.62%), and mixed ductal 
and lobular carcinoma (1.72%).

In this study, we observed and analyzed the 
expression and relationship of HIF-1α, EPO, EPO-R 
and P-gp in 58 specimens (invasive breast cancer 
with lymph node metastases) using immunohis-
tochemistry (Figures 2 A–D). Of all the invasive 

Figure 1. Histopathological image of invasive ductal 
carcinoma of no special type of breast cancer (IDC-
NST) (grade 3, H & E, original magnification, 200×)
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breast cancers with lymph node metastases, 
15.5% expressed P-gp in cell membrane and tu-
mor blood vessels, and 84.5% did not express 
P-gp. The most frequent cancer type among tu-
mors expressing P-gp was IDC-NST (13.8%).

We evaluated the relationship between histo-
logical grade (G1–G3), tumor size (pT), the pres-
ence of lymph node metastases (pN1–N3), and 
P-gp expression in cancer cells – no statistically 
significant associations were found (p > 0.05). 
Among invasive breast cancers with lymph node 
metastases that expressed P-gp, 55.5% were 
graded at G3. P-gp expression was found most 
frequently in invasive breast cancers with lymph 
node metastases that were staged at pT1, pT2, 
and pN1 or pN2 (Table II). 

Among the studied breast tumors, four basic 
immunohistochemical patterns were determined, 
as follows: PR+/ER+/HER2+ (22.4%); PR–/ER–/
HER2+ (32.76%); PR–/ER–/HER2– (12.07%); PR+/
ER+/HER2– (32.76%), with IDC-NST being the 
most common in each pattern (86.22%). 

P-gp expression in cancer cells or tumor blood 
vessels was found in 26.31% of ER+/PR+/HER2– 
tumors, 15.4% of ER+/PR+/HER2+, 14.3% of ER–/
PR–/HER2– and 5.3% of ER–/PR–/HER2+ tumors, 
respectively. 

In our research, there was a  significant posi-
tive correlation between HER2-positive tumors 
that did not express steroid receptors (ER–/PR–/
HER2+), and P-gp expression (p = 0.049, r = 0.105) 
(Table III). We found no correlation between HER2 
positive/negative and P-gp expression (p = 0.274, 
r = 0.050) (Table II).

Moreover, there was a significant positive cor-
relation between EPO expression and P-gp (p < 
0.001; r = 0.474), and between HIF-1α expression 
and P-gp (p = 0.00475, r = 0.371). We found no 
correlation between EPO-R expression and P-gp  
(p = 0.059, r = 0.272) (Table II). 

In the case of P-gp-positive tumors, 55.6% 
of patients showed strong staining (70–100%; 
“+++”), 33.3% of patients showed moderate stain-
ing (10–69%; “++”) and 11.1% of patients showed 
weak staining (1–9%; “+”). 

In our research, we found no correlation be-
tween percentage of tumor cells stained for P-gp 

(“+”, “++”, “+++”) and HIF-1, EPO, EPO-R, ER, PR, 
HER2 expression, or lymph node status (pN1–N3), 
but we found a correlation between percentage of 
tumor cells stained for P-gp and histological grade 
(G1–G3) (p = 0.002, r = 0.687) (Table IV). We found 
a  correlation between percentage of tumor cells 
stained for P-gp and percentages of tumor cells 
stained for HIF-1α (p = 0.048, r = 0.273) and EPO 
(p = 0.018, r = 0.60). We found no correlation be-
tween percentage of tumor cells stained for P-gp 
and percentage of tumor cells stained for EPO-R  
(p = 0.10, r = 0.553) (Table V).

Discussion

Treatment failure in breast cancer is still com-
mon, and therefore it is crucial to look into the 
issue of multidrug resistance, which in turn results 
from the activity of P-glycoprotein and tumor hy-
poxia [1–3, 7].

There are multiple reasons for treatment failure 
in cancer treatment, and the chemotherapeutics 
used to date do not always damage cancer cells. 
The limited susceptibility to treatment may be an 
inherent, biological feature of a  given tumor or 
could result from multidrug resistance of cancer 
cells. Similarly, a defective structure of tumor blood 
vessels and increased intratumoral pressure, both 
hampering the penetration of drugs into cancer 
cells, could lead to limited susceptibility to chemo-
therapeutics. Moreover, even when the drug does 
target cancer cells, it is not certain that it will work 
effectively [4–6].

