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OBITUARY

Professor Stanisława Stokłosowa 
(1927–2019)

The Polish Society for Histochem-
istry and Cytochemistry has been 
deeply affected by the announce-
ment that Professor Stanisława 
Stokłosowa passed away on October 
20, 2019. She was a meritorious 
member of the Society which con-
ferred the distinction of Honorary 
Member on her in 1995. Her efforts 
to organize the Polish Branch of the 
European Tissue Culture Society, 
which actively acted as the Tissue 
Culture Section of the Polish Society 
for Histochemistry and Cytochemis-
try cannot be overlooked. 

Professor Stanisława Stokłosowa  
was born on February 8, 1927 in Dobczyce near 
Krakow, Lesser Poland. During World War II, she at-
tended undergraduate classes at the secondary school 
of humanities in Myślenice. Then she studied biology 
at the Faculty of Mathematics and Natural Sciences 
of the Jagiellonian University in Krakow where she 
graduated with a MSc thesis (1949) completed in the 
Department of Zoology. From 1949 till 1997 Professor 
Stokłosowa continuously worked in the Department 
of Animal Physiology in the Institute of Zoology, 
Jagiellonian University. 

In 1962 she completed her PhD dissertation, and 
in 1972 obtained her “habilitation”, a higher degree 
qualifying for an associate professor. In 1974, she was 
appointed Reader and in 1980 — Professor.

We highly value the opportunity to present her ac-
complishments and pay tribute to them. She founded 
the Laboratory of Endocrinology and Tissue Culture 
and headed this unit until her retirement (1962–1997). 
Today her Laboratory exists as the Department of 
Endocrinology, Institute of Zoology and Biomedical 
Research, Faculty of Biology, Jagiellonian University 
in Krakow. 

In co-operation with Charles University and the 
Czechoslovak Academy of Sciences in Prague, she 
published two pioneering papers in which she demon-
strated sexual dimorphism in the structure of skin of 

the bull trout. They have become 
classics in the body of scientific 
literature.

Professor Stanisława Stokłosowa 
had a long-term research stay at 
the University of Illinois, Urba-
na-Champaign, USA, where she 
was trained in radiocompetitive 
and radioimmunological assays 
of steroid hormones. She later 
adapted them for use in Krakow. 
At that time, Professor Stokłosowa 
gathered around her a group of 
young scientists and students and 
initiated studies on the isolation 
and culture of theca cells of the 

ovary which offered a new in vitro research model. 
The results are often cited as pioneering studies. 
Developing the theca cell culture model enabled 
studies of interactions among different types of 
ovarian cells in co-cultures and of the regulation of 
hormonal function in isolated follicular ovarian cells. 
In 1976, she extended her studies to the model of 
isolated Leydig cells and Sertoli testicular cells. In 
1980, studies of the effects of prolactin on various 
components of the ovary were initiated. These data 
were the first, providing an important contribution 
regarding the role of prolactin in reproduction. At 
the same time she commenced a pioneering study on 
the hormonal function of ovarian follicles isolated 
from seasonally reproducing rodents.

This line of in vitro research supplemented by 
histochemical, immunocytochemical, immunohisto-
chemical and radioimmunological methods were im-
portant for building a good reputation for the Tissue 
Culture Laboratory in Poland and abroad. In these 
years her Laboratory was among the first Polish re-
search units introducing these methods. Hence, there 
was a continuous influx of researchers and technicians 
from various domestic and foreign institutions, com-
ing for training in these methods, which for years were 
valuable methodological foundations of the research 
in Professor Stokłosowa’s lab.
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In the 1980s in a joint project with the Depart-
ment of Molecular Genetics at the Czechoslovak 
Academy of Sciences in Prague, research was initi-
ated on the localization of cytoskeletal elements in 
gonadal cells. To achieve this, immunocytochemical 
methods with monoclonal antibodies against tubulin 
a and b and vimentin were used. In cooperation with 
the Department of Ichthyobiology and Fisheries at 
the Academy of Agriculture in Krakow, Professor 
Stokłosowa adapted fish ovarian cells to tissue culture 
and performed studies on the hormonal regulation 
of steroidogenesis in the annual cycle. Moreover, 
she initiated a project on dynamics and hormonal 
regulation of androgen, estradiol and progesterone 
receptors in ovarian tissues.

Professor Stokłosowa cooperated with the Insti-
tute of Animal Reproduction and Food Research of 
the Polish Academy of Sciences (PAN) in Olsztyn, 
the Institute of Animal Physiology and Nutrition 
of PAN in Jabłonna, the Department of Molecular 
Genetics, Prague, the Research Institute of Animal 
Production, Uhříněves near Prague, the Department 
of Steroid Biochemistry in Glasgow, Scotland, the 
Institute of Hormone and Fertility Research, Ham-
burg, Germany, and the University of Caen, Labora-
tory of Biochemistry, Caen, France. She organized 
symposia with international participation on cell and 
tissue culture in the frame of her section within the 
Polish Society for Cytochemistry and Histochemistry. 
During the Symposium Progress in techniques of cell 
and molecular biology organized in Poznan (2000) her 
plenary lecture on the tissue culture models confirmed 
conference attendees how an invaluable role plays the 
cell culture system in histochemical studies.

The scientific output of Professor Stokłosowa 
comprises more than one hundred publications on 
the physiology and endocrinology of ovaries. She is 
the author of the textbook “Cell and Tissue Culture” 
published in Polish by the Polish Scientific Publisher 
(PWN) which has played a role of an indispensable 

guide to the newcomers to these techniques. She 
kindly shared her wide knowledge and experience 
when teaching younger coworkers and students. 
She supervised 52 Master of Science theses, eight 
graduate students preparing their Ph.D. dissertations 
and five post-docs applying for habilitation (veniam 
legendi). 

The scientific accomplishments of Professor 
Stanisława Stokłosowa and her position as a founder 
of the Cracow school of endocrinology of reproduc-
tion were awarded with the Jagiellonian Laurel by 
the Rector of the Jagiellonian University. The Polish 
state authorities honored her with Medal of the Na-
tional Education Commission. In recognition of her 
scientific achievements and long-lasting cooperation 
between the scientific units in Olsztyn and her home 
University in Krakow she was awarded the doctor 
honoris causa tittle by the Senate of the Warmia and 
Mazury University in Olsztyn, Poland.

Finally, it is worth mentioning that Professor 
Stokłosowa’s enormous efforts to found the interna-
tional journal Reproductive Biology were successful. 
The official journal of the Society for Biology of 
Reproduction was launched in 2000 and she was the 
first Editor-in Chief until 2012.

Stanisława Stokłosowa was a stimulating and 
generous teacher, always open to suggestions and 
ever ready to provide a hypothesis and explanations 
with good will and humor. In addition to her passion 
for science, Professor Stokłosowa was an enthusias-
tic painter, loved flowers, still lifes, and portraits. In 
2017, to celebrate her 90th birthday the exhibition of 
her paintings was organized in Collegium Maius of 
the Jagiellonian University in Krakow.

Her scientific, academic and editorial activities 
may be a significant message for early-stage research-
ers and future generations of scientists. Even after 
her death, Professor Stokłosowa’s ideas and efforts 
are continuously promulgated and used by others. 

Let her memory be eternal…

Barbara Bilinska, Jerzy Galas,  
Andrzej Lukaszyk, and Jerzy Kawiak

Submitted: 20 December, 2019 
Accepted after reviews: 20 December, 2019 

Available as AoP: 20 December, 2019 
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Transforming growth factor-b activation in cell-free 
extracellular matrix preparations. Commentary

John R. Couchman

Biotech Research & Innovation Centre, University of Copenhagen, Denmark

Abstract
Transforming growth factor-b (TGF-b) is an important regulator of many cellular and immunological functions. 
It is often deposited in extracellular matrices in a latent form. This commentary is to draw attention to the like-
lihood that preparing cell-free matrices from tissue cultures by high pH buffers, such as ammonium hydroxide, 
can activate the TGF-b. Therefore, cells subsequently seeded onto such matrices may respond to the presence 
of active TGF-b in addition to interactions with macromolecular extracellular matrix components. (Folia Histo-
chemica et Cytobiologica 2019, Vol. 57, No. 4, 157–158)

Key words: TGF-b; latent TGF-binding protein; cell free ECM; high pH buffers

As far back as the 1980s the roles of extracellular ma-
trix (ECM) components in regulating cell behaviour 
became increasingly popular. In addition to reduc-
tionist work in isolating and carefully characterising 
individual matrix macromolecules, efforts were made 
to assess whole matrices. Gospodarowicz’s group 
identified several methods to grow cell monolayers 
to confluency, allowing them to assemble extracel-
lular matrices, then removing the cells to leave the 
matrix for analysis, or to seed other cells on them 
[1–3]. Among these techniques, low concentrations 
of detergent, such as Triton X-100 together with hy-
potonic solutions containing ammonium hydroxide 
were developed. This high pH method is effective, 
and little cell debris remains attached to the matrices 
that are left largely intact. 

At that time, little was known about transforming 
growth factor-b (TGF-b), but in the succeeding few 
years it became apparent that this important growth 
factor is expressed in a latent form. Activation of 
TGF-b could be achieved in various ways, and early ex-
periments with soluble, medium-derived growth factor 
showed that extremes of pH were highly effective 

[4–6]. Subsequently, a number of more physiologically 
relevant mechanisms to activate TGF-b have been 
characterised, including proteases, thrombospon-
din-1, reactive oxygen species and several integrin 
receptors [5, 7–10]. 

Further developments in the field showed that 
latent TGF-b could be inserted into the extracellu-
lar matrix through its interaction with large latent 
TGF-binding proteins (LTBPs), of which four distinct 
types are now known in mammals [11]. In this way the 
ECM serves as a reservoir of latent TGF-b by virtue 
of its association with a structural matrix component, 
i.e. LTBP [12, 13]. 

What appears to have escaped widespread atten-
tion is that preparation of cell-free matrices from cell 
cultures through the use of ammonium hydroxide 
can activate matrix-associated TGF-b. Therefore, 
cells subsequently seeded onto matrices prepared in 
this way will encounter not only matrix components, 
interacting with integrins, syndecans, CD44 etc., but 
also activated TGF-b. Many years ago we found that 
matrices prepared from PF-HR9 mouse endodermal 
cells by alkali treatment would inhibit subsequently 
seeded mink lung epithelial cells (Mv1Lu) (M. Austria 
& J. Couchman, unpublished results). It is well known 
that TGF-b inhibits the proliferation of these cells 
[14], and in our case the inhibition could be overcome 
by TGF-b-specific blocking antibodies. 

