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Abstract. Results of studies on the expression of leptin and its 
receptors in the human prostate gland and human prostate cell 
lines are contradictory. Regarding this, we carefully reinves-
tigated this issue using human normal prostate (PrEC, PrSC, 
PrSMC) and prostate cancer (DU145, LNCaP, PC3) cell lines. 
Expression of leptin receptor isoforms was assessed by qPCR 
while the effects of leptin on cell proliferative activity was 
determined by real-time cell analyzer (RTCA). Expression of 
the leptin receptor variant 1 was not detected in LNCaP and 
PrSMC cell lines, but it was found in the remaining cell lines. 
In contrast, in all examined cell lines, isoforms 1-3 and 2 and 4 
of the leptin receptor were found. The expression of isoforms 
3 and 6 of the leptin receptor was observed in PC3, PrEC, 
PrSMC and PrSC cell lines, but not in LNCaP and DU145 
cells. Expression of the leptin receptor isoforms 4-6 and 5 
was not demonstrated in any of the tested cell lines. We also 
studied the effects of leptin on the expression of its receptor 
isoforms in all tested cell lines. At a wide range of concentra-
tions, leptin did not change the expression of leptin receptor 
variant 1 in the DU145, PrEC and PC3 cell lines. In contrast, 
in the PrSC cell line, leptin significantly increased the expres-
sion of this gene. In all prostate cell lines tested, leptin did not 
alter the expression levels of variants 1-3 of the leptin receptor 
isoforms. Leptin did not alter the expression of isoforms 2 
and 4 of the leptin receptor in the PC3 and LNCaP cell lines. 
In the DU145 and PrEC cell lines, leptin inhibited expression 
of these receptor isoforms while an opposite effect was noted 
in the PrSC cells. Leptin did not affect the expression level 
of variants 3 and 6 of its receptor in the PrEC and PC3 cell 
lines. However, in PrSMC cells, leptin inhibited the expression 
of variants 3 and 6 of its receptor, while in the PrSC cell line 

this cytokine significantly increased their expression levels. As 
assessed by RTCA, leptin stimulated the proliferative activity 
of DU145 cells, but inhibited this activity in LNCaP cells. At 
all concentrations tested, leptin did not change the prolifera-
tion rate of the PC3, PrEC and PrSMC cells. In contrast, leptin 
notably stimulated the proliferative activity of the PrSC (pros-
tate stromal cell) cell line. Thus, our study demonstrated that 
in all tested human normal prostate and prostate cancer cell 
lines, transcription variants 4, 5 and 6 of the leptin receptor 
were not expressed. Leptin receptor transcription variants 1, 
2 and 3 showed differential expression, which was present in 
the PC3, PrEC and PrSC cell lines. Our data also suggest that 
the stimulatory effects of leptin on proliferative activity of 
the studied cell lines require the expression of leptin receptor 
variant 1 in the affected cells.

Introduction

Obesity is a potential risk factor for the development of various 
types of cancer. In this regard, the results of a population study 
suggest that obesity also increases the risk of prostate cancer 
(PC) development, in particular its aggressive forms (1-8). Both 
overweight and obesity are closely related to the prevalence of 
the metabolic syndrome (9,10). In the context of obesity, special 
attention is paid now to the role of biologically active peptides 
involved in the regulation of energy homeostasis. Of these, the 
most important are leptin and ghrelin (11,12). These peptides 
originate from adipose tissue or the stomach, respectively and 
both regulate energy homeostasis, mainly at the level of the 
hypothalamus. Both peptides are involved in the regulation 
of body weight, food intake and energy homeostasis and their 
mutual interaction is known as a ‘ghrelin-leptin tango’ (13-16). 
It is worth emphasizing that in the regulation of energy homeo-
stasis, leptin exerts a long-term effect, while ghrelin is rather 
a fast-acting signal. In light of the above mentioned ‘tango 
dancers’, we aimed to investigate leptin, whose blood levels 
are elevated in obese individuals. In addition, in many tissues, 
this cytokine exerts a significant mitogenic effect, inter alia, 
in the prostate.

Studies on leptin-deficient mouse led the group of 
Friedman to the discovery of a leptin (17). They also identified 
the leptin gene (OB) which encodes the synthesis of proleptin 
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consisting of 166 amino acids. The mature form of circulating 
leptin is composed of 146-amino acid residues (18,19). The 
leptin gene is almost exclusively expressed in adipose tissue. 
This hormone exerts biological effects through the leptin 
receptor (OB-R) (20). As described by them, the receptor is 
the so-called long leptin receptor, which exerts full biological 
activity. Subsequently Cioffi et al (21) identified three vari-
ants of the short leptin receptor, which they called huB219.1, 
huB219.2 and huB219.3.