There are many immunohistochemical studies 
that have analyzed the relationship between the 
expression of P-glycoprotein in cancer and the ef-
ficacy of treatment. However, little is known about 
the possible relation between P-glycoprotein and 
the new prognostic and predictive markers. The 
relationship between P-gp expression and treat-
ment outcomes has already been studied in pa-
tients with lung cancer, bladder cancer, ovarian 
cancer, and breast cancer [17–25].

Young et al. confirmed high expression of P-gp 
in small-cell (80%) and non-small-cell lung can-
cer (100%). Using RT-PCR, they determined P-gp 
expression in 25% and 43% of patients with 
these tumors, respectively [17]. Galimberti et al. 

Figure 2. Immunohistochemical analysis of HIF-1α, EPO, EPO-R, P-gp expression in invasive breast cancers with 
lymph node metastases. Positive staining images for: A – HIF-1α, B – EPO, C – EPO-R, D – P-gp; A, B, C – original 
magnification, 200×; D – original magnification, 400×

A B C D
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Table II. Relationship between the expression P-glycoprotein and the expression HER2, EPO, HIF-1α, EPO-R and 
clinicopathological parameters of invasive breast cancer with metastasis to lymph nodes

Parameter Number of patients (N = 58) (%)
Age (years, mean ± SD) 59.9 ±12.3

Expression of P-gp

P-gp-positive P-gp-negative P-value* r

Histological grade (G):

G1 1 (1.72) 2 (3.45) 0.609 0.162a

G2 3 (5.16) 22 (37.93)

G3 5 (8.62) 25 (43.12)

Tumor stage (pT):

T1 4 (6.90) 18 (31.03) 0.83 0.949a

T2 5 (8.62) 23 (39.65)

T3 0 (0) 2 (3.45)

T4 0 (0) 6 (10.35)

Nodal stage (pN):

N1 5 (8.62) 26 (44.83) 0.275 0.215a

N2 4 (6.90) 13 (22.41)

N3 0 (0) 10 (17.24)

Expression of HER2:

Positive 3 (5.18) 29 (50) 0.274 0.050b

Negative 6 (10.35) 20 (34.47)

Expression of EPO:

Positive 8 (13.8) 13 (22.41) < 0.001* 0.474b

Negative 1 (1.73) 36 (62.06)

Expression of HIF-1α:

Positive 7 (12.06) 14 (24.14) 0.00475* 0.371b

Negative 2 (3.45) 35 (60.35)

Expression of EPO-R:

Positive 6 (10.34) 15 (25.9) 0.059 0.272b

Negative 3 (5.17) 34 (58.59)

*Statistically significant results p < 0.005; significant correlations are shown in bold. aCramér’s V-test was used to analyze the association. 
bYule’s Φ test was used analyze the association.

Table III. Relationship between basic immunohistochemical profile (ER/PR/HER2) and expression of P-gp in inva-
sive breast cancer with metastasis to lymph nodes

Immunohistochemistry – basal panel  
for diagnosis of breast cancer

Frequency
N = 58

Expression of P-gp P-value* r

Positive Negative

ER–/PR–/HER2– 7 1 6 0.845 0.105c

ER+/PR+/HER2+ 13 2 11 0.675 

ER–/PR–/HER2+ 19 1 18 0.049* 

ER+/PR+/HER2– 19 5 14 0.137 

*Statistically significant results p < 0.05; significant correlation is shown in bold. cSpearman rank correlation was used to analyze the 
association.
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found P-gp expression in 27% of patients with 
non-small-cell lung cancer [18]. Clifford et al., 
who studied P-gp expression in urinary bladder 
cancer, reported that P-gp was also expressed in 
normal bladder samples. In their study, P-gp was 
expressed rarely in poorly differentiated tumors, 
whereas in highly differentiated tumors the ex-
pression of P-gp was found in 27% of cases [19]. 
Nakagawa et al., in their immunohistochemical 
study of 33 patients with the diagnosis of urinary 
bladder cancer, reported that P-gp was expressed 
in 67% of patients before chemotherapy, and in 

14% after therapy. Moreover, they did not find 
any significant relationship between the expres-
sion of P-gp and treatment outcome [20]. Park et 
al. assessed the association between the expres-
sion of P-gp and the response to doxorubicin in 
28 treatment-naive patients with urinary bladder 
cancer – no relationship was found between the 
level of P-gp expression and the efficacy of doxo-
rubicin [21]. Joly et al. found that P-gp is expressed 
in a low proportion of ovarian cancer cells, which 
is associated with a lack of response towards P-gp 
inhibitors [22]. Similar studies have been carried 