Even today current methods describe the use of  
20 mM ammonium hydroxide (sometimes in PBS with 

mailto:john.couchman@bric.ku.dk
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detergent [15, 16], or more usually in hypotonic con-
ditions without detergent [17]), to prepare cell-free 
matrices, but there is no mention of the possibility that 
latent TGF-b can be activated by this method. I have 
often encountered young scientists who use this meth-
od and many are surprised when I advise them that it 
can result in the activation of the matrix-associated 
TGF-b. Therefore, the purpose of this commentary 
is to bring this aspect of matrix biology to scientists’ 
attention. Where this is a key issue, other methods at 
neutral pH can be used, such as 2 M urea together with 
non-ionic detergents and hypotonic buffers [3, 17].
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Abstract
Introduction. The extremely-low frequency electromagnetic field (ELFEMF) has been proposed for use in can-
cer therapy since it was found that magnetic waves interfere with many biological processes. Gold nanoparticles 
(Au-NPs) have been widely used for drug delivery during cancer in vitro studies due to their low cytotoxity and 
high biocompatibility. The electroporation of cancer cells in a presence of Au-NPs (EP Au-NPs) can induce cell 
apoptosis, alterations of cell cycle profile and morphological changes. The impact of ELFEMF and EP Au-NPs 
on morphology, cell cycle and activation of apoptosis-associated genes on Hep-2 laryngeal cancer cell line has 
not been studied yet. 
Materials and methods. ELFEMF on Hep-2 cells were carried out using four different conditions: 25/50 mT 
at 15/30 min, while Au-NPs were used as direct contact (DC) or with electroporation (EP, 10 pulses at 200V, 
equal time intervals of 4 sec). MTT assay was used to check the toxicity of DC Au-NPs. Expression of CASP3, 
P53, BAX and BCL2 genes was quantified using qPCR. Cell cycle was analyzed by flow cytometry. Hematoxylin 
and eosin (HE) staining was used to observe cell morphology.
Results. Calculated IC50 of DC Au-NPs 24.36 µM (4.79 µg/ml) and such concentration was used for further 
DC and EP AuNPs experiments. The up-regulation of pro-apoptotic genes (CASP3, P53, BAX) and decreased 
expression of BCL2, respectively, was observed for all analyzed conditions with the highest differences for EP 
AuNPs and ELFEMF 50 mT/30 min in comparison to control cells. The highest content of cells arrested in G2/M 
phase was observed in ELFEMF-treated cells for 30 min both at 25 or 50 mT, while the cells treated with EP 
AuNPs or ELFEMF 50 mT/15 min showed highest ratios of apoptotic cells. HE staining of electroporated cells 
and cells exposed to ELFEMF’s low and higher frequencies for different times showed nuclear pleomorphic 
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cells. Numerous apoptotic bodies were observed in the irregular cell membrane of neoplastic and necrotic cells 
with mixed euchromatin and heterochromatin. 
Conclusions. Our observations indicate that treatment of Hep-2 laryngeal cancer cells with ELFEMF for 30 min 
at 25–50 mT and EP Au-NPs can cause cell damage inducing apoptosis and cell cycle arrest. (Folia Histochemica 
et Cytobiologica 2019, Vol. 57, No. 4, 159–167)

Key words: gold nanoparticles; electroporation; extremely-low frequency electromagnetic field; Hep-2 cells; 
apoptosis; qPCR

Introduction

Laryngeal cancer most often refers to squamous cell 
carcinoma of the larynx. Other malignant tumors of 
the larynx (e.g., sarcoma, lymphoma, neuroendocrine 
tumors) are extremely rare in comparison. This dis-
ease consists of malignant tumors of mucosal origin 
that originate from the supra-glottis, glottis, and 
sub-glottis. Electromagnetic fields (EMFs) have been 
employed as useful tools in medical diagnosis. Recent-
ly, the use of EMFs has been expanded for therapeutic 
purposes because their interactions with living matter 
produce effects that initiate, accelerate or inhibit 
biological processes. Frequencies below 300 Hz  
are known as extremely low-frequency electromagnet-
ic fields (ELFEMFs) which do not break molecular 
bonds due to low energy; therefore not causing direct 
DNA damage. Additionally, ELFEMFs are non-in-
vasive and non-ionizing and even have non-thermal 
effects on cells and tissues. These properties have 
led to studies on the influence of ELFEMF on the 
development of various diseases, including cancer. 
While some researchers associate ELFEMF exposure 
with carcinogenesis [1, 2], other studies on experi-
mental models and human cancers have shown that 
ELFEMF does not increase the risk of development of 
several tumor types, including liver cancer [3–5]. The 
ELFEMF treatment with tumor-specific frequencies 
is feasible and well-tolerated and may show positive 
biological efficacy in patients with advanced tumors 
[3–5]. Moreover, the exposure of female C3H/HeJ 
mice bearing human mammary adenocarcinoma to 
a frequency of 120 Hz at intensities of 4 and 5 mT 
resulted in a significant reduction in the growth of 
the tumors, which is a phenomenon associated with 
inhibition of angiogenesis [6]. Also, the exposure of 
female athymic nude mice with human breast cancer 
xenografts to a frequency of 120 Hz with an intensity 
of 15 mT, either alone or in combination with gamma 
radiation, resulted in decreased growth or reduced 
vascularization of the tumors [7]. Similarly, the effect 
of 50 Hz at 0.5 µT and 0.5 mT on the development of 
chemically induced foci in rat livers showed a slight 
inhibition of foci formation [8]. Further studies on 

ELFEMFs’ impact on cancer cells are demanded 
since the current observations are insufficient as  
a proof of ELFEMF inhibition of carcinogenesis. The 
anticancer activity of gold nanoparticles (Au-NPs) 
has been studied against Dalton’s lymphoma ascites 
(DLA) cell lines, human epithelial type 2 (Hep-2) 
cell lines and human leukemic monocyte lymphoma 
respectively [9, 10]. The anticancer effect of silver and 
gold nanoparticles against HepG-2 and lung cancer 
(A549) cell lines was performed [11, 12]. The results 
showed a good cytotoxic activity against the tested 
cancer cell lines. The concentration of Au-NPs plays 
an important role in their anticancer activity. Au-NPs 
showed expected effects against A549 cells in wide 
spectrum of concentrations: 100, l g, by 50 µg, 25 µg 
and 1 µg. The lowest inhibitory effect on cells was 
observed for the concentration of 10 µg. The cytotoxic 
effect of Au-NPs is the result of active physicochem-
ical interaction of gold atoms with the functional 
groups of intracellular proteins, as well as with the 
nitrogen bases and phosphate groups in DNA. So, 
the aim of this study was to use electroporation in  
a presence of Au-NPs and ELFEMF effect on laryngeal  
carcinoma cell line (Hep-2) to evaluate genetic alter-
ation under the effect of both electroporated Au-NPs 
and ELFEMF at different time and frequencies and 
related pathological changes [7]. 

Materials and methods

Cell culture. Laryngeal adenocarcinoma cell line (Hep-2, 
ATCC: CCL-23) was kindly supplied from the Holding 
company, Tissue Culture Department, for production of 
vaccines, sera, and drugs (VACSERA, Giza, Egypt). Cells 
were maintained in MEM-E medium supplemented with 
10% fetal bovine serum (GIBCO, Thermo Fisher Scientific, 
Waltham, MA, USA) in a humidified atmosphere of 5% 
CO2 at 37°C (Jouan SA, Saint-herblain, Pays de la Loire, 
France). Cells were maintained according to manufacturing 
protocol where the growth medium was decanted and cells 
were washed with phosphate buffer saline (Adwia Pharma-
ceuticals, El Sharkeya, Egypt). Cells were treated with 0.25% 
trypsin enzyme and 0.05% (v/v) EDTA (GIBCO) for 5 min 
at 37°C. Detached cells were splatted according to need. 
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Cell Viability and Au-NPs IC50 evaluation (MTT Assay). 
Cytotoxicity was conducted according to the previous work 
[13] where human laryngeal cancer cells were propagated 
in 75 cm2 cell culture (TPP-Swiss) as previously mentioned 
according to the previously reported work [13]. Cells were 
plated at a concentration of 2 × 105 cell/ml in 96-well cell 
culture plates and incubated at 37°C for 24 h to achieve 
confluence. The growth medium was decanted and fresh 
medium containing 2 fold serially diluted Au-NPs dispensed 
to pre-cultured plate. 24 hrs later, dead cells were washed out 
using phosphate buffer saline (PBS, pH = 7.2 ± 0.2 (Adwia) 
and 50 µl of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide) stock solution (0.5 mg/ml) were add-
ed per well. After 4 h incubation period at 37°C, the superna-
tant was discarded and the formazan precipitate was solubi-
lized by addition of 50 µl/well of dimethyl sulfoxide (DMSO). 
Plates were incubated in the dark for 30 min at 37°C and 
absorbance was determined at a wavelength of 570 nm  
using microplate reader (ELx-800, Bio-Tek Instruments, 
Inc, Winooski, VT, USA). The cell viability percentage was 
calculated using the following formula: Viability percentage 
(%) = Mean OD of test dilution × 100/Mean OD of control 
wells. The IC50 value was determined using GraphPad Prism 
software (v.6, GraphPad Software, La Jolla, CA, USA). For 
cell cycle and apoptotic profile, Hep-2 cells were pre-cul-
tured in 25 cm2 surface area (SA) cell culture flasks, treated 
with the IC50 of Au-NPs in MEM-E medium post decanting 
the growth medium. 24 h later the affected cells were col-
lected and divided for cell cycle and genetic analysis, the 
cells were harvested and fixed gently with 70% (v/v) ethanol 
in PBS, maintained at a temperature of 4°C overnight, and 
re-suspended in PBS containing 40 µg/ml PI (propidium 
iodide), 0.1 mg/ml RNase and 0.1% (v/v) Triton X-100 in 
a dark room. After 30 min at 37°C, the cells were analyzed 
using a flow cytometer (Becton-Dickinson, San Jose, CA, 
USA) equipped with an argon ion laser at a wavelength of 
488 nm. The cell cycle and sub-G1 group were determined 
and analyzed, as described previously. 

Electroporation of laryngeal cancer cells. Hep-2 cells were 
seeded in 75 cm2 cell culture flasks and incubated at 37°C 
(5% CO2) until attachment. Cells were trypsinized and 
pelleted using cold centrifugation (Jouan-Ki21, ParisTech, 
France), the supernatant was decanted and Au-NPs (0.5 µM/ 
/mL) were added to 0.5 mL of Hep-2 cells and mixed well. 
Cells – Au-NPs (at the final concentration calculated  
as IC50 for DC AuNPs) mix was placed in the sterile  
MicroPulser electroporation cuvette (Biorad, Hercules,  
CA, USA). Ten pulses were made at 200V and applied to 
the cells at equal time intervals of 4 s. Negative control was 
considered.

Extremely-low frequency electromagnetic field treatment 
(ELFEMF). Four sterile test tubes of detached Hep-2 cancer 

cell line (2 × 106 cell/ml/tube) were categorized, where two 
of the tubes were subjected to the electromagnetic field as  
25 mT for 15 and 30 mins in a cooling atmosphere. The other 
two tubes were exposed to the electromagnetic field at 50 mT 
for the same time intervals. The apparatus (Medical Physics, 
Swiss Tropical and Public Health Institute, Basel, Switzer-
land) was adjusted for each magnetic field frequency using 
a teslameter set for justification of a magnetic field. The test 
tubes were kept inside the center of the coil producing EMF. 
The test tubes were tested for apoptotic profile regarding the 
pro-and anti-apoptotic genes (P53, Bd-2, Bax, caspase-3), 
cell cycle and histological profile were considered. 

Hematoxylin and eosin staining of Hep-2 cells. Fifty mi-
croliters of Au-NPs electroporated and ELFEMF exposed 
cells were dispensed on clean slides (3 for each treatment). 
Slides were air-dried, methanol fixed and rehydrated in 
descending concentrations of alcohol (100%, 90%, 75% 
and 50%). Slides were washed in distilled water for 5 min. 
The slides were immersed in filtered hematoxylin (HE) stain 
for 3 min and washed with distilled water twice. Slides were 
immersed in filtered eosin stain for 5 seconds and washed 
with distilled water. Dried slides were immersed in xylene, 
mounted with Canada balsam then coverslips were placed 
and left to dry. Ten microscopic fields of each slide were 
photomicrographed using the power of 400×. This was done 
using a digital camera (Canon, Tokyo, Japan), which was 
mounted on a light microscope. Images were transferred to 
the computer system for analysis. Field selection was based 
on the presence of the highest number of apoptotic cells. 
The photomicrographs were qualitatively evaluated for the 
presence of morphological criteria of apoptosis. 