In the early days of research, leptin receptor isoforms were 
determined by letters, respectively Ob-Ra, Ob-Rb, Ob-Rc, 
Ob-Rd, Ob-Re and Ob-Rf (reviewed in ref. 22). This nomen-
clature is still used in relation to the leptin receptor in rats, in 
the prostate of which such isoforms are present (23). However, 
with regard to the human leptin receptor isoforms, this nomen-
clature has totally changed. Current data indicate that there are 
six isoforms of the human leptin receptor (Table I). It should 
be emphasized that the transcript corresponding to the soluble 
leptin isoform was not demonstrated in humans (24,25). 
Therefore, it has been suggested that in humans this receptor 
originates from proteolytic cleavage of ectodomains of the 
remaining receptor isoforms. Isoforms of the leptin receptor 
are ubiquitously expressed and show a tissue-specific distribu-
tion (21,26,27).

Expression of leptin receptor isoforms is also found in 
the human prostate and in human normal prostate and cancer 
prostate cell lines. As early as 1996, Cioffi et al, by means of 
RT-PCR, demonstrated high expression of the B219/obr gene 
in the human prostate (21). Subsequently, by means of immu-
nohistochemistry, leptin receptors were found in epithelial 
cells in both normal and malignant prostate glands (28). In 
benign prostatic hyperplasia, expression of OB-R was found 
in 2 out of 5 studied cases; HuB219.1 was present in all cases 
and HuB219.2 and HuB219.3 isoforms were noted in 3 and 
4 cases, respectively (29). Leptin receptor isoforms are also 
expressed in prostate cancer cell lines. Two functional receptor 
isoforms (huOB-R and huB219.3) were found in DU145, PC-3, 
and LNCaP-fGC cell lines (30). furthermore, expression of 
huOb-Ra and huOb-Rb was reported in DU145 and PC3 cell 
lines (31). Multiple alignment of the DNA sequences of leptin 
receptor gene isoforms revealed that in these studies huOB-R 
and huOb-Rb are the same isoforms (comparison of data from 
Genebank), while huOb-Ra = huB219.3 = variant 6. Current 
leptin receptor gene structure indicates that it might be impos-
sible to design specific primers only for variant 6; therefore we 
suggest that authors determine the total expression of leptin 
receptor variants 3 and/or 6.

Experimental data indicate that leptin exerts a multidirec-
tional effect on human prostate cancer cells. Available data 
suggest that in different human normal prostate and prostate 
cancer cell lines, leptin may influence cellular differentia-
tion, proliferation, apoptosis, migration, invasion, metastatic 
potential and release of growth factors. Previous studies have 
been usually carried out on a small number of cell lines and 
often provide controversial results. Therefore, the objective of 
the present study was to investigate the expression of leptin 
receptor isoforms in human normal prostate and prostate 
cancer cell lines, to investigate the effect of leptin on the 
expression level of these receptors and to study the effect of 
leptin on the proliferation rate of these cells.

Materials and methods

Cell culture. The human prostate cell lines, prostate epithelial 
cells (PrEC, cat. no. CC-2555), prostate stromal cells (PrSC, 
cat. no. CC-2508) and prostate smooth muscle cells (PrSMC, 
cat. no. CC-2587) were purchased from Lonza (Walkersville, 
MD, USA). Each cell line was grown under specific conditions, 
including special medium in accordance with the recommen-
dations of the provider. Prostate epithelial PrEC cells were 
grown using the Prostate Epithelial Cell Medium Bulletkit™ 
(PrEGM) containing bovine pituitary extract (BPE), hydro-
cortisone, hEGf, epinephrine, transferrin, insulin, retinoic 
acid, triiodothyronine, and GA-1000 (gentamycin) (Lonza). 
Prostate stromal PrSC cells were grown using the Stromal 
Cell Medium Bulletkit (SCGM) containing growth supple-
ments [hfGf-B, insulin, fetal bovine serum (fBS), GA-1000 
(Lonza)]. Prostate smooth muscle PrSMC cells were grown 
using the Smooth Muscle Cell Medium Bulletkit (SmGM-2) 
containing growth supplements [hEGf, insulin, hfGf-B, fBS 
and GA-1000 (Lonza)]. Prostate carcinoma cell lines, LNCaP 
[LNCaP clone fGC (ATCC® CRL-1740D™)], DU145 (ATCC 
HTB-81™) and PC3 (ATCC CRL-1435™) were purchased 
from ATCC (American Type Culture Collection, Manassas, 
VA, USA). LNCaP and DU145 cells were grown in RPMI-
1640 medium (1X) + GlutaMAX + HEPES (Gibco Life 
Technologies, Carlsbad, CA, USA). PC3 cells were grown in 
f-12k medium commercially available from ATCC. All cell 
lines were cultured in Falcon flasks in a humidified incubator 
at 37˚C in 5% CO2. After seeding on the first day, the culture 
medium was replaced with a new one and then changed every 
second day. All cell lines were cultured for 3-4 days but LNCaP 
cells for 7-8 days, and subsequently the cells were transferred 
into culture wells (32,33).