Table IV. Association between clinicopathologic variables (tumor grade and nodal stage), expression of HIF-1α, 
EPO, EPO-R, ER, PR, HER2 and P-glycoprotein expression

Clinicopathologic 
variables

Expression of P-gp P-value* r

Weak (percentage  
of stained tumor 

cells 1–9%)

Moderate (percentage 
of stained tumor  

cells 10–69%)

Strong (percentage 
of stained tumor 
cells 70–100%)

Tumor grade (G1–G3):

G1 1 0 0 0.002* 0.687a

G2 0 3 0

G3 0 0 5

Nodal stage (pN):

N1 1 1 3 0.487 0.283a

N2 0 2 2

N3 0 0 0

Expression of HIF-1α:

Positive 1 3 3 0.583 0.5a

Negative 0 0 2

Expression of EPO:

Positive 1 3 4 0.60  0.866a

Negative 0 0 1

Expression of EPO-R:

Positive 0 3 3 0.286 0.00a

Negative 1 0 2

Expression of ER:

Positive 1 3 3 0.583 0.5a

Negative 0 0 2

Expression of PR:

Positive 1 3 3 0.583 0.5a

Negative 0 0 2

Expression of HER2:

Positive 0 0 3 0.286 0.00a

Negative 1 3 2

*Statistically significant results p < 0.005; significant correlation is shown in bold. aCramér’s V test was used to analyze the association.
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out in breast cancer patients, and the relationship 
between the expression of P-gp and treatment 
outcomes has been assessed most commonly. 
However, little is known with regard to the associ-
ation between P-gp and other diagnostic markers 
such as erythropoietin, erythropoietin receptor, 
and HIF-1α that additionally characterize the bi-
ological features of the tumor and could have an 
impact on developing new treatment methods.

Decker et al. did not detect any significant re-
lation between P-glycoprotein expression and re-
sponse to chemotherapy in patients with breast 
cancer [26]. In contrast, Burger et al. reported 
a  significant correlation between the expression 
of P-gp mRNA and treatment response in 59 pa-
tients with breast cancer [23]. Turkina et al. as well 
as Trock et al. found the expression of P-gp in 41% 
of patients with breast cancer [24, 25]. This pro-
portion reached 80% in the studies of Chung et al. 
and Chevillard et al. [27, 28]. In our research, we 
found P-gp to be expressed in 15.5% of patients 
with invasive breast cancer with lymph node me-
tastases. 

A review of the literature does not give a defi-
nite answer as to the relationship between P-gp 
expression and response to cancer treatment. 
Therefore, it is necessary to perform new research 
on the association between P-gp expression and 
other markers of breast cancer that can play a role 
in multidrug resistance. 

Cancer hypoxia is usually associated with resis-
tance to chemotherapy and radiation therapy, al-
though it is not well studied in breast cancer. Ding 
et al. reported that P-gp expression and HIF-1α ex-
pression were correlated in colon cancer samples, 
though these two markers were not significantly 
correlated with patient age or histological grade. 
The authors put forward a  view that tumor hy-
poxia could be associated with resistance to che-
motherapy and radiation therapy, although the 
relationship between the expression of P-gp and 
HIF-1α was not elucidated [29]. Zhu et al. showed 
in cancer cell lines that hypoxia could be one of 
the causes of multidrug resistance, with a possible 
role for HIF-1α [30]. Similar conclusions as to the 
relationship between hypoxia and multidrug resis-
tance were drawn by Lv et al. [31].

We did not find P-gp to be significantly correlat-
ed with histological grade, tumor size or lymph 
node metastases (p > 0.05). Similarly, Tsukamoto 
et al. did not report any relationship between P-gp 
expression and tumor size or lymph node metas-
tases [32], but we found a  correlation between 
percentage of tumor cells stained for P-gp (“+”, 
“++”, “+++”) and histological grade (G1-G3) (p = 
0.002, r = 0.687). 

