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LABORATORY STUDY

Role of serotonin in the regulation of renal proximal tubular epithelial cells

Acelya Erikci, Gulberk Ucar and Samiye Yabanoglu-Ciftci

Department of Biochemistry, Faculty of Pharmacy, Hacettepe University, Ankara, Turkey

ABSTRACT
In various renal injuries, tissue damage occurs and platelet activation is observed. Recent studies
suggest that some factors, such as serotonin, are released into microenvironment upon platelet
activation following renal injury. In the present study, we aimed to investigate whether platelets
and platelet-released serotonin are involved in the functional regulation of renal proximal tubular
epithelial cells (PTECs). PTECs were obtained by primary cell culture and treated with platelet lys-
ate (PL) (2� 106/mL, 4� 106/mL, 8� 106/mL) or serotonin (1 lM or 5 lM) for 12 or 24 h.
Phenotypic transdifferentiation of epithelial cells into myofibroblasts were demonstrated under
light microscope and confirmed by the determination of a-smooth muscle actin gene expression.
Serotonin and PL were shown to induce epithelial–mesenchymal transdifferentiation of PTECs.
After stimulation of PTECs with serotonin or PL, matrix metalloproteinase-2, tissue inhibitor of met-
alloproteinase-1, and collagen-a1 gene expressions, which were reported to be elevated in renal
injury, were determined by real-time PCR and found to be upregulated. Expressions of some
inflammatory cytokines such as tumor necrosis factor-a, interleukin-6, and transforming growth
factor-b1 were found to be increased in both protein and gene levels. Recently there is no pub-
lished report on the effect of serotonin on renal PTECs. Results obtained in this study have light-
ened the role of serotonin and platelet-mediated effects of serotonin on fibrotic and inflammatory
processes in PTECs.
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Introduction

Renal diseases are among the most important causes of
morbidity and mortality in many countries. In various
renal injuries, tissue damage occurs and platelet activa-
tion is observed. Recent studies propose that activated
platelets release some factors and they may participate in
fibrosis and inflammation observed after renal injury.
Platelets are the major serotonin storage site out of cen-
tral nervous system (CNS)1,2 and like other contents, sero-
tonin is also released upon platelet activation into local
microenvironment of injured area.3 Although effects of
serotonin are primarily studied in CNS; serotonin synthe-
sis was shown in renal proximal tubular epithelial cells
(PTECs); serotonin receptors were identified in kidney4–12

and it was reported that serotonin has important effects
on renal metabolism and glomerular function.6 Although
serotonin was shown to affect renal functions, responses
to serotonin were proposed to be different.13–15

Consequently serotonergic responses were reported to
be dependent on species and type of vascular zone;
besides even in the same vascular zone, serotonin-
induced effects have been reported to be different
according to the receptor subtype in the tissue.15–17

In renal injury, levels of various factors increase
and among these factors, transforming growth factor-
b1 (TGF-b1) is the key fibrogenic factor in tubular epi-
thelial–myofibroblast transdifferentiation (EMT) and it
plays a critical role in fibrosis and macrophage accu-
mulation.18,19 During the healing process of renal tis-
sue, initially platelets aggregate, neutrophils migrate
to injury site, and basal epithelial cells start to prolifer-
ate. Over time, macrophages replace neutrophils,
granulation tissue is formed, neovascularization occurs,
fibroblasts begin to proliferate and collagen accumula-
tion in injured tissue starts. Appearance of myofibro-
blasts in granulation tissue contributes to wound
closure and significantly leads to decreased size of
the original injury.20 Recent studies suggest that tubu-
lar EMT is an important and complex process in the
tubulointerstitial fibrosis and this phenotypic trans-
formation has recently been reported in progressing
human glomerulonephritis. In many studies, PTECs are
claimed to be transdifferentiate into fibroblasts/myofi-
broblasts during renal injury.18