Leptin receptor isoform expression. To study the effects of 
leptin on leptin receptor isoform expression, cells were trans-
ferred into 6-well plates (Nunc). first, the cells were cultured 
for 24 h in specific medium as mentioned above. Subsequently 
cells were incubated for another 96 h in starved medium 
- without fBS, but with HEPES, glucose and antibiotics 
(LNCaP, DU145, PC3 cell lines). Normal prostate cell lines, 
PrEC, PrSMC, PrSC, were incubated in a medium with special 
fBS, charcoal stripped (Gibco Life Technologies). from day 3 
of culture, new medium with leptin at concentrations 1x10-6, 
1x10-8 and 1x10-10 M was added, and the cells were incubated 
for at least 2 days (without changing medium). These concen-
trations are within the range of leptin concentrations in human 
blood. The serum leptin concentration in healthy human blood 
is 6.6-20 ng/ml, while in obese individuals it is 30-80 ng/ml. 
The concentration of 1x10-10 M corresponds to a concentration 
of 1.6 ng/ml, and 1x10-8 M to a concentration of 160 ng/ml. 
Thus, the leptin concentrations used in the incubation medium 
(excluding 10-6 M concentration) are similar to serum leptin 
levels in healthy and obese subjects.

RNA isolation. At the end of culture, the cells were washed 
two times using PBS, and then the total RNA was extracted 
using TRI Reagent (Sigma-Aldrich, Poznan, Poland). Medium 
from each well was collected into tubes and frozen for ELISA 
research. Total RNA was purified on columns (NucleoSpin 



ONCOLOGY REPORTS  39:  182-192,  2018184

Total RNA Isolation, Qiagen GmbH, Hilden, Germany) (33-36). 
The amount of total RNA was determined by optical density at 
260 nm and its purity was estimated by a 260/280 nm absorp-
tion ratio (higher than 1.8) (NanoDrop spectrophotometer, 
Thermo Fisher Scientific, Waltham, MA, USA).

Reverse transcription. Reverse transcription was performed 
using reverse transcriptase from the Transcriptor first Strand 
cDNA Synthesis kit (Roche Diagnostics Corp., Indianapolis, 
IN, USA) with Oligo(dT) as primers at a temperature of 
55˚C for 40 min (Thermocycler UNO II, Biometra GmbH, 
Göttingen, Germany). Total RNA (1 µg) was used for a single 
RT reaction. The RTs were carried out in standard final 
volumes (20 µl). After RT, each cDNA containing sample was 
diluted with 100 µl of RNase-free water.

qPCR. Primers were designed by Primer 3 software 
(Whitehead Institute for Biomedical Research, Cambridge, 
MA, USA) and purchased from the Laboratory of DNA 
Sequencing and Oligonucleotide Synthesis, Institute of 
Biochemistry and Biophysics, Polish Academy of Sciences, 
Warsaw (fig. 1, Table II). qPCR was performed by means of 
the Lightcycler 2.0 instrument (Roche Diagnostics Corp., 4.05 
software version). Using the above mentioned primers, SYBR 

Green detection system was applied. Every 20 µl of reaction 
mixtures contained 2 µl template cDNA (standard or control), 
0.5 µM of each specific primer, and a previously determined 
optimum MgCl2 concentration (3.5 µM for each reaction). 
According to the Roche LightCycler fastStart DNA Master 
SYBR-Green 1 kit procedure for qPCR, 1-5 µl of the RT reac-
tion product (cDNA) can be used in 20 µl or 50 µl final reaction 
volume. LightCyclerfastStart DNA Master SYBR-Green I mix 
program (Roche Diagnostics Corp.) was used. The real-time 
PCR program included 10 min of a denaturation step to activate 
the Taq DNA polymerase, followed by a three-step amplifica-
tion program: denaturation at 95˚C for 10 sec, annealing at 
56˚C for 5 sec, and extension at 72˚C for 5 sec. Assays were run 
for a maximal 45 cycles. Specificity of the reaction products 
was checked by the determination of melting points (0.1˚C/sec 
transition rate). HPRT was used as a standard for controlling 
RT-PCR reaction quality as well as the reference gene in pros-
tate cell lines. The primers used exhibited a positive reaction 
in human organs, as demonstrated in our previous study (37).

Proliferation assay (in vitro culture using a real-time cell 
analyzer - RTCA). The study used an electrical impedance-
based technique, the real-time cell analyzer (RTCA, Roche 
Applied Science, Penzberg, Germany). The system consists of 

Table I. Human leptin receptor isoforms - actual nomenclature and original terminology (Genebank, accession January 2017).