Expression of apoptosis-related genes. Total RNA was 
extracted from control, ELFEMF (25/50 mT for 15 and 
30 min), 1 mM Au-NPs direct contact and electroporated 
exposed cells, respectively using RNeasy Mini Kit (Qiagen, 
Germantown, MD, USA) according to manufacturer’s 
instructions. The concentration of extracted RNA was eval-
uated using a Beckman dual spectrophotometer (Beckman 
Instruments, Ramsey, MN, USA). The expression level of 
apoptosis-related genes; P53 (F: 5’-TCAGATCCTAGC 
GTCGAGCCC-3’ & R: 5’-GGGTGTGGAATCAACCCA-
CAG-3’), BAX (F: 5’-ATGGACGGGTCCGGGGAGCA-3’ 
& R: 5’-CCCAGTTGAAGTTGCCGTCA-3’) and 
BCL2 (F: 5’-GTGAACTGGGGGAGGATTGT-3’& R: 
5’-GGAGAAATCAAACAGAGGCC-3’) CASP3 (F 5- 
CTCGGTCTGGTACAGATGTCGA-3’ & R: (5- CAT-
GGCTCAGAAGCACACAAAC-3) and housekeeping 
gene; ACTB (F 5’- AGCGAGCATCCCCCAAAGTT-3’& 
R: 5’-GGGCACGAAGGCTCATCATT-3) were deter-
mined using real-time PCR. 10 ng of the extracted total 
RNA from each sample was used for cDNA synthesis using 
high capacity cDNA reverse transcriptase kit (Applied  
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Biosystems-Thermo Fischer Scientific, USA). The obtained 
cDNA was subsequently amplified using Sybr Green I PCR 
master kit (Thermo Fisher Scientific Inc., Lithuania) using 
Step One apparatus (Applied Biosystems), as follows: 10 min 
at 95°C for enzyme activation followed by 40 cycles of 15 s 
at 95°C, 20 s at 55°C and 30 s at 72°C for the amplification 
step. Changes in the expression of each target gene were 
normalized relative to the mean critical threshold (CT) 
values of b-actin as housekeeping gene by the DCT method. 

Cell cycle analysis. Cell cycle distribution was examined by 
measuring the DNA content of nuclei labeled with propid-
ium iodide (PI). Au-NPs electroporated and ELFEMF 
treated Hep-2 cells were pelleted by cold centrifugation 
(Jouan Ki-21-France), washed with 1 ml of cold PBS, 
centrifuged, and fixed in 70% cold ethanol at +4°C for 24 
hrs. Subsequently, cells were washed twice and treated with 
RNase A (20 mg/ml) and PI (20 mg/ml), FITC conjugated 
Annexin-V according to the protocol described by the man-
ufacturer for 30 min at 37°C in the dark. Finally, cell cycle 
distribution analysis was performed using flow cytometry 
and the percentages of cells at G1, S and G2/M phases 
were calculated by flow cytometry (Becton-Dickinson).

Statistical analysis. All experiments were carried out three 
independent times. Results were statistically analyzed using 
GraphPad Prism v. 6.07 (GraphPad Software, San Diego, 
CA, USA) with the following tests: t-test between 2 sub-
groups, one-way analysis of variance (ANOVA) between 
more than two subgroups, regression analysis and Spear-
man’s correlation test. All results were presented as mean 
± SD. The difference was considered statistically significant 
at P < 0.05. 

Results

The toxicity test of Au-NPs was performed on Hep-2 
cells and the results were shown in Figure 1. Based on 
that, the calculated IC50 concentration was 24.36 µM/
ml (4.79 µg/ml). Such concentration of Au-NPs was 
used in further experiments with electroporation (EP 
Au-NPs) or by direct contact between Au-NPs and 
Hep-2 cells (DC Au-NPs). The influence of ELFEMF 
on Hep-2 cells was carried out using four different 
magnetic induction/time values: 25 mT/15 min,  
25 mT/30 min, 50 mT/15 min and 50 mT/30 min. 
The expression profile of three pro-apoptotic genes 
(CASP3, P53, BAX) and one anti-apoptotic gene 
(BCL2) of Au-NPs and ELFEMF treated cells showed 
statistically different ratios (Fig. 2). We found the 
highest expression of CASP3, P53 and BAX genes 
in EP Au-NPs and ELFEMFs cells at 50 mT/30 min 
(Fig. 2 A, B, C). Moreover, the tendency of increas-

ing expression of pro-apoptotic genes was observed 
in higher magnetic field/time values (P > 0.05, data 
not shown). We found that the electroporation with 
Au-NPs influenced the expression of CASP3, P53 and 
BAX the similar way vs. direct contact with Au-NPs 
as increasing ELFEMF values. Regarding the BCL2 
gene, we did not observe the association between 
ELFEMF values and BCL2 expression rate (except 
for the 25/15 vs. 50/30 mT/min values). Again, we 
found that EP Au-NPs-treated Hep-2 cells presented 
the lowest ratio of BCL2 expression. The presented 
results showed that the electroporation with Au-NPs 
(at the concentration of 24.36 µM) as well as the 
usage of ELFEMF at 50 mT/30 min values activated 
the expression of analyzed pro-apoptotic genes and 
deactivated the expression of anti-apoptotic BCL2 
gene at the highest values of tested conditions. 

Next, we checked the influence of Au-NPs and 
ELFEMF on the cell cycle of Hep-2 cells (Fig. 3). The 
significant G2/M phase arrest was observed for cells 
treated with all ELFEMFs (except for 50 mT/15 min)  
values (Fig. 3C). It seems that the G2/M arrest was 
associated with prolonged time of exposure rather 
than higher dose of electromagnetic field. The similar 
pattern of ELFEMF impact was found in apoptotic 
cell distribution (Fig. 3D). Although the distribution 
of apoptotic cells in EP Au-NPs treated cells was high-
er than in control cells (Fig. 3D), we did not observed 
cellular arrest in any of analyzed cell cycle phases 
when cells were treated with gold nanoparticles. 

The microscopic observation of ELFEMF exposed 
and Au-NPs electroporated cells showed morphologi-
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Figure 1. Evaluation of cytotoxicity of gold nanoparticles on 
Hep-2 cells using MTT assay. The calculated IC50 was 24.26 
µM using Graphpad Prism software. The values obtained 
from three separate experiments are shown (mean ± SD) and 
the nonlinear regression curve was added to plot, R2 = 0.972.
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cal differences in comparison to control cells (Fig. 4).  
Hematoxylin and eosin staining of control, Hep-2 
cells, showed regular cellular pleomorphic and nu-
clear pleomorphic cells (Fig. 4A), Au-NPs electropo-
rated Hep-2 cells showed numerous apoptotic bodies, 
irregular cell membrane of neoplastic and necrotic 
cells with mixed euchromatin and heterochromatin 
(Fig. 4B). Also, Hep-2 cells showed numerous apop-
totic bodies on post short term exposure to ELFEMF 
for 15 min at 25 mT and neoplastic cells with nuclear 
fragmentation and apoptotic body on post longer-
term cell exposure (Fig. 4C); 30 min at 25 mT (Fig. 
4D). Moreover, higher frequency at 50 mT for 15 min 
(Fig. 4E), exposed cells showed numerous apoptotic 
bodies and irregular neoplastic cell membrane and 
clear necrosis with mixed euchromatin and hetero-
chromatin ruptured cell membrane of necrotic cells 
on post cell exposure to 50 mT for 30 min (Fig. 4F).

Discussion 

The present work aimed to use ELFEMF and elec-
troporation with Au-NPs as alternative ways of pro-
motion apoptosis of human laryngeal cancer cells. 
Also, we aimed to preview the genetic and cell cycle 
alterations in Hep-2 cells. The obtained data revealed 
that both electroporation in a presence of Au-NPs and 
cell exposure to ELFEMF could manage the death of 
cancer cells via apoptosis induction. 

The present study indicated that intermittent ex-
posure of laryngeal carcinoma cells (Hep-2) to a 25 
and 50 mT of ELFEMF affected cell cycle profile and 
proved these via noticed elevated up and down-reg-
ulation of apoptosis-related genes. Thus, we showed 
that apoptotic profile and G2/M cellular arrest may 
play the crucial role in the biological effects of 25 
and 50 mT ELFEMF and related induction of DNA 
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Figure 2. Expression analysis of the CASP3, P53, BAX and BCL2 genes in Hep-2 cells at the mRNA level. Gene expression 
was assessed as described in the Materials and methods. (A–D) plots for CASP3, P53, BAX and BCL2 genes’ expression 
ratios in cells after treatment with different conditions, respectively. Bars and whiskers represent mean ± standard deviation 
normalized to control samples. *P < 0.05, **P < 0.01, ***P < 0.001; capped lines: t-test between subgroups; dotted line: 
one-way ANOVA between all subgroups; dashed line: t-test between control and tested cells, respectively. CASP3, caspase 3 
gene; P53, tumor protein 53 gene; BAX, BCL2 associated X; BCL2, B-cell lymphoma 2 gene; DC Au-NPs, direct contact gold 
nanoparticles; EP Au-NPs, electroporation with gold nanoparticles; ELFEMF, extremely-low frequency electromagnetic field.
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Figure 4. Microphotographs of Hep-2 cells after Au-NPs or ELFEMF treatment. A. Control, untreated Hep-2 cells present 
regular tumor cells (yellow arrow), cellular pleomorphism (green arrow) and nuclear pleomorphism (red arrow). B. Hep-2 
Au-NPs electroporated cells show numerous apoptotic bodies (yellow arrows), irregular cell membrane of neoplastic cell 
(green arrow), necrotic cells with euchromatin and heterochromatin (red arrows) and ruptured cell membrane of necrotic 
cells (black arrows). C. Hep-2 cells showing numerous apoptotic bodies post short term exposure to ELFEMF for 15 min at  
25 mT (yellow arrows). D. Hep-2 cells showing neoplastic cells with nuclear fragmentation (yellow arrows) and apoptotic bodies 
(green arrow) post cell exposure for 30 min at 25 mT. E. Hep-2 cells showing numerous apoptotic bodies (yellow arrows) 
after cell exposure to 50 mT for 15 min. F. Hep-2 cells showing numerous apoptotic bodies and irregular cell membrane of 
neoplastic cells (green arrow), necrotic cells (red arrows) and ruptured cell membrane of necrotic cells (black arrows) after 
cell exposure to 50 mT for 30 min. H&E staining, magnification ×40.
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strand breaks. On the other hand, it was observed 
that subjecting cells continuously to a constant elec-
tromagnetic field may induce adaptive mechanisms, 
protecting the genome from harmful influences [14]. 
The point of view concerning this way and effect was 
based on the continuous exposure of people to such 
frequencies via different magnetic field sources such 
as radio and microwave in their homes. The potential 
of ELFEMF to exert harmful biological effects on 
human health is of increasing concern. It has been 
reported that DNA damage may be involved in cell 
proliferation, apoptosis as well as cell cycle [15, 16]. 

The presence of Au-NPs inside the cells allowed 
the introduction and progress of cell damage, especial-
ly cancerous cells. On the other hand, it has been no-
ticed that the cells that were exposed to the ELFEMF 
have developed a high rate of cellular damage. This 
cellular damage was developed by the irreversible 
induction of pores in the cell membrane due to the 
overlapping between the externally applied ELFEMF 
and the magnetic properties of the cell membranes. 
In addition to the effectiveness of the magnetic field 
on the cancerous cells, Au-NPs activate the signaling 
pathways through acting on the membrane proteins 
that leads to the inhibition of the cancer cells prolif-
eration. It was previously observed that the gold na-
noparticles have the ability to enter the cells through 
the endocytosis, which produces mitochondrial 
dysfunction, formation of reactive free radicals and 
the destruction of nucleic acid and cellular proteins 
[17]. Hence, all the used effects allow the inhibition 
of cellular proliferation. Therefore, the utilizing of 
gold nanoparticles in the presence of electroporation 
and the effect of extremely-low electromagnetic field 
has shown remarkable effects. This was done by the 
activation of Au-NPs to start entering the tumor cells, 
especially through electroporation physics enhancers 
accordingly displaying a remarkable ability to treat the 
tumor cells. It was observed that the use of electro-
poration in the presence of gold nanoparticles can be 
effective to induce apoptosis in the Hep-2 cells. More-
over, the combination of electroporation and Au-NPs 
had moderate effect on the studied neoplastic cells. 
Hence, the effect on pro-apoptotic genes (P53 and 
BAX) and anti-apoptotic genes (BCL2) was viewed 
to be significant in the presence of combined action 
of gold nanoparticles and electroporation and the 
ELFEMF treatment with 50 mT and 100 mT. 