Likewise, Li et al. found no association between 
P-gp expression and lymph node metastases, his-
tological type, or tumor stage [33]. We only found 
that P-gp was expressed most commonly in inva-

Table V. Relationship between expression of HIF-1α, EPO, EPO-R and P-glycoprotein expression

Parameter Expression of P-gp P-value* r

Weak  
(percentage  

of stained tumor 
cells 1–9%)

Moderate  
(percentage  

of stained tumor  
cells 10–69%)

Strong  
(percentage  

of stained tumor 
cells 70–100%)

Expression of HIF-1α:

[+] < 1% positive cells/1–10% 
weakly to moderately stained 
cells

0 0 0
0.048* 0.273a

[++] 1–10% intensively 
stained cells or 10–50% 
weakly stained cells

1 1 0

[+++] 10–50% positive cells 
with moderate to marked 
staining

0 0 5

[++++] > 50% positive cells 0 0 0

Expression of EPO-R: 0.10 0.553a

[+] 10–20% positive cells 1 2 0

[++] > 20% positive cells 0 0 3

Expression of EPO: 0.018* 0.60a

[+] 10–20% positive cells 1 2 0

[++] > 20% positive cells 0 0 5

*Statistically significant results p < 0.005; significant correlations are shown in bold. aCramér’s V test was used to analyze the association.
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sive breast cancers staged at pT1 and pT2, which 
can be explained by the fact that breast cancers 
whose size is estimated as less than 1 cm without 
lymph node metastasis have the most favorable 
prognosis, and the size of the tumor is then a very 
important prognostic factor [34]. But in our study, 
in all cases, in the tumors assessed as T1 and 
T2 there were present metastases to the lymph 
nodes, which is a  negative prognostic factor, as 
well as the fact that these tumors were evaluated 
as G3, which shows their aggressiveness.

In our studies, tumors assessed as T1 and T2 
most commonly demonstrated the expression of 
P-gp, but we did not find P-gp to be significantly 
correlated with tumor size. The presence of the 
expression of P-gp in tumors assessed as T1 and 
T2 can be explained by the presence of lymph 
node metastases and a high degree of histological 
malignancy, parameters that are regarded as the 
most important prognostic factors in breast can-
cer, and this may suggest that the presence of the 
expression of P-gp in these tumors may be a neg-
ative prognostic factor. This role of P-gp has been 
confirmed by other researchers [5, 6, 14–16].

Moreover, we analyzed the relationship be-
tween P-gp expression and the expression of 
steroid receptors and HER2. P-gp expression in 
cancer cells or tumor blood vessels was found in 
26.3% of ER+/PR+/HER2– tumors, 14.3% of ER–/
PR–/HER2–, 15.4% of ER+/PR+/HER2+ and 5.3% 
of ER–/PR–/HER2+ tumors. 

It is known that HER2-positive breast tumors 
that do not express steroid receptors are less 
susceptible to certain forms of chemotherapy or 
hormonal therapy, and therefore have a  worse 
prognosis than HER2-negative tumors. Based on 
previous studies, the majority of patients with 
HER2-positive tumors have primary multidrug re-
sistance [35]. 

In our study, we found that only 9.4% of 
HER2-positive breast tumors expressed P-gp in 
cancer cells or tumor blood vessels, which might 
be associated with a poorer outcome due to pri-
mary resistance to treatment. The remainder of 
the HER2-positive tumors (90.6%) did not express 
P-gp, which could suggest a  better primary sus-
ceptibility to treatment. In our study, in the case of 
HER2-positive tumors that did not express steroid 
receptors (ER–/PR–/HER2+), a significant relation-
ship with P-gp expression was found (p = 0.049, 
r = 0.105), but we found no correlation between 
HER2 positive/negative expression and P-gp (p = 
0.274, r = 0.050). 

Tsukamoto et al. and Li et al. did not find any 
significant relationship between the expression 
of P-gp and that of steroid receptors in breast 
cancer. However, they suggested that P-gp could 
be a  useful predictive and prognostic marker in 

patients treated with chemotherapy [32, 33]. Sim-
ilarly, in our research we did not find any relation-
ship between percentage of tumor cells stained 
for P-gp and of steroid receptors (ER and PR) (p = 
0.583, r = 0.5).

In our research, we found a statistically signifi-
cant relationship between the expression of P-gp 
and that of HIF-1α (p = 0.00475, r = 0.371) and 
erythropoietin (EPO) (p < 0.001, r = 0.474) in all in-
vasive breast cancers with lymph node metastases. 
There was no relationship between P-gp expres-
sion and the expression of erythropoietin receptor 
(EPO-R) (p > 0.05). In our research, in the case of 
P-gp-positive tumors, 55.6% of patients showed 
strong staining, and we found a  correlation be-
tween percentage of tumor cells stained for P-gp 
and percentages of tumor cells stained for HIF-1α 
(p = 0.048, r = 0.273) and EPO (p = 0.018, r = 0.60).