Actual terminology

LEPR var 1 LEPR var 2 LEPR var 3 LEPR var 4 LEPR var 5 LEPR var 6

Homo sapiens Homo sapiens Homo sapiens  Homo sapiens  Homo sapiens Homo sapiens 
leptin receptor leptin receptor leptin receptor leptin receptor leptin receptor leptin receptor
(LEPR), (LEPR), (LEPR), (LEPR), (LEPR), (LEPR),
transcript transcript transcript transcript transcript transcript
variant 1,  variant 2, variant 3,  variant 4, variant 5, variant 6,
mRNA. mRNA. mRNA. mRNA. mRNA. mRNA.

NM_002303.5 NM_001003680.3  NM_001003679.3 NM_001198687.1 NM_001198688.1 NM_001198689

4,161 bp mRNA 3,079 bp mRNA 5,142 bp mRNA 3,044 bp mRNA 2,935 bp mRNA 5,107 bp mRNA

6-Oct-2016 6-Oct-2016 6-Oct-2016 6-Oct-2016 7-Oct-2016 7-Oct-2016

Original terminology

LEPR var 1 LEPR var 2 LEPR var 3 LEPR var 4 LEPR var 5 LEPR var 6

OB-R    Human B219/OB  Human B219/OB Human B219/OB
   receptor isoform receptor isoform receptor isoform
   HuB219.1 HuB219.2 HuB219.3
   precursor precursor precursor
   mRNA, mRNA, mRNA,
   complete cds. complete cds. complete cds.

   HSU52912 HSU52913 HSU52914

   2,991 bp mRNA 2,880 bp mRNA 2,877 bp mRNA

Tartaglia et al (20)  first listed (2004), first listed (2004), 5-Jun-1996 PRI 5-Jun-1996 PRI 5-Jun-1996
 as variant 3 as variant 2 Cioffi et al (21) Cioffi et al (21) Cioffi et al (21)
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an RTCA analyzer, an RTCA SP station and RTCA software. 
As described by the manufacturer, the main read-out of the 
RTPA is a dimensionless parameter ‘Cell Index’. This index is 
derived as a relative change in measured electrical impedance 

to represent cell status. from RTCA software, the slope values 
of the proliferation rates were extracted at times of exponential 
growth of the control groups (no leptin addition), as indicated 
in the appropriate figures.

figure 1. Structure of the human leptin receptor gene. It presents six known transcription variants, in which individual exons are shown as vertical lines. The 
width of the vertical line corresponds to the length of an individual exon. Arrows show primer binding sites for all distinguishable transcript variants of the 
leptin receptor gene. for each pair of primers used, appropriate numbers were assigned that correspond to the numbering in the table presenting data on the 
primers used (Table II).

Table II. PCR analyses of leptin receptor isoforms. 

[Position on fig. 1],    PCR
Genebank accession    product
number of    size
transcript variant Primer Primer sequence (5'-3') Position (bp)

[1] NM_002303.5 S CAGAGTGATGCAGGTTTATATG 2694-2715 208
transcript variant 1 A CTGATGCTGTATGCTTGATAA 2901-2881
[2] NM_002303.5,  S CGGGCGTTAAAGCTCTCGT 78-96 391
NM_001003680.3, A GCTCACTCCGAAAGCAACAGT 468-448
NM_001003679.3
transcript variant 1-3
[3] NM_001003680.3, S GCCAGTAATTATTTCCTCTTCC 2723-2744 198
NM_001198687.1 A CCCTGGGTACTTGAGATTAG 2920-2901
transcript variant 2,4   (in relation to
   NM_001003680.3)
[4] NM_001003679.3, S TATGTAATTGTGCCAGTAA 2712-2730 200
NM_001198689.1 A ACATTGGGTTCATCTGTAGTG 2911-2891
transcript variant 3,6   (in relation to
   NM_001003679.3)
[5] NM_001198687.1,  S CTGCCTTCGGTCGAGTTGGA 98-117 207
NM_001198688.1,  A CAGCAGGCAAAAGGAAGTAGTCA 304-282
NM_001198689.1
transcript variant 4-6
[6] NM_001198688.1 S TCCCCATTGAGAAGTACCAGT 2555-2575 300
transcript variant 5 A CACCCAGTAGTTCCTTTGTGC 2854-2834
NM_000194.2 S GCCATCACATTGTAGCCCTC 343-362 172
Homo sapiens hypoxanthine A ACTTTTATGTCCCCTGTTGACT 514-493
phosphoribosyltransferase 1

Position on fig. 1 in [brackets]; Genebank accession number; no. of transcript variant; oligonucleotide sequences for sense (S) and antisense 
(A) primers, their position and product size are shown. Homo sapiens hypoxanthine phosphoribosyltransferase 1 (HPRT) was used as the 
reference gene.
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Six human normal prostate and prostate cancer cell lines 
were cultured in E-Plate 48 of RTCA for at least 112 h. After 
the first 24 h, cells were cultured in starved medium (medium 
without growth factors) or in special fBS, charcoal stripped 
medium (see above). At 48 h of culture, leptin at concentrations 
1x10-6, 1x10-8 and 1x10-10 M was added and cells were incubated 
for at least 48 h. Cell index was recorded every 15 min and an 
exemplary chart plot is shown in fig. 6. Subsequently this cell 
index was normalized (normalized cell index). To improve the 
readability of figures, on the normalized diagrams, points are 
marked every 45 min. from RTCA software, the slope values 
of the proliferation rates of cultured human normal prostate 
and prostate cancer cell lines were extracted from each well. 
Each experiment was repeated at least three times.