In this study, we aimed to investigate whether plate-
lets or platelet-released serotonin regulate PTECs.
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Therefore, we stimulate obtained PTECs by primary cell
culture and treated with platelet lysate (PL) (2� 106/mL,
4� 106/mL, 8� 106/mL) or serotonin (1 lM or 5 lM) for
12 or 24 h. Phenotypic transdifferentiation of these cells
into myofibroblasts was demonstrated with light micro-
scope and a-smooth muscle actin (a-SMA) gene expres-
sion. We also determined TGF-b1 protein and gene
expression levels. Furthermore, matrix metalloprotei-
nase-2 (MMP-2), tissue inhibitor of metalloproteinase-1
(TIMP-1), and collagen-a1 (COL-a1) gene expressions
which are reported to be elevated in renal injury and
protein and gene expressions of some inflammatory
cytokines such as tumor necrosis factor-a (TNF-a) and
interleukin-6 (IL-6) were investigated. Achieved results
demonstrated for the first time that platelet-derived
serotonin regulates renal PTECs by increasing secretion
of TGF-b1, MMP-2, and inflammatory cytokines and pro-
moting their transdifferentiation into myofibroblasts.

Materials and methods

Materials

In primary cell culture, DMEM/F-12, HBSS, HEPES, insu-
lin-transferrin-selenium, and newborn calf serum were
purchased from Gibco/Life Technologies; Type I collagen
rat-tail was purchased from Millipore and all other
chemicals were purchased from Sigma-Aldrich
(Steinheim, Germany). Immunocytochemistry staining
was obtained with FloidTM Cell Imaging Station (Life
Technologies, Carlsbad, CA).

Mouse PTEC culture

This study was approved by the Animal Ethics
Committee of Hacettepe University (2014/32-4), and all
animal experiments were carried out in accordance with
the U.K. Animals (Scientific Procedures) Act, 1986 and
associated guidelines. Primary culture of mouse PTECs
were achieved by a modification of previously described
method of Terryn et al.21 Kidneys were isolated from
male Swiss albino mice (6–8 weeks) and renal cortices
were dissected in ice-cold dissection solution (HBSS
within glucose, glycine, alanine, HEPES, pH 7.4) and
sliced into small pieces. The pieces were transferred into
collagenase solution (dissection solution with 0.1% (wt/
vol) Type II collagenase and soybean trypsin inhibitor) at
37 �C and digested for 30 min. The homogenate was re-
suspended into the appropriate amount of culture
medium DMEM/F12 without phenol red (supplemented
with newborn calf serum, HEPES, sodium pyruvate, L-
glutamine, hydrocortisone, insulin-transferrin-selenium,
nonessential amino acids, penicillin, and streptomycin).

Plates were pre-coated with Type I collagen:phosphate-
buffered saline (PBS) (1:5) combination and incubated
overnight at 4 �C. The proximal tubule fragments were
seeded onto collagen-coated plates and left unstirred
for 48 h at 37 �C and 95% air-5% CO2 in a standard
humidified incubator (MCO-18AC-PE, SANYO Electric
Co.). The medium was then changed every 2 days.

Immunocytochemical characterization of PTECs

Cell nuclei were stained with NucBlueTM Live Cell Stain
(Life Technologies, OR) to demonstrate cell viability. In
order to prove the purity of PTECs, characterization was
performed with positive and negative markers under
light microscope. In PTECs, aquaporin-1 (AQP-1), amino-
peptidase N (CD13), and megalin are expressed in
apical/basolateral membranes, brush border mem-
branes, and epithelial cell membranes respectively.22–24

Aquaporine-2 (AQP-2) is expressed in apical cell mem-
branes of connecting tubules and collecting ducts.8

Considering these data, rabbit polyclonal anti-AQP-1
antibody (1:200; StressMarq Biosciences, Victoria, BC,
Canada)22, rabbit polyclonal anti-Lrp2/Megalin antibody
(1:200; Bioss, Woburn, MA)22, and rabbit polyclonal anti-
CD13 (1:200; Bioss, Woburn, MA) were used as positive
markers and rabbit polyclonal anti-AQP-2 antibody
(1:200; StressMarq Biosciences, Victoria, BC, Canada)25

was used as negative marker.