Similar results were reported by Doublier et al., 
who found an association between the expression 
of P-gp and that of HIF-1α. Moreover, they sug-
gested that hypoxia is the stimulating factor for 
P-gp expression in breast cancer cells [36]. 

In conclusion, we found that HIF-1α and EPO 
expression is significantly associated with P-gp 
expression in invasive breast cancer with lymph 
node metastases, and we found a correlation be-
tween percentage of tumor cells stained for P-gp 
and percentages of tumor cell stained for HIF-1α 
and EPO. The correlation of HIF-1α and P-gp expres-
sion suggests that HIF-1α may be related to multi-
drug resistance. An important result of our study is 
the demonstration of a correlation between P-gp 
expression and patients with HER2-positive breast 
tumors that do not express steroid receptors, who 
may be less susceptible to certain forms of chemo-
therapy or hormonal therapy.

Despite the variety of potential methods work-
ing against the main mechanisms of multidrug 
resistance, attempts to limit this phenomenon to 
a degree allowing for effective systemic therapy of 
oncological diseases, including breast cancer, have 
been unsuccessful. 

In our study, a significant correlation between 
P-gp expression and HIF-1α expression in invasive 
breast cancer with metastases to the lymph nodes 
was found, which may suggest that expression of 
HIF-1α in cancer cells is associated with multiple 
drug resistance. The results may, in the future, 
have significance for clinical practice, because, 
in order to understand the mechanisms of mul-
tidrug resistance, attention should be paid to the 
microenvironment of a  tumor and the processes 
which contribute to development of cancer. One 
of the main such processes is hypoxia [37], and 
cells which are deprived of oxygen are less likely 
to accumulate therapeutic doses of chemother-
apeutic agents [38]. Drugs that act by producing 
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reactive forms of oxygen, as well as those affect-
ing the cell cycle and drugs aiming at rapidly di-
viding cells, are ineffective in the case of hypoxic 
cells due to the reduced oxygen concentration and 
inhibited cell cycle [38–40]. Hypoxia is also associ-
ated with resistance to radiotherapy, because the 
latter is based on free radical production causing 
cell death [40]. Studies regarding hypoxia also in-
dicate that it is a cause of increase in P-glycopro-
tein expression, which takes part in development 
of multidrug resistance [38, 41].

The clinical significance of P-glycoprotein is 
based on trials aiming to disable its function. Ini-
tially, first generation P-gp inhibitors were used, 
including verapamil, quinine and cyclosporine A, 
which had already been registered for other medi-
cal uses. Usually, those chemicals were ineffective 
or toxic in doses required to inhibit P-gp func-
tion. Lehnert in his studies administered epirubi-
cin with dexverapamil to 23 patients with breast 
cancer, obtaining a partial response in 4 patients 
[42], while Belpomme et al. used verapamil ad-
ministered orally with appropriate chemotherapy 
to 99 breast cancer patients, obtaining a  higher 
percentage of responses to treatment (27%), and 
they reported an increase in mean survival time 
(323 days) [43].

Second generation inhibitors, such as R-enan-
tiomer of verapamil and the cyclosporine D ana-
logue PSC-833 (Valspodar), also showed pharma-
cokinetic interactions, and, as a  result, in order 
to prevent patient safety, it was necessary to re-
duce the drug dose; however, the results of such 
a treatment were difficult to predict due to phar-
macokinetic interactions [44, 45]. Third genera-
tion inhibitors give additional benefits including 
prolonged inhibition of P-glycoprotein activity in 
a single intravenous dose, e.g. tariquidar (XR9576) 
[46]. Currently used inhibitors are much better 
than those used in the past. They are character-
ized by greater substrate specificity and lower tox-
icity, and present better pharmacokinetic profiles. 
Undoubtedly, it is still necessary to search for an 
ideal antagonist of a transporter protein such as 
P-gp. An ideal agent should be administered in 
a non-invasive way, be effective, should not cause 
side effects or interact pharmacokinetically with 
other drugs, and it should effectively counter re-
sistance mechanisms [47]. The search for “four 
generation” inhibitors is still ongoing [48].

Therefore, further research is needed regarding 
immunohistochemical diagnostics used for P-gly-
coprotein expression analysis in cancer cells and 
its association with other recognized markers in 
breast cancer, as well as new markers such as HIF-
1α, EPO, and EPO-R, but also methods of inhibi-
tion of proteins determining multidrug resistance 
of cancer and new methods of chemotherapy.
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