The influence of size, shape, and surface modifi-
cation on cytotoxicity of gold nanoparticles to human 
Hep-2 and canine MDCK cells was investigated by 
Zhang et al. [11]. Au-NPs cell treatment revealed that 
cell death induced predominately within one hour 
through apoptosis induced gene expression, whereas 

cell death by free cetyltrimethylammonium-bromide 
(CTAB) was a time- and dose-dependent. Both posi-
tively and negatively surface-charged polymer-coated 
gold nanorods GNRs showed similar levels of cyto-
toxicity, suggesting the significance of surface func-
tionality rather than surface charge in this case [11]. 

As the interaction of gold nanoparticles with cells 
relies on properties of nanoparticles, the cytotoxicity 
is complex and still under debate. In a previously 
published work, they found that cetyltrimethylammo-
nium-bromide (CTAB) encapsulated gold nanorods 
(GNRs) were relatively higher cytotoxic than gold 
nanorods (GNRs) undergone further polymer coating 
and citrate stabilized gold nanospheres (GNSs) [11].

The toxicity of CTAB-encapsulated GNRs was 
mainly caused by CTAB on GNRs’ surface but not 
free CTAB in the solution. On the contrary to our 
data, Brisdelli and coworkers recorded that lower 
frequency ELF-MF (1 mT; 50 Hz) enhanced the ap-
optosis and that ULEMF (25/50 mT; 50 Hz) enhanced 
the apoptosis and cell arrest in human laryngeal car-
cinoma Hep-2 cells [18]. Four different compounds, 
namely vinblastine, etoposide, quercetin, and resver-
atrol, enhanced apoptosis in human K562 chronic 
myeloid leukemia cells. The exposure to ELFEMF 
did not affect growth and viability of untreated K562 
cells and did not influence the anti-proliferative ef-
fects of resveratrol, vinblastine, and etoposide [18]. 
On the contrary, in quercetin treated cells, exposure 
to ELFEMF significantly reduced the percentage of 
apoptotic cells and the caspase-3 activity and modi-
fied the cell cycle profile especially after 48 hours of 
exposure. In addition, the simultaneous treatments for  
24 hours with quercetin plus ELFEMF increased  
Bcl-2 protein expression and prevented quercetin-in-
duced downregulation of Mcl-1 and Bcl-xL [18].

The ELFMF-dependent modulation of the expres-
sion of anti-apoptotic Bcl-2 family and Hsp70 proteins 
could act as a pro-survival mechanism in K562 cells 
[18]. ELFEMF seems to produce several biological 
effects such as changes in cell proliferation, cell dif-
ferentiation, cell cycle and enzyme activity [19–22]. 
Moreover, ELFEMF was found to affect cellular 
redox homeostasis, modulation of physiological func-
tions such as mitochondrial membrane potential, Ca+2 
signaling and homeostasis, and ATP synthesis [23–25]. 
Alterations in the apoptosis process are involved in 
the pathogenesis of many types of cancer [26]. There 
is evidence implicating ELFEMF in the development 
of this disease in humans [27], and many in vitro stud-
ies have also reported correlation between apoptotic 
process and ELFEMF. The latter has been involved 
in the reduction or delay of cell apoptosis process, as 
well as in its stimulation [28, 29]. 
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Additionally, some studies reported evidence sug-
gesting the combined effects of ELFEMF and various 
chemicals and physical agents in modulating the ap-
optotic cascade [30, 31]. However, current research is 
characterized by conflicting data, and synergistic and/ 
/or antagonistic effect induced by ELFEMF has been 
described in H2O2-treated erythroleukemia cell line 
[32]. Also, our data was on the contrary of the previous 
work recording that the effects of 50 Hz ELFEMF 
exposure on the growth of GC-2 and cell viability 
was detected with the CCK-8 kit following 50 Hz 
ELFEMF exposure at different magnetic intensities 
for 72 hours to explore the effects of the ELFEMF 
on the growth of GC-2 cells [33]. Data showed that the  
50 Hz ELFEMF did not markedly affect the morpholo-
gy or viability (CCK-8) of GC-2 cells. Also, the effect of 
50 Hz ELFEMF exposure on the apoptosis and cell cy-
cle of GC-2 cells result showed that 50 Hz (ELFEMF) 
did not induce apoptosis in GC-2 cells compared with 
the same group [33]. Additionally, the percentages 
of G1-, S-, and G2-M phase cells did not significantly 
differ between the exposed groups post-treatment with 
50 Hz ELFEMF for 72 hours. These findings confirmed 
that 50 Hz ELFEMF did not induce apoptosis or cell 
cycle arrest in GC-2 cell [34–36].

Based on the presented data, it could be con-
cluded that the treatment of Hep-2 cancer cell with 
ELFEMF and electroporation with Au-NPs can cause 
cell damage inducing cell cycle arrest and apoptosis. 
Apoptotic and cell cycle profiles were cell type, time 
and ELFEMF frequency dependent. Usage of either 
Au-NPs-electroporation or ELFEMF in anti-cancer 
therapy may be a promising cancer therapy tool, may 
substitute or enhance the radio-, chemotherapy and 
surgical therapy approaches with least adverse effects. 
More intensified trials are recommended on different 
cancer cell lines as well as in vivo studies and different 
formulation of different nanoparticles shapes and 
concentrations must be validated.
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Abstract
Introduction. Sepsis-induced acute lung injury (ALI) is an inflammatory process involved with simultaneous 
production of inflammatory cytokines and chemokines. In this study, we investigated the regulatory role of 
miR-539-5p in sepsis-induced ALI using a mouse model of cecal ligation puncture (CLP) and an in vitro model 
of primary murine pulmonary microvascular endothelial cells (MPVECs).
Material and methods. Adult male C57BL/6 mice were intravenously injected with or without miR-539-5p agomir 
or scrambled control one week before CLP operation. MPVECs were transfected with miR-539-5p mimics or 
control mimics, followed by lipopolysaccharide (LPS) stimulation. ROCK1 was predicted and confirmed as a direct 
target of miR-539-5p using dual-luciferase reporter assay. In rescue experiment, MPVECs were co-transfected 
with lentiviral vector expressing ROCK1 (or empty vector) and miR-539-5p mimics 24 h before LPS treatment. 
The transcriptional activity of caspase-3, the apoptosis ratio, the levels of miR-539-5p, interleukin-1b (IL-1b), 
interleukin-6 (IL-6), and ROCK1 were assessed. 
Results. Compared to sham group, mice following CLP showed pulmonary morphological abnormalities, elevat-
ed production of IL-1b and IL-6, and increased caspase-3 activity and apoptosis ratio in the lung. In MPVECs, 
LPS stimulation resulted in a significant induction of inflammatory cytokine levels and apoptosis compared to 
untreated cells. The overexpression of miR-539-5p in septic mice alleviated sepsis-induced pulmonary injury, 
apoptosis, and inflammation. MiR-539-5p also demonstrated anti-apoptotic and anti-inflammatory effect in 
LPS-treated MPVECs. The upregulation of ROCK1 in MPVECs recovered miR-539-5p-suppressed caspase-3 
activity and proinflammatory cytokine production. 
Conclusion. In conclusion, miR-539-5p alleviated sepsis-induced ALI via suppressing its downstream target 
ROCK1, suggesting a therapeutic potential of miR-539-5p for the management of sepsis-induced ALI. (Folia 
Histochemica et Cytobiologica 2019, Vol. 57, No. 4, 168–178)

Key words: mouse; acute lung injury; sepsis; inflammation; MPVEC cells; miRNA; ROCK1; caspase-3;  
cytokines 

Introduction

Sepsis is life-threatening syndrome characterized by 
an excessive systemic inflammatory response to infec-
tions induced by pathogenic bacteria, fungi, or viruses 
[1]. Patients with severe sepsis commonly present 
with microvascular thrombosis and subsequent mul-
tiple organ dysfunction [2]. Acute lung injury (ALI) 
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is a clinical syndrome consisting of a wide range of 
acute hypoxemic respiratory failure disorders and has 
become one of the most common complications of 
severe sepsis [3]. Pathophysiological studies revealed 
that the injury to the alveolar epithelium and pulmo-
nary endothelial cells leads to an induction of epithelial 
permeability, pulmonary edema, and acute respiratory 
failure during the development of ALI [4]. However, 
no current available pharmacologic therapy has been 
recommended as a standard management of ALI [5]. 

Sepsis-induced ALI is an acute inflammatory process 
involved with simultaneous production of inflammato-
ry cytokines and chemokines. Interleukin-1b (IL-1b),  
for example, has been found in bronchoalveolar 
lavage fluids from ALI patients [6]. In patients 
with persistent acute respiratory distress syndrome,  
a more severe form of ALI, the high ratio of IL-1b 
to its antagonist suggested an essential role of IL-1b 
in maintaining chronic inflammatory condition in 
lungs [7]. The other key step in ALI progression is the 
extensive apoptosis of alveolar epithelial cells, which 
has been considered as a primary cause of lung epi-
thelium death in ALI patients [8]. Studies in murine 
endotoxin-induced lung injury models showed that the 
accumulation of soluble Fas ligand in Fas-dependent 
pathway induced apoptosis in lung epithelial cells [9, 
10]. Thus, the blockage of inflammatory response and 
apoptotic signaling in the lung might be a useful ther-
apeutic strategy in ameliorating sepsis-induced ALI. 

MicroRNAs (miRNAs) are a class of small 
non-coding RNAs that have shown an emerging reg-
ulatory role in many pathological processes, including 
sepsis-induced organ dysfunction [11]. The overex-
pression of miR-146a attenuated sepsis-triggered 
myocardial dysfunction in vitro via inhibiting NF-kB 
activation and the expression of inflammatory cy-
tokines [12]. MiR-27a mediated the protective effect 
of paclitaxel in the damaged liver from septic mice 
by suppressing NF-kB/TAB3 signaling pathway [13]. 
MiR-539-5p has been shown as a potent regulator in 
choroidal neovascularization and the migration of 
mesenchymal stem cells in fracture healing [14, 15]. 
However, whether it may exert beneficial effect in 
ALI remains unclear. 

In this study, we aimed to investigate the regu-
latory role and potential molecular mechanism of 
miR-539-5p in sepsis-induced ALI by using a murine 
sepsis model and the primary murine pulmonary 
microvascular endothelial cells. The degree of lung 
tissue injury, the level of apoptosis and the expression 
of inflammatory cytokines were examined. Our find-
ings may suggest a novel therapeutic approach in the 
management of septic ALI. 

Materials and methods

Mouse model of sepsis. A total of 24 adult male C57BL/6 
mice (28–32 g) were purchased from Charles River Labo-
ratories China and maintained in a controlled environment 
(12 h alternating light-dark cycle, 22–24°C, 60% humidity) 
with ad libitum access to food and water. All experiments in 
this study were approved by the Animal Care and Use Com-
mittee of The Central Hospital of Wuhan, and performed 
following the Guide for the Care and Use of Laboratory 
Animals [16]. After one-week acclimatization, 18 mice 
underwent cecal ligation and puncture (CLP) surgery to 
establish the model of CLP-induced sepsis as previously 
described [17, 18]. In brief, mice were anesthetized by i.p. in-
jection of 10% chloral hydrate (3 mL/kg, Sigma-Aldrich, St. 
Louis, MI, USA) and fixed on the operating table in supine 
position. A 4-mm longitudinal midline incision was made to 
expose the cecum. The exposed cecum was ligated at 10 mm  
from the tip using 3–0 silk sutures and then punctured once 
with a 20-gauge needle at 5 mm distal from the ligation. 
After extruding a small amount of feces by gently squeezing 
the cecum, the bowel was repositioned and the abdomi-
nal musculature, peritoneum and skin were closed using 
sterile sutures. Immediately after the surgery, 5 mL/100 g  
saline was subcutaneously injected for fluid resuscitation. 
Sham-operated mice (n = 6) underwent the same surgical 
procedure without the ligation or puncture of the cecum. 