Platelet isolation

Peripheral blood was collected and centrifuged at
150� g for 10 min at room temperature. The platelet-
rich plasma was aspirated and centrifuged at 1500 � g
for 15 min to obtain platelet pellet. The pellet was re-
suspended in PBS and re-centrifuged at 200 � g for
5 min to eliminate any remaining white and red blood
cells. The platelets were counted, suspensions were
adjusted to appropriate concentration, then aliquoted
and immediately frozen at �80 �C. Platelet activation
was obtained by freezing and thawing cycle which was
previously reported and this last preparation is defined
as PL.26

Treatment of cells

In order to demonstrate the effects of serotonin or PL
stimulation on PTECs, cells were starved with serum-free
DMEM/F12 for 24 h and incubated with 1 or 5 lM of
serotonin or 2� 106/mL, 4� 106/mL, 8� 106/mL of PL
for either 12 or 24 h. Following incubation period, media
and cell lysates were collected for ELISA and RT-PCR
assays, respectively.

1142 A. ERIKCI ET AL.



ELISAs

Mouse IL-6, TGF-b1, and TNF-a ELISA kits (Novex/Life
Sciences, Frederick, MD) were performed according to
the manufacturer’s instructions to determine the levels
of inflammatory cytokines in culture media of PTECs.

RNA isolation, cDNA synthesis, and quantitative
RT-PCR analysis

Following the stimulation period, PTECs were scraped
with lysis buffer and RNA isolation was performed
according to the manufacturer’s instructions by using
PureLinkTM RNA Mini Kit (Ambion/Life Technologies,
Carlsbad, CA). The concentration of RNA was deter-
mined by measuring the absorbance at 260 nm in a
spectrophotometer (Shimadzu UV-1700, Tokyo, Japan).
First-strand cDNA was synthesized from up to 1 lg of
total RNA by reverse transcription for 60 min at 42 �C
in a final volume of 20 lL of RT buffer with 200 U of
Superscript II (Invitrogen/Life Technologies, Carlsbad,
CA), 3 lM random primers, 1 lL deoxyribonucleoside
triphosphates (dNTPs), 0.1 M dithiothreitol (DTT), and
40 U RNaseOUT according to manufacturer’s
instructions.

Real-time PCR analysis was performed in 96-well
plates by using ViiATM 7 Software (Life Technologies/
Applied Biosystems, Carlsbad, CA) system and by using
SYBR Green PCR Master Mix. Amplification reactions
(25 lL) were carried out in duplicate with 5 lL of 1:5
diluted template cDNA according to manufacturer’s
protocol. Each assay was normalized with GAPDH
(housekeeping gene) gene expression from the same
cDNA sample. The parameters included a single cycle of
94 �C for 10 min followed by 40 cycles of 95 �C for 15 s,
annealing, and 60 �C for 1 min. All primer set used
(Table 1) was previously assessed to check for amplifica-
tion in PTECs.

Statistical analysis

Statistical analyses were performed by GraphPad Prism
6.0 software (GraphPad Software, San Diego, CA) for
Mac OSX. Results are expressed as mean ± SD.
Experimental groups were compared using Student’s
t-test or one-way ANOVA tests. A value of p< 0.05 was
considered as significant.

Results

Primary PTEC culture and immunocytochemical
characterization

Proximal tubules were observed on the second day of
seeding under light microscope. Starting from the
second day, PTECs migrate from proximal tubules to the
plate surface pre-coated with collagen. PTECs were
shown to grow slowly and became confluent in 10 days
and showed the characteristic cobblestone appearance
(Figure 1).

Detection of blue fluorescent confirmed the cell via-
bility of PTECs (Figure 1(E)) and immunocytochemical
staining were performed in order to confirm the purity
of primary cell culture. Megalin and aminopeptidase N
that are considered as proximal tubule markers both
showed positive green staining in cell membranes in
accordance with the manufacturer’s guidelines (Figure
1(F) and (H)).22–24 In order to demonstrate positive and
negative staining, AQP-1 and AQP-2 antibodies were
used together in the same wells. While AQP-1 antibody
showed positive blue fluorescent in PTEC membranes,
AQP-2 expression was not observed in PTECs as
expected (Figure 1(G)).