Statistical analysis. Where applicable, data presented are 
means ± SEM. Statistical analysis of the data was performed 
using one-way analysis of variance (ANOVA) followed 
by Tukey's HSD test. Calculation was made by means of 
R environment with multcomp library. Results were consid-
ered as statistically significant when P values from ANOVA 
were <0.05. In such cases, post-hoc Tukey's HSD test was 
performed. In this case, the threshold of statistical significance 
was set again to 0.05. In the figures, results of the Tukey's HSD 
test are marked by letters. Groups sharing the same letter are 
not significantly different according to Tukey's HSD test.

Results

Expression of leptin receptor isoforms. As summarized in 
Table III, expression of the leptin receptor variant 1 was not 
detected in LNCaP and PrSMC cell lines, but it was found in 
the remaining cell lines. On the other hand, in all examined 
cell lines, isoforms 1-3, and 2 and 4 of the leptin receptor 
were found. The expression of isoforms 3 and 6 of the leptin 
receptor was observed in PC3, PrEC, PrSMC and PrSC cell 
lines, but not in LNCaP and DU145 cells. Expression of the 
leptin receptor isoforms 4-6 and 5 was not demonstrated in 
any of the tested cell lines. Analysis of the data showed that 
from the amplification product of variants 2 and 4, the expres-
sion of variant 4 may be ruled out. It follows that all tested cell 
lines expressed variant 2 of the leptin receptor. In turn, in lines 
PC3, PrEC, PrSMC and PrSC from the amplification product 
of variant 3 and 6 of the leptin receptor, isoform 6 can be 
excluded. Therefore, observed expression is caused exclusively 
by isoform 3 of the leptin receptor. It should be noted that in 
samples obtained from human adrenal we found expression of 
all isoforms of the leptin receptor. This proves the correctness 
of the primers used in the present study.

We also conducted experiments on the effects of leptin on 
the expression of its receptor isoforms in all tested cell lines. 
As is apparent from fig. 2 at a wide range of concentrations, 
leptin did not change the expression of leptin receptor variant 1 

Table III. Analysis of expression of the leptin receptor isoforms in the tested cell lines of the human prostate. 

Neoplastic prostate cells

Cell line (identified transcript variant) LNCaP (var 2) DU145 (var 1, 2) PC3 (var 1, 2, 3)
--------------------------------------------------------------------- --------------------------------------------- --------------------------------------------- --------------------------------------------
Leptin concentration (M)→ 10-6 10-8 10-10 10-6 10-8 10-10 10-6 10-8 10-10

Leptin receptor isoform expression↓
  var 1 - - - = = = = = =
  var 1-3 = = = = = = = = =
  var 2, 4 = = = = ▼ ▼ = = =
  var 3, 6 - - - - - - = = =
Proliferation rate ▼ = = ▲ = = = = =

Normal prostate cells

Cell line (identified transcript variant) PrEC (var 1, 2, 3) PrSMC (var 2, 3) PrSC (var 1, 2, 3)
--------------------------------------------------------------------- --------------------------------------------- --------------------------------------------- --------------------------------------------
Leptin concentration (M)→ 10-6 10-8 10-10 10-6 10-8 10-10 10-6 10-8 10-10

Leptin receptor isoform expression↓
  var 1 = = = - - - = = ▲
  var 1-3 = = = = = = = = =
  var 2, 4 = ▼ ▼ = = = = = ▲
  var 3, 6 = = = = ▼ = = = ▲
Proliferation rate = = = = = = = ▲ ▲

‘-’ no expression; ‘=’ not changed significantly; ‘▲’ significantly upregulated; ‘▼’ significantly downregulated. Next to the name of the cell line 
in brackets are given the identified variants (isoforms) of leptin receptor.
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in DU145, PrEC and PC3 cell lines. In contrast, in the PrSC 
cell line, leptin at 10-10 M significantly increased the expres-

sion of the gene of interest, while higher concentrations of the 
cytokine did not exert such an effect.