In vivo delivery of plasmid DNA. CLP mice were randomly 
divided into three groups: CLP, CLP + NC agomir, and 
CLP + miR-539-5p agomir. The miRNA reagents, miR-
539-5p agomir and scrambled control (NC agomir), were 
purchased from GenePharm (Shanghai, China) and mixed 
with linear polyethyleneimine (PEI) nanoparticles (Sig-
ma-Aldrich) as previously described [19]. A total of 200 µL  
mixture containing 5 nmol miRNA (miR-539-5p agomir 
or NC agomir) was intravenously injected via the tail vein 
into designated group one week before the CLP operation. 
Animals were euthanized with carbon dioxide asphyxia 24 h  
post-surgery. Lungs were harvested and stored properly for 
further analyses.

Histological analysis. The same portion of the lung samples 
in mice were used for histopathological examination. Tissues 
were fixed in 4% paraformaldehyde, embedded in paraffin, 
cut into 5 µm sections, and then stained with hematoxylin 
and eosin (H&E). The degree of lung damage was estimated 
using lung injury scoring by an investigator blinded to the 
experiment as previously described [20]. Five randomly 
selected fields were scored per slide at magnification 400×. 

Cell culture and transfection. Primary murine pulmonary 
microvascular endothelial cells (MPVECs) were isolated 
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and cultured in DMEM (Sigma-Aldrich) as previously de-
scribed [21]. The miR-539-5p mimics and control mimics 
(50 nM) were synthesized by GenePharm and transfected 
into MPVECs using Lipofectamine 2000 (Invitrogen, Carls-
bad, CA, USA). Twenty-four hours after transfection, cells 
were stimulated with 1 mg/mL lipopolysaccharide (LPS, 
Sigma-Aldrich). The transcriptional activity of caspase-3 
was examined 30 min thereafter. The levels of miR-539-5p, 
interleukin-1b (IL-1b), interleukin-6 (IL-6), and ROCK1 
were assessed 6 h following the LPS treatment. In rescue 
experiment, MPVECs were co-transfected with 1 µg re-
combinant lentiviral vector expressing ROCK1 (or empty 
lentiviral vector) and 50 nM miR-539-5p mimics 24 h prior 
to the treatment with LPS. MPVECs co-transfected with 
empty lentiviral vector and control mimics were used as  
a control group. 

Dual-luciferase reporter assay. ROCK1 3’-UTR fragment 
containing the putative binding site of miR-539-5p was 
amplified and cloned into the downstream of luciferase 
gene in the pmirGlo vector (GenePharm). The mutant 
ROCK1 3’-UTR was used to construct ROCK1-MUT vec-
tor. HEK-293 cells were plated into 12-well plates (Thermo 
Fisher Scientific, Waltham, MA, USA) and co-transfected 
with miR-539-5p mimics (or NC mimics) and ROCK1-WT 
(or ROCK1-MUT) at 70–80% confluency. The luciferase 
activities were assessed 2 days after the transfection using 
Dual-Luciferase Reporter Assay System (Promega Biotech 
Co., Madison, WI, USA).

Quantitative real-time PCR (qRT-PCR). Target miRNA 
was extracted from mice lung tissues and MPVECs using 
mirVanaTM miRNA Isolation Kit (Invitrogen). The reverse 
transcription of miR-539-5p was performed using All-in-
OneTM miRNA RT-qPCR Detection Kit (GeneCopoeia 
Inc., Rockville, MD, USA). Total RNAs were isolated using 
Trizol LS (Invitrogen) and reverse transcribed to cDNA 
using the ReverTra Ace qPCR RT Kit (Toyobo, Osaka, 
Japan) according to the manufacturer’s instructions. Target 
genes were amplified using 7300 Real-Time PCR System 
(Applied Biosystem, Foster City, CA, USA). The expression 
of miR-539-5p was normalized by U6, while b-actin was 
used as internal control for mRNA expression. The primers 
used in this study were: miR-539-5p: GGAGAAAUUAUC-
CUUGGUGUGU; U6 forward: CTCGCTTCGGCAG-
CACA, U6 reverse: AACGCTTCACGAATTTGCGT; 
IL-1b forward: CCAGGATGAGGACCCAAGCA, IL-1b 
reverse: TCCCGACCATTGCTGTTTCC; IL-6 forward: 
TAGCCGCCCCACACAGACAG, IL-6 reverse: GGCT-
GGCATTTGTGGTTGGG; ROCK1 forward: AAA-
GAAAGGATGGAG-GATGAAGT, ROCK1 reverse: 
TGTAACAACAGCCGCTTATTTG; b-actin forward: AT-
CACTGCCACCCAGAAGAC, b-actin reverse: TTTCTA-
GACGGCAGGTCAGG. 

Enzyme-linked immunosorbent assay (ELISA). Total pro-
teins extracted from mice lung tissues and MPVEC lysates 
were prepared. Concentrations of IL-1b and IL-6 were 
measured using ELISA kits (R&D Systems, Minneapolis, 
MN, USA) according to the manufacturer’s protocol. 

Transcriptional activity assay. The transcriptional activity 
of caspase-3 in mice lung tissues and MPVECs were evalu-
ated using Caspase-3 Assay Kit (Abcam, Cambridge, UK) 
according to the manufacturer’s protocol. Lung samples 
were homogenized in RIPA buffer with protease inhibitor 
(Bio-Rad Laboratories, Hercules, CA, USA). MPVECs 
were lysed in cell lysis buffer 30 min after LPS stimulation. 
The protein concentration in all samples were adjusted to 
100–150 µg protein per 50 µL cell lysis buffer. The mixture 
of 50 µL 2 × Reaction Buffer and 10 mM DTT were added 
to 50 µL sample, followed by the incubation with 5 µL 4 mM 
DEVD-p-NA substrate at 37°C for 2 h. The optical density 
values for the peroxidase reaction product were measured 
at 450 nm using a microplate reader. 

Apoptosis assay. Cell apoptosis was assessed using Annexin 
V-FITC Apoptosis Detection Kit (#14085, Abcam,) accord-
ing to the manufacturer’s instructions. Briefly, MPVECs 
were cultured in 6-well plates to reach 70–80% confluency 
followed by the transfection and LPS stimulation as men-
tioned above. After 24 h, cells were collected, centrifuged, 
and resuspended in 500 µL 1 × buffer solution at the con-
centration of 5 × 105 cells/mL. Then 5 µL Annexin V-FITC 
and 5 µL propidium iodide (PI) were added to the cells 
and incubated at room temperature for 5 min in the dark. 
The apoptosis ratio was quantified in the flow cytometry 
analysis using BD FACS software (BD Biosciences, San 
Jose, CA, USA). 

Western blot. Total proteins (40–80 µg) from MPVEC 
lysates were separated on an 8% SDS-PAGE gel under 
reducing conditions and then transferred to polyvinylidene 
fluoride membranes (MilliporeSigma, Burlington, MA, 
USA). After blocking, membranes were incubated with 
ROCK1 antibody (1:2000, #ab45171, Abcam) and 
b-catenin antibody (1:2000, #ab32572, Abcam) at 4°C 
for 6 h. After three washes with TBST buffer, membranes 
were incubated with goat anti-rabbit secondary antibody 
(1:3000, #ab6721, Abcam) for 45 min. Protein bands were 
visualized using AlphalmagerTM 2000 Imaging System  
(Alpha Innotech, San Leandro, CA, USA) and the density 
of bands was quantified.

Statistical analysis. Data in this study are presented as 
mean ± standard deviation. The statistical significance 
was analyzed using two-tailed Student’s t-test or one-way 
ANOVA (SPSS software, version 24.0, Chicago, IL, USA). 
A value of p < 0.05 was considered statistically significant. 
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All experiments were performed in triplicate and repeated 
three times.

Results

MiR-539-5p was downregulated in mice with  
CLP-induced sepsis and the overexpression  
of miR-539-5p alleviated CLP-induced lung injury
To study the regulatory role of miR-539-5p in sep-
sis-induced ALI, we established a mouse model of 
sepsis induced by CLP surgery. The induction of 
miR-539-5p expression in septic mice was achieved by 
intravenous injection of miR-539-5p agomir prior to 
CLP treatment. Compared to sham-operated group, 
the expression of miR-539-5p in the lung tissues was 
significantly inhibited following CLP surgery. The 
injection of miR-539-5p-expressing plasmid in septic 
mice significantly promoted the level of miR-539-
5p compared to the ones administered with control 
miRNA (Fig. 1A). The degree of lung tissue damage 
was evaluated using lung injury scoring, in which 
miR-539-5p overexpression significantly improved 
the histological damage caused by CLP operation 
(Fig. 1B). As shown in the lung sections stained with 
H&E, sham-operated group showed morphologically 
normal structure of pulmonary alveoli. CLP mice, 
on the contrary, showed thickened alveolar walls 
and septa, collapsed alveolar sacs, visible vascular 
congestion and hemorrhage. The histopathological 
features in septic mice injected with control agomir 
were similar to those in CLP group. The induction of 
miR-539-5p alleviated the pulmonary alveoli damage 
induced by sepsis (Fig. 1C). These results suggested 
that miR-539-5p protected mice from sepsis-induced 
lung injury following CLP surgery. 

Induction of miR-539-5p decreased apoptosis  
marker activity and proinflammatory cytokine  
production in the lung tissues of CLP mice
We found that the transcriptional activity of caspase-3 
was significantly elevated in CLP-operated animals, 
whereas miR-539-5p overexpression induced a sig-
nificant reduction of caspase-3 activity in septic mice 
(Fig. 2A). The expressions of IL-1b and IL-6, two 
major proinflammatory cytokines, were significantly 
increased in septic animals at both mRNA and pro-
tein levels compared to sham-operated group. The 
induction of miR-539-5p in mice with ALI signifi-
cantly suppressed the expressions of both cytokines 
(Fig. 2B–C). These results indicated that miR-539-5p 
ameliorated sepsis-induced apoptosis and proinflam-
matory cytokine production. 

Overexpression of miR-539-5p reduced LPS-induced 
apoptosis and inflammation in MPVECs 
In this study, we stimulated MPVECs with LPS to 
mimic pulmonary damage in vitro. LPS-treated cells 
demonstrated significantly lower level of miR-539-5p 
compared to untreated cells. Under the condition of 
LPS stimulation, wild-type MPVECs and the ones 
transfected with control mimics showed similar miR-
539-5p level, whereas the delivery of miR-539-5p  
mimics significantly increased the expression of  
miR-539-5p (Fig. 3A). The caspase-3 activity was 
remarkably promoted by LPS treatment, while miR-
539-5p overexpression resulted in a significant reduc-
tion of caspase-3 activity in LPS-treated MPVECs 
(Fig. 3B). LPS-induced secretion of IL-1b and IL-6 
in MPVECs was also significantly impeded by miR-
539-5p (Fig. 3C–D). Flow cytometry data showed 
that LPS stimulated apoptosis in MPVECs, whereas 
the transfection of miR-539-5p mimics efficiently 
decreased the apoptosis ratio as compared to control 
mimics-transfected cells (Fig. 3E). The above findings 
suggested the anti-apoptotic and anti-inflammatory 
role of miR-539-5p in vitro. 