Phenotypic transdifferentiation and a-SMA
upregulation

After stimulation with 1 or 5 lM of serotonin or
2� 106/mL, 4� 106/mL, 8� 106/mL of PL, PTECs
were shown to lose their characteristic cobblestone
appearance and differentiate into myofibroblast
phenotype (Figure 2(A)–(F)). Phenotypic transdifferen-
tiation was also confirmed with a significant dose-
dependent increase in a-SMA gene expression levels
after stimulation with serotonin (1 or 5 lM) or PL
(2� 106/mL, 4� 106/mL, 8� 106/mL) (p< 0.001)
(Figure 2(G)).

TGF-b1 is a critical mediator in activation before
fibrosis and transdifferentiation of PTECs into myofibro-
blasts. Both serotonin and PL were shown to induce
TGF-b1 gene expression and secretion dose depend-
ently (Figure 3(A) and (B)).

Table 1. Primer sets used in RT-PCR experiments.
GAPDH F: 50-CATTGTGGAAGG GCTCATGA-30

R: 50-CTTCTGGGTGGCAGTGATG-30

a-SMA F: 50-GGCTCTGGGCTCTGTAAGG-30

R: 50-CTCTTGCTCTGGGCTTCATC-30

TGF-b1 F: 50-TTTCGATTCAGCGCTCACTGCTCTTGTGAC-30

R: 50-ATGTTGGACAACTGCTCCACCTTGGGCTTGC-30

IL-6 F: 50-AAAGAGTTGTGCAATGGCAATTCT-30

R: 50-AAGTGCATCATCGTTGTTCATACA-30

TNF-a F: 50-CTTCAGACCTTTCCAGACTCTTCC-30

R: 50-AGAGGTTCAGTGATGTAGCGACAG-30

TIMP-1 F: 50-GCATCTCTGGCATCTGGCATC-30

R: 50-GCGGTTCTGGGACTTGTGGGC-30

MMP-2 F: 50-TTCCCCCGCAAGCCCAAGTG-30

R: 50-GAGAAAAGCGCAGCGGAGTGACG-30

COL-a1 F: 50-CCAAGGGTAACAGCGGTGAA-30

R: 50-CCTCGTTTTCCTTCTTCTCCG-30

F: Forward primer; R: Reverse primer.
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TNF-a and IL-6 gene expressions and protein levels

To investigate the proinflammatory effects of platelet-
derived serotonin on PTECs, IL-6, and TNF-a gene
expressions and protein levels were determined.
As presented in Figure 3(C–F), stimulation with 1 or
5 lM serotonin or 2� 106/mL, 4� 106/mL, 8� 106/mL of
PL both increased IL-6 and TNF-a gene expressions and
protein levels.

MMP-2, TIMP-1, and COL-a1 gene expressions

MMP-2, TIMP-1, and COL-a1 gene expressions were
found to increase both dose- and time-dependently
with serotonin (1 or 5 lM) or PL (2� 106/mL, 4� 106/
mL, 8� 106/mL) stimulation (p< 0.001) (Figure 4).
Upregulating effects of serotonin and PL on MMP-2,
TIMP-1, and COL-a1 gene expressions suggests that pla-
telets may play a role in the degradation of ECM.
Stimulation with PL resulted in higher increase in gene
expressions suggesting that other factors released from
platelets may increase the effects of serotonin.

Discussion

Renal injuries are among the most important causes of
morbidity and mortality in developed countries. In vari-
ous acute and chronic renal diseases, tissue damage
occurs and platelet activation is observed. Recent

studies suggest that some factors released from acti-
vated platelets may participate in inflammation and
fibrosis observed after renal injury.27,28 Serotonin is one
of those factors and its effects on PTECs during renal
injury has not been investigated yet. Investigation of
these effects is important for slowing down or stopping
the active pathway processes which are developed dur-
ing renal injury and for synthesis of new drugs for treat-
ment of renal injury. Renal PTECs are known to play a
role in response to renal injury by phenotypic transdif-
ferentiation. Because of this phenotypic transformation
into myofibroblasts, these cells gain ability to secrete
MMPs and TIMPs.