figure 3. Effects of leptin on expression levels of leptin receptor variants 1-3 in LNCaP; DU145, PC3, PrEC, PrSMC and PrSC human prostate cell lines. Cells 
were incubated in starved specific medium (as described in Materials and methods) for at least 2 days. Bars presenting means ± SE are shown. In each group, 
n=4. There were no statistically significant differences between group means as determined by one-way ANOVA for all cell lines: LNCaP (P=0.212), DU145 
(P=0.506), PC3 (P=0.582), PrEC (P=0,13), PrSMC (P=0.383) and PrSC (P=0.637).

figure 2. Effects of leptin on expression levels of leptin receptor variant 1 in DU145, PC3, PrEC and PrSC human prostate cell lines. Cells were incubated in 
starved specific medium (as described in Materials and methods) for at least for 2 days. Bars presenting means ± SE are shown. In each group, n=4. There are 
no statistically significant differences between group means as determined by one-way ANOVA for DU145 (P=0.964), PC3 (P=0.62) and PrEC (P=0.201) cell 
lines. For PrSC cells P=0.0136. Groups sharing the same letter are not significantly different according to Tukey's HSD test.
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In the prostate cell lines tested, LNCaP, PC3, DU145, 
PrEC, PrSMC and PrSC, leptin did not change the expression 
levels of variants 1-3 of the leptin receptor isoforms (fig. 3). 
Concerning variants 2 and 4 of the leptin receptor isoforms, 
the applied cytokine did not alter their expression in the 

LNCaP, PC3 and PrSMC cell lines (fig. 4). In the DU145 (at 
10-8 and 10-10 M) and PrEC cells (at concentrations of 10-8 and 
10-10 M) leptin inhibited expression of the receptor isoforms 
tested. In contrast, in the PrSC cells (at 10-10 M), this cytokine 
substantially enhanced expression of the studied genes.

figure 4. Effects of leptin on expression levels of leptin receptor variants 2 and 4 in LNCaP, DU145, PC3, PrEC, PrSMC and PrSC human prostate cell lines. 
Cells were incubated in starved specific medium (as described in Materials and methods) for at least 2 days. Bars presenting means ± SE are shown. In each 
group, n=4. There were no statistically significant differences between group means as determined by one-way ANOVA for LNCaP (P=0.594), PC3 (P=0.0712) 
and PrSMC (P=0.0529) cell lines. In the remaining cell lines, groups sharing the same letter were not significantly different according to Tukey's HSD test.

figure 5. Effects of leptin on expression levels of leptin receptor variants 3 and 6 in PC3, PrEC, PrSMC and PrSC human prostate cell lines. Cells were 
incubated in starved specific medium (as described in Materials and methods) for at least 2 days. Bars presenting means ± SE are shown. In each group, n=4. 
There were no statistically significant differences between group means as determined by one-way ANOVA for PC3 (P=0.284) and PrEC (P=0.266) cell lines. 
In the remaining cell lines, groups sharing the same letter were not significantly different according to Tukey's HSD test.
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Leptin did not affect the expression level of variants 3 
and 6 of its receptor in the PC3 and PrEC cell lines (fig. 5). 
However, in PrSMC cells leptin at concentrations of 10-6 
and 10-8 M inhibited the expression of the genes of interest. 
In contrast, in the PrSC cell line, this cytokine at 10-10 M 
significantly increased the level of expression of the receptor 
isoforms tested.

Proliferation assay. In this study, we were interested in using 
the RTCA platform to monitor the effects of leptin on prolif-
eration of human normal prostate and prostate cancer cell 
lines. As documented in fig. 7, in the DU145 cell line leptin 
at a concentration 1x10-6 M stimulated the proliferation rate, 
while lower leptin concentrations were ineffective. In contrast, 
in the LNCaP cell line, the same leptin concentration exerted 
an inhibitory effect on proliferative activity, and again lower 
leptin concentrations did not change the studied parameter. 
for all leptin concentrations, the proliferation rate of PC3 cells 
remained unchanged. Likewise, at all concentrations, leptin 
did not affect the proliferation of PrEC or PrSMC cell lines. In 
contrast, leptin at concentrations 1x10-8 and 1x10-10 M notably 
stimulated proliferative activity of the PrSC (prostate stromal 
cell) cell line.

Discussion

In light of the controversial data concerning the influence 
of leptin on human normal prostate and prostate cancer cell 
lines, we performed a comprehensive and systematic study on 
LNCaP, DU145, PC3, PrEC, PrSMC and PrSC cell lines. In the 
first instance, we examined the expression of leptin receptor 
isoforms in the tested cell lines and the response of transcrip-
tion variants of the leptin receptor to leptin. furthermore, we 
assessed the effects of leptin on the proliferation rate of the 
studied cells.