ROCK1 was directly targeted by miR-539-5p 
To explore the potential mechanisms underlying the 
involvement of miR-539-5p in ALI, we searched for 
the downstream target of miR-539-5p using bioinfor-
matics analysis on TargetScan. ROCK1 was predicted 
as a direct target gene of miR-539-5p with a putative 
binding site (Fig. 4A). Dual-luciferase reporter assay 
showed that the luciferase activity of ROCK1-WT was 
significantly lower in cells transfected with miR-539-5p 
mimics compared to control mimics cells. In contrast, 
cells transfected with ROCK1-MUT reporter showed 
no difference on the luciferase activity between miR-
539-5p mimics and control mimics groups (Fig. 4B). 
Then, we measured the mRNA and protein levels of 
ROCK1 in wild-type and miR-539-5p-overexpressing 
MPVECs and found that the expression of ROCK1 
was significantly downregulated by the induction of 
miR-539-5p (Fig. 4C).

MiR-539-5p inhibited apoptosis and inflammatory 
responses via the suppression of ROCK1
To further investigate whether miR-539-5p regulated 
apoptosis and inflammation via targeting ROCK1, we 
co-transfected MPVECs with miR-539-5p mimics and 
lentiviral vector expressing ROCK1 (or empty vector). 
The transfection efficacy was confirmed by significant-
ly augmented expressions of ROCK1 at both mRNA 
and protein levels in MPVECs transfected with 
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ROCK1 vector (Fig. 5A–B). We further explored the 
effect of ROCK1 overexpression on apoptosis and in-
flammation in MPVECs carrying miR-539-5p mimics. 

Compared to control cells, MPVECs co-transfected 
with miR-539-5p and empty vector showed signifi-
cantly impaired caspase-3 activity. The induction of 

Figure 1. Pulmonary expression of miR-539-5p in the mouse model of CLP-induced sepsis and the effect of miR-539-5p 
overexpression on sepsis-induced lung injury. Adult male C57BL/6 mice were divided into four groups: CLP, CLP + NC 
agomir, CLP + miR-539-5p, and sham group (n = 6 in each group). Animals in CLP, CLP + NC agomir, CLP + miR-539-5p 
groups were intravenously injected with vehicle, scrambled miRNA control, and miR-539-5p agomir, respectively, followed by 
CLP surgery. Sham group underwent the same surgical procedure of CLP without the ligation or puncture of the cecum. All 
animals were euthanized 24 h after the surgery, and their lung tissues were collected. A. Pulmonary expression of miR-539-5p 
was examined using qRT-PCR. B. Sectioned lung tissue samples were stained with H&E and the degree of lung damage was 
determined using lung injury scoring. C. Representative histological images were shown (400 × magnification). **p < 0.01.
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ROCK1, however, increased the activity of caspase-3 
back to the level that was shown in control group  
(Fig. 5C). The production of proinflammatory cytokines 
in MPVECs was largely inhibited by miR-539-5p  
overexpression, whereas ROCK1 led to a signifi-
cant upregulation of IL-1b and IL-6 at both mRNA  

and protein levels (Fig. 5D–E). Moreover, the over-
expression of miR-539-5p significantly decreased the 
apoptosis ratio of MPVECs, whereas the transfection 
of ROCK1-expressing vectors substantially facilitated 
MPVECs apoptosis (Fig. 5F). Taken together, these 
data indicated that miR-539-5p inhibited apoptosis 

Figure 2. Effect of miR-539-5p overexpression on apoptosis and inflammation in mice lungs following CLP-induced sepsis. 
A. The transcriptional activity of caspase-3 in lung tissues was measured using Caspase-3 Assay Kit. B–C. The pulmonary 
mRNA and protein levels of IL-1b and IL-6 were examined using qRT-PCR and ELISA, respectively. **p < 0.01.
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and inflammation in sepsis-induced ALI via the sup-
pression of its target gene ROCK1.

Discussion

Sepsis is a leading etiology of ALI that leads to more 
severe illness and higher mortality rates compared to 
non-sepsis risk factors [22]. As a syndrome developed 
from excessive inflammation, ALI affords multiple 
potential therapeutic targets and signaling pathways 
[23]. In the present study, we reported for the first 
time that miR-539-5p mitigated the development 

of sepsis-induced ALI both in vivo and in vitro. The 
induction of miR-539-5p in septic models decreased 
the expression of proinflammatory cytokines, IL-1b 
and IL-6, and suppressed the transcriptional activity 
of apoptosis marker, caspase-3. Further investigation 
revealed that miR-539-5p reduced apoptosis and 
inflammation in sepsis-induced ALI via the negative 
regulation of its downstream target ROCK1.

Mouse CLP model closely resembles the patho-
physiology of human sepsis caused by abdominal 
perforations and has been extensively used in the 
research of sepsis-induced organ dysfunction [24]. In 

0.0

0

0

0

0

0

0

Ctrl

Ctrl

Ctrl LPS LPS + NC mimics LPC + miR-539-5p mimics

FITC-A

E
C

D
-A

Ctrl

Ctrl

Ctrl

Ctrl

Ctrl

LPS

LPS

LPS

LPS

LPS

LPS

LPS

LPS + NC 
mimics

LPS + NC 
mimics

LPS + NC 
mimics

LPS + NC 
mimics

LPS + NC 
mimics

LPS + NC 
mimics

LPS + NC 
mimics

LPS + 
miR-539-5p 

mimics

LPS + 
miR-539-5p 

mimics

LPS + 
miR-539-5p 

mimics

LPS + 
miR-539-5p 

mimics

LPS + 
miR-539-5p 

mimics

LPS + 
miR-539-5p 

mimics

LPS + 
miR-539-5p 

mimics

0.5

5

2

100

200

2

200

10

1.0

10

4

300

4

400

20

6

600

30

8

**

**

**

**

**

**

**

**

**

**

**

**

**

**

1.5

15

6

400

10

800

40

A

B

E

C

D

R
el

at
iv

e 
m

iR
-5

39
-5

p 
ex

pr
es

si
on

R
el

at
iv

e 
ca

sp
as

e-
3

ac
ti

vi
ty

R
el

at
iv

e 
IL

-1
b 

ex
pr

es
si

on
IL

-1
b 

co
nt

en
t 

[p
g/

m
L

]

R
el

at
iv

e 
IL

-6
 e

xp
re

ss
io

n
IL

-6
 c

on
te

nt
 [

pg
/m

L
]

A
po

pt
os

is
 r

at
io

 [
%

]

Figure 3. Induction of miR-539-5p affects the expression of apoptosis marker and proinflammatory cytokines in LPS-stim-
ulated primary murine pulmonary microvascular endothelial cells (MPVECs). Isolated MPVECs were divided into four 
groups: LPS (lipopolysaccharide), LPS + NC mimics, LPS + miR-539-5p mimics and Ctrl. Cells in LPS + NC mimics and 
LPS + miR-539-5p mimics groups were transfected with control mimics and miR-539-5p mimics, respectively, followed 
by the stimulation with 1 mg/mL. Cells in LPS group were stimulated with LPS without transfection. Control (Ctrl) cells 
remained untreated. A. Relative expression of miR-539-5p was assessed using qRT-PCR 6 h after the stimulation with 
lipopolysaccharides (LPS). B. The transcriptional activity of caspase-3 was examined 30 min following the treatment. C–D. 
The mRNA and protein levels of IL-1b and IL-6 were examined using qRT-PCR and ELISA, respectively. E. The apoptosis 
ratio in transfected MPVECs was calculated using flow cytometry analysis. **p < 0.01.
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this study, we successfully established the mouse mod-
el of sepsis-induced ALI by performing CLP surgery 
and showed morphological abnormalities in the lung, 
including thickened alveolar walls, collapsed alveolar 
sacs, vascular congestion and hemorrhage in CLP 
mice as compared to sham-operated group. Enhanced 
cell apoptosis and the induction of proinflammatory 
mediators during sepsis play crucial roles in the patho-
genesis of ALI [25]. IL-1b and IL-6 are two proinflam-
matory cytokines actively secreted in response to the 
inflammatory cascade in ALI [26, 27]. The inhibition 
of apoptotic signaling and inflammatory responses 
might potentially ameliorate sepsis-induced lung dam-
age. The caspase-3 activity is an important marker of 
cellular apoptosis. Increased activation of caspase-3 
has been reported in the animal models of ALI [28, 
29]. In the current study, enhanced caspase-3 activity, 
elevated production of IL-1b and IL-6, together with 
the increased apoptosis ratio was observed following 
CLP operation. LPS is an endotoxin constituting the 
outer membrane of Gram-negative bacteria, and 
has been widely used to induce acute lung injury in 
research [30]. In the in vitro model, incubation with 
LPS led to a significant induction of inflammatory 

cytokine levels and apoptosis in MPVECs compared 
to untreated cells. 

The potential involvement of miRNAs in ALI was 
first shown in a mouse model of LPS-induced lung 
injury, in which certain types of miRNAs were signifi-
cantly downregulated and the others were remarkably 
upregulated or remained unaltered [31]. Further in-
vestigations on the role of miRNAs in ALI suggested 
that miRNAs might regulate the inflammatory and 
apoptotic pathways during ALI progression by target-
ing specific molecules or regulating downstream genes 
[32]. Tuerdi et al. reported that the downregulation of 
miR-155 inhibited lung apoptosis and inflammation, 
and increased the survival rate in CLP-induced ALI 
mice by targeting SIRT1 [33]. The depletion of miR-
1246 reduced apoptosis, the release of IL-1b, and 
neutrophil infiltration in mice with ALI through the 
repression of its downstream target ACE2 [34]. Xie 
et al. showed significantly reduced expression of miR-
127 during lung injury in vivo, while the administration 
of miR-127 probes attenuated pulmonary inflamma-
tion through the regulation of CD46 in macrophages 
[35]. In another animal study, the upregulation of 
miR146a suppressed the secretion of TNF-a, IL-6, 
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Figure 4. ROCK1 is a direct target of miR-539-5p. ROCK1 was predicted as a direct downstream target of miR-539-5p 
using TargetScan. A. The putative ROCK1 binding site for miR-539-5p (ROCK1-WT) and the designed mutant sequence 
(ROCK1-MUT) were shown. B. HEK-293T cells were co-transfected with NC mimics (or miR-539-5p mimics) and ROCK1-
WT (or ROCK1-MUT). The luciferase activity was measuring using dual-luciferase reporter assay. C. The expression of 
ROCK1 in MPVECs transfected with NC mimics and miR-539-5p mimics were examined using Western blot and qRT-PCR.
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Figure 5. MiR-539-5p mediated apoptosis and inflammation via regulating ROCK1. MPVECs were divided into three 
groups: miR-539-5p + Vector, miR-539-5p + ROCK1 and Vector + NC mimics. In miR-539-5p + Vector and miR-539-
5p + ROCK1 groups, MPVECs were co-transfected with miR-539-5p mimics and lentiviral vector expressing ROCK1 (or 
empty lentiviral vector) 24 h before LPS stimulation. MPVECs in Vector + NC mimics group were co-transfected with 
empty lentiviral vector and control mimics. A–B. To evaluate the transfection efficacy, the mRNA and protein levels of 
ROCK1 in miR-539-5p + Vector and miR-539-5p + ROCK1 groups were analyzed using qRT-PCR and Western blot. C. 
The transcriptional activity of caspase-3 was examined 30 min post-stimulation. D–E. The mRNA and protein levels of IL-1b 
and IL-6 were determined using qRT-PCR and ELISA, respectively. F. The apoptosis ratio in transfected MPVECs was 
calculated using flow cytometry analysis. **p < 0.01.
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and IL-1b in LPS-induced ALI model via the inhibi-
tion of IRAK-1 and TRAF-6 [36]. In our study, we 
showed that the level of miR-539-5p was significantly 
downregulated in CLP-operated mice compared to 
the sham group. The delivery of miR-539-5p mimics 
prior to CLP surgery efficiently alleviated sepsis-in-
duced pulmonary injury, reduced caspase-3 activity 
and apoptosis, suppressed the induction of inflam-
matory cytokines IL-1b and IL-6. The anti-apoptotic 
and anti-inflammatory effect of miR-539-5p were also 
shown in LPS-treated MPVECs. 