During normal healing process in damaged renal tis-
sue, the phenotype of the PTECs is necessary to differ-
entiate into myofibroblasts.29,30 Typical renal injury
recovery consists of three phases: inflammation, prolifer-
ation, and remodeling. Myofibroblasts occur during the
early phase of tissue formation in wound-healing proc-
esses; become more evident in the proliferation phase
and disappear, probably with an apoptotic mechanism,
during subsequent period of recovery.31 Myofibroblast,
which is characterized by a-SMA expression, is the main
source of ECM and is the best prognostic marker of dis-
ease progression in experimental glomerulonephritis in
humans. Therefore, it is important to understand the ori-
gin of myofibroblasts and mechanisms involved in the
process.18 Once myofibroblasts occur, their contraction

Figure 1. Light microscopy images and characterization of PTECs. Proximal tubules on the first day of seeding at 10� magnifica-
tion (A) and 40� magnification (B); PTECs on the 10th day of seeding at 10� magnification (C) and 40� magnification (D).
Immunocytochemical staining of PTECs with NucBlueTM Live Cell Stain (E), megalin (F), AQP-1 and AQP-2 (G), and aminopeptidase
N (H).
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Figure 2. Phenotypic transdifferentiation of PTECs under light microscope (10� magnification). Before stimulation (A); after stimula-
tion with 1 lM serotonin for 12 h (B); 5 lM serotonin for 24 h (C); 4� 106/mL of PL for 12 h (D); 4� 106/mL of PL for 24 h (E);
8� 106/mL of PL for 24 h (F); a-SMA gene expressions of PTECs after stimulation with serotonin or PL for 12 h or 24 h (G)
(***p< 0.001, *p< 0.05 vs. control, n¼ 6).
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Figure 3. Protein levels and gene expressions of TGF-b1 (A and B); IL-6 (C and D); TNF-a (E and F) after stimulation with serotonin
or PL for 12 h or 24 h (***p< 0.001, **p< 0.01, *p< 0.05 vs. control, n¼ 6).
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abilities continue for a long time. This contraction is pro-
vided by tension caused by stress fibers in ECM-sur-
rounding tissues. This contractile phenotype plays an
important role in wound healing. This contraction is
then stabilized by the deposition of ECM, in particular
collagen, and thus become permanent.32

In this study, PTECs were stimulated in vitro with
serotonin (1 or 5 lM) or PL (2� 106/mL, 4� 106/mL,
8� 106/mL) and cell responses were investigated. With
all stimulations (serotonin or PL), PTEC transdifferentia-
tion into myofibroblasts was detected microscopically
and quantitatively by dose-dependent increase in
a-SMA gene expressions.

TGF-b1 plays a crucial role in progression of renal
fibrosis and is one of the most important regulators in
transdifferentiation of PTECs into myofibroblasts. TGF-b1
and its downstream SMAD pathway are considered to
be a key regulator in pathogenesis of renal fibrosis in
experimental animal models and human renal diseases.
It also regulates renal fibrosis by stimulating ECM

synthesis and inhibiting ECM degradation.33 In this
study, following the stimulation of PTECs with serotonin
or PL, both TGF-b1 protein levels and relative gene
expressions showed a dose-dependent increase, sug-
gesting that platelet-derived serotonin is among the
important mediators of increase in TGF-b1 levels and
confirmed that TGF-b1 regulates the transdifferentiation
of PTECs into myofibroblasts.