Only scanty data are available on the expression of leptin 
receptor in human normal prostate and prostate cancer cell 
lines. As mentioned earlier, two functional leptin receptor 

isoforms (huOB-R and huB219.3) were found in DU145, PC3, 
and LNCaP-fGC cell lines (30). furthermore, expression 
of huOb-Ra and huOb-Rb was reported in DU145 and PC3 
lines (31). In these studies, identical primers were used and 
described as a primers for huB219.3 (30) and OB-Ra (31). In 
their studies, expression of these leptin receptor isoforms was 
found in DU145, PC3, and LNCaP cell lines. Comparing the 
binding of these primers to the current isoforms of the leptin 
receptor gene (fig. 1) indicates that these primers amplify 
variants 3 and/or 6 of receptor isoforms (as described in the 
present study). furthermore, the primer for huOB-Rb applied 
by Somasundar et al (31) amplifies only a fragment of the 
single exon specific to isoform 1. Therefore this design did not 
reduce the risk of false-positive amplification from genomic 
DNA. On the other hand, in a study by Onuma et al (30), exons 
spinning primers designed for huObR bound to specific exon 
of variant 1 of the leptin receptor. They found this expression 
in the LNCaP cell line; however, in the present study we were 
not able to confirm their finding. Onuma et al (30) also studied 
expression of the isoform huB219.1 of the leptin receptor gene. 
Applied primers are specific for variants 2 and 4. Expression 
of these variants was very high in LNCaP cells. In the present 
study, application of the various primers revealed that in the 
LNCaP cell line expression of only variant 2 of the leptin 
receptor gene was present (Table III). furthermore, in the 
study by Onuma et al (30), the primers used for demonstration 
of huB219.2 were highly specific for variant 5 of the leptin 
receptor gene. On the basis of agarose gel electrophoresis data 
they found low expression levels of this isoform in the LNCaP 
cell line, the highest expression in DU145 and no expression 
in PC3 cells. In the present study by means of qPCR, we were 
not able to demonstrate expression of isoform 5 in all studied 
cell lines. However, as pointed above, a positive reaction for 
this isoform was found in human adrenal glands. furthermore, 
in the study of Onuma et al (30) huB219.3 expression was 
found in DU145 and PC3 cells, and only very low expression 
was noted in the LNCaP cells. The same primers in a study 
by Somasundar et al (31), described as specific for huOb-Ra, 

figure 6. RTCA (real-time cell analyzer) delivered cell index of LNCaP cells cultured for 196 h in the presence of various leptin concentrations. Cell index 
was recorded every 15 min. Point of leptin addition is shown by a black arrow. Black line, control (no leptin addition); green line, leptin 1x10-6 M; blue line, 
leptin 1x10-8 M; red line, leptin 1x10-10 M.
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provided transcripts in DU145 and PC3 cells. However, in rela-
tion to actual nomenclature, applied primers may demonstrate 
variants 3 and/or 6 of leptin receptor isoforms. Our study did 
not reveal expression of isoform 6 in all analyzed cell lines; 
therefore, observed expression in their study may be connected 
with variant 3 of the leptin receptor.

Analysis of the literature indicates that only one publica-
tion contains data on the relationship between leptin and 
leptin receptor expression in human prostate cancer cell 
lines. By densitometry of agarose separated PCR products 
Somasundar et al (31) demonstrated that during 48 h of culture 
in serum-free medium, leptin did not alter the expression of 
the huOB-Ra isoform in DU145 cells, while in the PC3 cell 
line expression of this isoform was significantly increased. As 
it follows from the above analysis, their primers for huOB-Ra 
recognized variants 3 and/or 6 of leptin receptor isoforms. In 
the case of the huOB-Rb isoform, leptin did not change expres-

sion of this gene in the DU145 cells and notably increased it 
in the PC3 cell line. According to the recent nomenclature, 
huOB-Rb is called variant 1 of the leptin receptor gene. In 
our study we observed a differential effect of leptin on the 
expression of leptin receptor isoforms in the studied cells. 
Observed effects were dependent mainly on leptin concen-
trations. In our study, leptin stimulated expression of leptin 
receptor variant 1 only in the PrSC cell line (at a concentration 
of 10-10 M). Expression levels of variants 2 and 4 of the leptin 
receptor were suppressed by leptin in the DU145 and PrEC cell 
lines and opposite effects were observed in the PrSC cells. As 
far as leptin variants 3 and 6 are concerned, leptin inhibited 
their expression in PrSMC cells and stimulated it in PrSC 
cells. Thus, our study showed that among the tested cell lines, 
leptin exerted the highest stimulatory effect on the expression 
of its receptor isoforms in PrSC cells. In the other cell lines, 
the effects of leptin on the expression of its receptor isoforms 