ROCK1 has been predicted and confirmed as  
a direct downstream target of miR-539-5p in our study.  
A previous study in CLP rat model showed that the 

activation of ROCK1 was involved in the pathogenesis 
of sepsis-induced ALI with a potential mechanism 
related to oxidative stress and apoptosis [37]. Here, by 
enhancing the expression of ROCK1 in MPVECs, the 
beneficial effect of miR-539-5p in ALI-associated ap-
optosis and inflammation was significantly reversed. It 
indicated that miR-539-5p ameliorated sepsis-induced 
ALI by repressing its downstream target ROCK1.

In conclusion, miR-539-5p alleviated sepsis-in-
duced apoptosis and proinflammatory cytokine pro-
duction during ALI by downregulating the expression 
of ROCK1. This study highlighted the potential of 
miR-539-5p as a therapeutic target for the manage-
ment of sepsis-induced ALI. 



177MiR-539-5p alleviates lung injury via ROCK1

©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2019
10.5603/FHC.a2019.0019

www.fhc.viamedica.pl

Competing interests 

The authors declare that they have no competing 
interests, and all authors should confirm its accuracy. 

Availability of data and materials

All data generated or analyzed during this study are 
included in this published article.

Authors’ contributions

LM and CHW conceived and designed the experi-
ments, HHC analyzed and interpreted the results of 
the experiments, LTJ performed the experiments.

Ethics approval and consent to participate

The animal use protocol listed below has been re-
viewed and approved by the Animal Ethical and 
Welfare Committee of Hubei Provincial Hospital. 

Patient consent for publication

Not Applicable.

Informed consent

Written informed consent was obtained from a legally 
authorized representative(s) for anonymized patient 
information to be published in this article.

References
1. Sagy M, Al-Qaqaa Y, Kim P. Definitions and pathophysiol-

ogy of sepsis. Curr Probl Pediatr Adolesc Health Care. 2013; 
43(10): 260–263, doi: 10.1016/j.cppeds.2013.10.001, indexed 
in Pubmed: 24295606.

2. Gando S. Microvascular thrombosis and multiple organ 
dysfunction syndrome. Crit Care Med. 2010; 38(2 Suppl): 
S35–S42, doi: 10.1097/CCM.0b013e3181c9e31d, indexed in 
Pubmed: 20083912.

3. Levitt JE, Matthay MA. The utility of clinical predictors of 
acute lung injury: towards prevention and earlier recognition. 
Expert Rev Respir Med. 2010; 4(6): 785–797, doi: 10.1586/
ers.10.78, indexed in Pubmed: 21128753.

4. Johnson ER, Matthay MA. Acute lung injury: epidemiology, 
pathogenesis, and treatment. J Aerosol Med Pulm Drug Deliv. 
2010; 23(4): 243–252, doi: 10.1089/jamp.2009.0775, indexed 
in Pubmed: 20073554.

5. Levitt JE, Matthay MA. Clinical review: Early treatment of 
acute lung injury--paradigm shift toward prevention and treat-
ment prior to respiratory failure. Crit Care. 2012; 16(3): 223, 
doi: 10.1186/cc11144, indexed in Pubmed: 22713281.

6. Park WY, Goodman RB, Steinberg KP, et al. Cytokine bal-
ance in the lungs of patients with acute respiratory distress 
syndrome. Am J Respir Crit Care Med. 2001; 164(10 Pt 1): 
1896–1903, doi: 10.1164/ajrccm.164.10.2104013, indexed in 
Pubmed: 11734443.

7. Goodman RB, Strieter RM, Martin DP, et al. Inflammatory 
cytokines in patients with persistence of the acute respiratory 
distress syndrome. Am J Respir Crit Care Med. 1996; 154(3 
Pt 1): 602–611, doi: 10.1164/ajrccm.154.3.8810593, indexed 
in Pubmed: 8810593.

8. Martin TR, Nakamura M, Matute-Bello G. The role of ap-
optosis in acute lung injury. Crit Care Med. 2003; 31(4 Sup-
pl): S184–S188, doi: 10.1097/01.CCM.0000057841.33876.B1, 
indexed in Pubmed: 12682438.

9. Perl M, Chung CS, Perl U, et al. Fas-induced pulmonary 
apoptosis and inflammation during indirect acute lung inju-
ry. Am J Respir Crit Care Med. 2007; 176(6): 591–601, doi: 
10.1164/rccm.200611-1743OC, indexed in Pubmed: 17600273.

10. Kitamura Y, Hashimoto S, Mizuta N, et al. Fas/FasL-depend-
ent apoptosis of alveolar cells after lipopolysaccharide-in-
duced lung injury in mice. Am J Respir Crit Care Med. 2001; 
163(3 Pt 1): 762–769, doi: 10.1164/ajrccm.163.3.2003065, in-
dexed in Pubmed: 11254536.

11. Kingsley SM, Bhat BV. Role of microRNAs in sepsis. Inflamm 
Res. 2017; 66(7): 553–569, doi: 10.1007/s00011-017-1031-9, 
indexed in Pubmed: 28258291.

12. Adameova AD, Bhullar SK, Elimban V, et al. Activation of 
-adrenoceptors may not be involved in arrhythmogenesis in is-
chemic heart disease. Rev Cardiovasc Med. 2018; 19(3): 97–101, 
doi: 10.31083/j.rcm.2018.03.3181, indexed in Pubmed: 31054558.

13. Yang Q, Zhang D, Li Ya, et al. Paclitaxel alleviated liver 
injury of septic mice by alleviating inflammatory response 
via microRNA-27a/TAB3/NF-κB signaling pathway. Biomed 
Pharmacother. 2018; 97: 1424–1433, doi: 10.1016/j.bio-
pha.2017.11.003, indexed in Pubmed: 29156532.

14. Feng Y, Wang J, Yuan Y, et al. miR-539-5p inhibits exper-
imental choroidal neovascularization by targeting CXCR7. 
FASEB J. 2018; 32(3): 1626–1639, doi: 10.1096/fj.201700640R, 
indexed in Pubmed: 29146732.

15. Hu L, Liu Y, Wang B, et al. MiR-539-5p negatively regu-
lates migration of rMSCs induced by Bushen Huoxue de-
coction through targeting Wnt5a. Int J Med Sci. 2019; 16(7):  
998–1006, doi: 10.7150/ijms.33437, indexed in Pubmed: 
31341413.

16. National Research Council Institute for Laboratory Animal 
R. Guide for the Care and Use of Laboratory Animals. Wash-
ington (DC): National Academies Press (US), 1996.

17. Matsuda N, Hattori Y, Jesmin S, et al. Nuclear factor-kappaB 
decoy oligodeoxynucleotides prevent acute lung injury in mice 
with cecal ligation and puncture-induced sepsis. Mol Phar-
macol. 2005; 67(4): 1018–1025, doi: 10.1124/mol.104.005926, 
indexed in Pubmed: 15576632.

18. Ruiz S, Vardon-Bounes F, Merlet-Dupuy V, et al. Sepsis 
modeling in mice: ligation length is a major severity factor 
in cecal ligation and puncture. Intensive Care Med Exp. 
2016; 4(1): 22, doi: 10.1186/s40635-016-0096-z, indexed in 
Pubmed: 27430881.

19. Morishita Y, Imai T, Yoshizawa H, et al. Delivery of microR-
NA-146a with polyethylenimine nanoparticles inhibits renal 
fibrosis in vivo. Int J Nanomedicine. 2015; 10: 3475–3488, doi: 
10.2147/IJN.S82587, indexed in Pubmed: 25999712. 

20. Matute-Bello G, Downey G, Moore BB, et al. Acute Lung 
Injury in Animals Study Group. An official American Tho-
racic Society workshop report: features and measurements 
of experimental acute lung injury in animals. Am J Respir 
Cell Mol Biol. 2011; 44(5): 725–738, doi: 10.1165/rcmb.2009-
0210ST, indexed in Pubmed: 21531958.

21. Hebbel RP, Vercellotti GM, Pace BS, et al. The HDAC 
inhibitors trichostatin A and suberoylanilide hydroxamic 

http://dx.doi.org/10.1016/j.cppeds.2013.10.001
https://www.ncbi.nlm.nih.gov/pubmed/24295606
http://dx.doi.org/10.1097/CCM.0b013e3181c9e31d
https://www.ncbi.nlm.nih.gov/pubmed/20083912
http://dx.doi.org/10.1586/ers.10.78
http://dx.doi.org/10.1586/ers.10.78
https://www.ncbi.nlm.nih.gov/pubmed/21128753
http://dx.doi.org/10.1089/jamp.2009.0775
https://www.ncbi.nlm.nih.gov/pubmed/20073554
http://dx.doi.org/10.1186/cc11144
https://www.ncbi.nlm.nih.gov/pubmed/22713281
http://dx.doi.org/10.1164/ajrccm.164.10.2104013
https://www.ncbi.nlm.nih.gov/pubmed/11734443
http://dx.doi.org/10.1164/ajrccm.154.3.8810593
https://www.ncbi.nlm.nih.gov/pubmed/8810593
http://dx.doi.org/10.1097/01.CCM.0000057841.33876.B1
https://www.ncbi.nlm.nih.gov/pubmed/12682438
http://dx.doi.org/10.1164/rccm.200611-1743OC
https://www.ncbi.nlm.nih.gov/pubmed/17600273
http://dx.doi.org/10.1164/ajrccm.163.3.2003065
https://www.ncbi.nlm.nih.gov/pubmed/11254536
http://dx.doi.org/10.1007/s00011-017-1031-9
https://www.ncbi.nlm.nih.gov/pubmed/28258291
http://dx.doi.org/10.31083/j.rcm.2018.03.3181
https://www.ncbi.nlm.nih.gov/pubmed/31054558
http://dx.doi.org/10.1016/j.biopha.2017.11.003
http://dx.doi.org/10.1016/j.biopha.2017.11.003
https://www.ncbi.nlm.nih.gov/pubmed/29156532
http://dx.doi.org/10.1096/fj.201700640R
https://www.ncbi.nlm.nih.gov/pubmed/29146732
http://dx.doi.org/10.7150/ijms.33437
https://www.ncbi.nlm.nih.gov/pubmed/31341413
http://dx.doi.org/10.1124/mol.104.005926
https://www.ncbi.nlm.nih.gov/pubmed/15576632
http://dx.doi.org/10.1186/s40635-016-0096-z
https://www.ncbi.nlm.nih.gov/pubmed/27430881
http://dx.doi.org/10.2147/IJN.S82587
https://www.ncbi.nlm.nih.gov/pubmed/25999712
http://dx.doi.org/10.1165/rcmb.2009-0210ST
http://dx.doi.org/10.1165/rcmb.2009-0210ST
https://www.ncbi.nlm.nih.gov/pubmed/21531958


178 Li Meng et al.

©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2019
10.5603/FHC.a2019.0019

www.fhc.viamedica.pl

acid exhibit multiple modalities of benefit for the vascular 
pathobiology of sickle transgenic mice. Blood. 2010; 115(12): 
2483–2490, doi: 10.1182/blood-2009-02-204990, indexed in 
Pubmed: 20053759.

22. Sevransky JE, Martin GS, Shanholtz C, et al. Mortality in 
sepsis versus non-sepsis induced acute lung injury. Crit Care. 
2009; 13(5): R150, doi: 10.1186/cc8048, indexed in Pubmed: 
19758459.

23. Sweeney RM, Griffiths M, McAuley D. Treatment of acute 
lung injury: current and emerging pharmacological thera-
pies. Semin Respir Crit Care Med. 2013; 34(4): 487–498, 
doi: 10.1055/s-0033-1351119, indexed in Pubmed: 23934717.