Fibrosis is associated with both qualitative and quan-
titative changes in the ECM and most significant struc-
tural feature of fibrosis is the increase in ECM
accumulation in damaged tissue. Most of the studies
involving kidney are focused on MMP-2 and MMP-9
among MMP subtypes. Studies in various animal models
have shown that MMP-2 and MMP-9 expressions and
activities are upregulated in renal fibrosis.34–38 A recent
study, performed with MMP-2 null mice, reported that
fibrogenesis is not accelerated and MMP-2 overexpres-
sion is essential to stimulate tubulointerstitial fibrosis in
PTECs.39 MMP-2 has also been shown to be necessary to

Figure 4. MMP-2 (A); TIMP-1 (B); and COL-a1 (C); gene expressions after stimulation with serotonin or PL for 12 h or 24 h
(***p< 0.001, **p< 0.01, *p< 0.05 vs. control, n¼ 6).
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induce in vitro tubular EMT.40 In literature, renal injury
models carried out in various human and rodent models
have shown increased expression of TIMP-1 in both pro-
tein and gene levels, suggesting that TIMP-1 is involved
in early periods of renal damage progression.34 During
renal damage, fibrosis is progressive and expansion of
fibrotic tissue results in damage of healthy tissues and
organs. Although molecular mechanism of fibrosis has
not yet fully understood; uncontrolled synthesis and
accumulation of collagen is shown to be responsible for
fibrotic alterations in studies performed with humans
and experimental study models.41 In various types of
experimental fibrotic renal injuries induced by different
chemical compounds in rats; Type I, III, and IV collagen
expressions were reported to be increased.42–45 Besides
it has been demonstrated that Type I collagen accumu-
lation is increased in interstitial fibrotic areas of unilat-
eral urethral obstruction model46 and tubulointerstitial
scar tissue is mainly consisted of fibronectin, tenascin,
and Type I and III collagen.47 Tubulointerstitial fibro-
blasts and PTECs have been reported to synthesize in
vitro Type I and III procollagens in addition to other ECM
components.48–50 Myofibroblasts have also been shown
to maintain the ability of fibroblasts to synthesize inter-
stitial Type I and III collagen.48,51 In this present study,
MMP-2, TIMP-1, and COL-a1 gene expressions were
found to be elevated following 12 and 24 h of serotonin
or PL stimulation; suggesting that platelets participate in
ECM matrix degradation. Increase in gene expressions
was higher with PL stimulation compared to serotonin
stimulation, proposing that other factors released from
platelets may enhance the effects of serotonin.

This study is also focused on identifying potential
proinflammatory effects of serotonin and PL on renal
PTECs. Following renal injury, the first phase of the tis-
sue repair process is the inflammatory response. During
the inflammatory phase, agents such as vascular endo-
thelial growth factor, thrombin, and histamine are
secreted from mast cells, monocytes, macrophages, and
circulating platelets that are activated in response to
injury, to increase vascular permeability. Consequently,
platelets and leucocytes accumulate at damaged area
and platelets are activated by contacting with collagen
and other ECM components. Following activation, plate-
lets are activated and secrete the contents of the dense
granules and a-granules, including serotonin, to
microenvironment.52

Previous studies revealed that IL-6 levels are elevated
in patients with chronic renal injury.53 However, the
exact role of IL-6 in the pathogenesis of renal fibrosis is
unknown. In this study, stimulation of PTECs with sero-
tonin or PL was represented to dose dependently
increase IL-6 protein levels and gene expression;

suggesting that the regulatory effects of serotonin on
IL-6 formation is in transcriptional level. Some previous
studies have reported that increase in TNF-a and IL-6
levels in various renal injuries are related.54–56 Therefore,
we aimed to demonstrate the effects of serotonin or PL
on TNF-a expression. Stimulation with serotonin or PL
resulted in a dose-dependent increase in TNF-a
expressions.

In this study, platelets and platelet-derived serotonin
have been demonstrated to play an important role in
regulation of renal PTECs. Recently no literature indi-
cates the effects of serotonin on renal PTECs. After
reaching the site of action, platelets are activated and
therefore serotonin is released to the microenvironment
and exposure of cells to serotonin is known to be
increased. Therefore, it is important to determine the
role of serotonin in damage or healing processes.
Obtained results have lightened the role of serotonin
and platelet-mediated effects of serotonin on PTECs.
These results are ought to be supported with in vivo
tubulointerstitial fibrosis model studies. Thus the role of
serotonin in the process, resulting in inflammation and
fibrosis during renal injury will be determined
comprehensively.
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