figure 7. Effects of leptin on the proliferative activity of cultured human normal prostate and prostate cancer cell lines. (A) Normalized RTCA chart plot (cell 
index, recorded every 15 min) in which points are marked every 45 min. (B) Effects of leptin on slope values of proliferation rates of cultured human normal 
prostate and prostate cancer cell lines. The human prostate cancer cell lines: DU145, LNCaP, PC3. The human normal prostate cell lines: PrEC (prostate epi-
thelial cells), PrSC (prostate stromal cells) and PrSMC (prostate smooth muscle cells). At 48 h of culture, leptin at concentrations 1x10-6, 1x10-8 and 1x10-10 M 
was added - black arrows. Cells were incubated for at least 70 h. from RTCA software, the slope values of proliferation rates were extracted at times of expo-
nential growth of the control (no leptin addition) groups, as indicated with appropriate figures (h). (B) Each circle represents one cell culture. Means ± SEM 
are shown. There were no statistically significant differences between group means as determined by one-way ANOVA for PC3 (P=0.0806), PrEC (P=0.308) 
and PrSMC (P=0.283) cell lines. In the remaining cell lines, groups sharing the same letter were not significantly different according to Tukey's HSD test.
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did not show any regularity. Recently, Noda et al (38) demon-
strated that long-term exposure to leptin (28 days) increased 
ObR (leptin receptor) expression in the LNCaP, DU145 and 
PC3 cell lines. In this study, ObR was demonstrated by western 
blot analysis with polyclonal rabbit antibodies against human 
ObR (Sigma-Aldrich). However, these data are not sufficient to 
identify the specific variant of the leptin receptor.

In addition, data concerning the effects of leptin on the 
proliferation of human prostate cancer cell lines are controver-
sial. By means of 3H-thymidine incorporation and MTT assay, 
Onuma et al (30) demonstrated that in serum-free medium 
leptin stimulated cell proliferation specifically in androgen-
independent DU145 and PC3 prostate cancer cells but not in 
androgen-dependent LNCaP-fGC cells, although both cell 
types express functional leptin receptor isoforms. Similar 
results (by means of MTT assay) were observed in DU145 and 
PC3 cells cultured in fBS-containing culture medium (31,39). 
By means of MTT assay, the stimulatory effect of leptin on the 
growth of DU145 cells was also observed by Bub et al (40). 
Recently Noda et al (38) demonstrated that a 48-h exposure 
to leptin did not affect the growth of LNCaP, DU145 and PC3, 
cells as assessed by WST-8 assay. However, after a 28-day 
incubation with leptin, a notable increase in growth in all 
tested cell lines was found.

In the present study, using the RTCA platform, we examined 
the effects of leptin on the proliferation of LNCaP,  DU145, PC3, 
PrEC, PrSMC and PrSC cell lines in the exponential phase of 
growth. As documented by changes in the proliferation slope, 
leptin inhibited the proliferation of LNCaP cells, stimulated 
growth of PrSC cells and had no effect on DU145, PC3, PrEC 
and PrSMC cells. A markedly pronounced stimulatory effect 
of leptin on proliferative activity was observed in the PrSC 
cell line. In the available literature, we did not encounter data 
concerning the effect of leptin on the proliferation of human 
normal prostate cell lines. Therefore, this observation appears 
to be extremely important, as it may explain the increased inci-
dence of benign prostatic hyperplasia in obese patients with 
elevated blood leptin levels.

Considering the relationships between mitogenic action of 
leptin and expression of leptin receptor isoforms in DU145 and 
PC3 cell lines, Somasundar et al (31) suggested that mitogenic 
leptin effects are not a consequence of altered receptor isoform 
expression. It should be emphasized that in our study, the level 
of expression of leptin receptor isoforms was examined 48 h 
after leptin administration, while the ‘proliferation slope’ was 
evaluated after exposure of cells to leptin during the exponen-
tial growth phase (see fig. 7B for details). In this situation, 
changes in the expression level of leptin receptor isoforms can 
not be ruled out [Noda et al (38)]. Thus, our data on the degree 
of expression of the leptin receptor isoforms analyzed reflect 
the condition after 48 h after leptin administration, which does 
not exclude changes in their expression level during subse-
quent incubation periods (corresponding to the proliferation 
slope). Our results also indicated no correlation between the 
level of expression of individual leptin receptor isoforms and 
the mitogenic effect of leptin protein. The analysis of our data 
suggest, however, that in prostatic cells which are deficient in 
leptin receptor variant 1, leptin rather inhibits the mitogenic 
activity while in cells expressing this variant rather stimulates 
this activity or does not change this parameter.

Thus, the present study demonstrated that in all tested 
human normal prostate and prostate cancer cell lines (LNCaP, 
DU145, PC3, PrEC, PrSMC and PrSC) transcription vari-
ants 4, 5 and 6 of the leptin receptor were not expressed. Leptin 
receptor transcription variants 1, 2 and 3 showed differential 
expression, all of them present in the PC3, PrEC and PrSC 
cell lines. Our data also suggest that the stimulating effects of 
leptin on proliferative activity of the studied cell lines require 
the expression of leptin receptor variant 1 in the affected cells.
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