24. Rittirsch D, Hoesel LM, Ward PA. The disconnect between 
animal models of sepsis and human sepsis. J Leukoc Biol. 
2007; 81(1): 137–143, doi: 10.1189/jlb.0806542, indexed in 
Pubmed: 17020929.

25. Chopra M, Reuben JS, Sharma AC. Acute lung injury:apop-
tosis and signaling mechanisms. Exp Biol Med (Maywood). 
2009; 234(4): 361–371, doi: 10.3181/0811-MR-318, indexed 
in Pubmed: 19176873.

26. Ganter MT, Roux J, Miyazawa B, et al. Interleukin-1beta 
causes acute lung injury via alphavbeta5 and alphavbeta6 
integrin-dependent mechanisms. Circ Res. 2008; 102(7): 
804–812, doi: 10.1161/CIRCRESAHA.107.161067, indexed 
in Pubmed: 18276918.

27. Cross LJ, Matthay MA. Biomarkers in acute lung injury: in-
sights into the pathogenesis of acute lung injury. Crit Care 
Clin. 2011; 27(2): 355–377, doi: 10.1016/j.ccc.2010.12.005, 
indexed in Pubmed: 21440206.

28. Fielhaber JA, Carroll SF, Dydensborg AB, et al. Inhibition 
of mammalian target of rapamycin augments lipopolysac-
charide-induced lung injury and apoptosis. J Immunol. 2012; 
188(9): 4535–4542, doi: 10.4049/jimmunol.1003655, indexed 
in Pubmed: 22450807.

29. Wang L, Ye Y, Su HB, et al. The anesthetic agent sevoflurane 
attenuates pulmonary acute lung injury by modulating apop-

totic pathways. Braz J Med Biol Res. 2017; 50(3): e5747, doi: 
10.1590/1414-431X20165747, indexed in Pubmed: 28225890.

30. Jeyaseelan S, Chu HW, Young SK, et al. Transcriptional pro-
filing of lipopolysaccharide-induced acute lung injury. Infect 
Immun. 2004; 72(12): 7247–7256, doi: 10.1128/IAI.72.12.7247-
7256.2004, indexed in Pubmed: 15557650.

31. Cai ZG, Zhang SM, Zhang Y, et al. MicroRNAs are dynam-
ically regulated and play an important role in LPS-induced 
lung injury. Can J Physiol Pharmacol. 2012; 90(1): 37–43, doi: 
10.1139/y11-095, indexed in Pubmed: 22185353.

32. Cao Y, Lyu YI, Tang J, et al. MicroRNAs: Novel regulato-
ry molecules in acute lung injury/acute respiratory distress 
syndrome. Biomed Rep. 2016; 4(5): 523–527, doi: 10.3892/
br.2016.620, indexed in Pubmed: 27123242.

33. Liu Y, Guan H, Zhang JL, et al. Acute downregulation of 
miR-199a attenuates sepsis-induced acute lung injury by 
targeting SIRT1. Am J Physiol Cell Physiol. 2018; 314(4): 
C449–C455, doi: 10.1152/ajpcell.00173.2017, indexed in Pu-
bmed: 29351405.

34. Fang Y, Gao F, Hao J, et al. microRNA-1246 mediates li-
popolysaccharide-induced pulmonary endothelial cell apop-
tosis and acute lung injury by targeting angiotensin-converting 
enzyme 2. Am J Transl Res. 2017; 9(3): 1287–1296, indexed 
in Pubmed: 28386354.

35. Xie T, Liang J, Liu N, et al. MicroRNA-127 inhibits lung in-
flammation by targeting IgG Fcg receptor I. J Immunol. 2012; 
188(5): 2437–2444, doi: 10.4049/jimmunol.1101070, indexed 
in Pubmed: 22287715.

36. Zeng Z, Gong H, Li Y, et al. Upregulation of miR-146a con-
tributes to the suppression of inflammatory responses in LPS-in-
duced acute lung injury. Exp Lung Res. 2013; 39(7): 275–282, doi: 
10.3109/01902148.2013.808285, indexed in Pubmed: 23848342.

37. Cinel I, Ark M, Dellinger P, et al. Involvement of Rho kinase 
(ROCK) in sepsis-induced acute lung injury. J Thorac Dis. 
2012; 4(1): 30–39, doi: 10.3978/j.issn.2072-1439.2010.08.04, 
indexed in Pubmed: 22295165.

Submitted: 27 September, 2019 
Accepted after reviews: 14 November, 2019 

Available as AoP: 11 December, 2019

http://dx.doi.org/10.1182/blood-2009-02-204990
https://www.ncbi.nlm.nih.gov/pubmed/20053759
http://dx.doi.org/10.1186/cc8048
https://www.ncbi.nlm.nih.gov/pubmed/19758459
http://dx.doi.org/10.1055/s-0033-1351119
https://www.ncbi.nlm.nih.gov/pubmed/23934717
http://dx.doi.org/10.1189/jlb.0806542
https://www.ncbi.nlm.nih.gov/pubmed/17020929
http://dx.doi.org/10.3181/0811-MR-318
https://www.ncbi.nlm.nih.gov/pubmed/19176873
http://dx.doi.org/10.1161/CIRCRESAHA.107.161067
https://www.ncbi.nlm.nih.gov/pubmed/18276918
http://dx.doi.org/10.1016/j.ccc.2010.12.005
https://www.ncbi.nlm.nih.gov/pubmed/21440206
http://dx.doi.org/10.4049/jimmunol.1003655
https://www.ncbi.nlm.nih.gov/pubmed/22450807
http://dx.doi.org/10.1590/1414-431X20165747
https://www.ncbi.nlm.nih.gov/pubmed/28225890
http://dx.doi.org/10.1128/IAI.72.12.7247-7256.2004
http://dx.doi.org/10.1128/IAI.72.12.7247-7256.2004
https://www.ncbi.nlm.nih.gov/pubmed/15557650
http://dx.doi.org/10.1139/y11-095
https://www.ncbi.nlm.nih.gov/pubmed/22185353
http://dx.doi.org/10.3892/br.2016.620
http://dx.doi.org/10.3892/br.2016.620
https://www.ncbi.nlm.nih.gov/pubmed/27123242
http://dx.doi.org/10.1152/ajpcell.00173.2017
https://www.ncbi.nlm.nih.gov/pubmed/29351405
https://www.ncbi.nlm.nih.gov/pubmed/28386354
http://dx.doi.org/10.4049/jimmunol.1101070
https://www.ncbi.nlm.nih.gov/pubmed/22287715
http://dx.doi.org/10.3109/01902148.2013.808285
https://www.ncbi.nlm.nih.gov/pubmed/23848342
http://dx.doi.org/10.3978/j.issn.2072-1439.2010.08.04
https://www.ncbi.nlm.nih.gov/pubmed/22295165


FOLIA HISTOCHEMICA
ET CYTOBIOLOGICA
Vol. 57, No. 4, 2019
pp. 179–187

©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2019
10.5603/FHC.a2019.0020

www.fhc.viamedica.pl

ORIGINAL PAPER

Correspondence address: Prof. Jaroslaw Calka
Department of Clinical Physiology, 
Faculty of Veterinary Medicine,  
University of Warmia and Mazury, 
Oczapowskiego 13, 10–718 Olsztyn, Poland 
e-mail: calkaj@uwm.edu.pl

Increased expression of CART, nNOS, VIP, PACAP, 
SP and GAL in enteric neurons of the porcine stomach 
prepyloric region following hydrochloric acid infusion

Jaroslaw Calka

Department of Clinical Physiology, Faculty of Veterinary Medicine,  
University of Warmia and Mazury, Olsztyn, Poland

Abstract
Introduction. Stomach hyperacidity leads to damage of the mucus/bicarbonate barrier, ulcerations and the de-
velopment of stomach cancer. Key regulators of the mucosal barrier/luminal acid balance are neurotransmitters 
secreted by intramural neurons. The aim of the current study was to determine the expression of gastric neu-
ropeptides and nNOS in the porcine stomach following hydrochloric acid instillation. We report on increased 
expression of enteric neurotransmitters involved in adaptive reaction to an experimentally-induced hyperacidity 
state. 
Material and methods. The investigation was conducted on eight 12–18 kg pigs. The influence of intragastric 
infusion of hydrochloric acid on the expression of cocaine- and amphetamine-regulated transcript peptide 
(CART), neuronal nitric oxide synthase (nNOS), vasoactive intestinal polypeptide (VIP), pituitary adenylate 
cyclase-activating peptide (PACAP), substance P (SP) and galanin (GAL) in the submucous and myenteric 
gastric neurons of the pig has been studied with double immunofluorescence.
Results. A mimicked hyperacidity state significantly increased the proportion of enteric neurons immunoreactive 
to CART, nNOS, VIP, PACAP, SP and GAL in the submucous gastric neurons. In the myenteric plexus, a sig-
nificant increase of the number of VIP-, CART- and GAL-immunoreactive (IR) neurons was found. Similarly, 
the percentage of myenteric nNOS-IR and PACAP-IR neurons tended to increase, while the fraction of SP-IR 
cells did not change.
Conclusions. Stomach hyperacidity modifies the expression of the studied neurotransmitters in a specific way 
depending on the location of the neurons in particular plexuses of the stomach. Increased numbers of neurons 
expressing CART, nNOS, VIP, PACAP, SP and GAL clearly indicate their regulatory engagement in the res-
toration of the physiological gastric balance following hyperacidity. (Folia Histochemica et Cytobiologica 2019, 
Vol. 57, No. 4, 179–187)

Key words: pig; stomach; hyperacidity; enteric nervous system; neuropeptides; IHC 

Introduction

Stomach digestive function is based on the secretion of 
gastric juice, whose main ingredients are hydrochloric 
acid (HCl), pepsinogen, mucus and HCO3 ions. HCl 
and the proteolytic enzyme pepsin participate in the 

digestion of proteins, while mucus and HCO3 protect 
the mucosal lining against acid-pepsin digestion [1].

Gastric acid secretion is stimulated by various 
neuronal (vagal, enteric), paracrine (histamine) 
and hormonal (gastrin) factors, while somatostatin, 
glucagon-like peptide-1, cholecystokinin and atrial 
natriuretic peptide reduce secretory stomach activity 
[2]. Gastric hyperacidity states increase the risk of 
numerous gastrointestinal disorders and increase 
morbidity and mortality related to those pathologies 
[3–5]. Excessive secretion of gastric juice may cause 
destruction of the mucous protection barrier, the 
development of erosions, formation of ulcers ac-

–

–
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companied by inflammatory state [6, 7] and, finally, 
the development of cancer [8]. Based on previous 
observations, this harmful environment might trigger 
adaptive reaction of the stomach intramural neurons, 
whose nature, due to a lack of adequate data, remains 
unclear [9]. 

Intramural gastric neurons constitute a local 
emergency system that is called into operation when 
the gastric mucosa is endangered by acid or other 
harmful stimuli [10]. Among the active factors are 
neurotransmitters synthetized and released by enteric 
neurons [11]. Identification of the hyperacidity-in-
duced neuroactive substances constitutes the first 
indicator of their possible engagement in the gastric 
mucosal repair or degradation process. Although 
available reports implicate certain neurotransmitters 
like cocaine- and amphetamine-regulated transcript 
peptide (CART) [12, 13], nitric oxide (NO) [14, 15], 
VIP — vasoactive intestinal polypeptide [5], pituitary 
adenylate cyclase-activating peptide (PACAP) [16], 
substance P (SP) [10, 17, 18], galanin (GAL) [2, 19] in 
the maintenance of the luminal mucus-hydrochloric 
acid equilibrium, the specific neuronal populations 
that synthesize and release those substances still 
remain obscure.

In the pig, the anatomy of the enteric nervous 
system depends on the segment of digestive tract [19]. 
In the stomach, it is composed of two intramural plex-
uses: the myenteric plexus and the submucous plexus. 
It is widely accepted that myenteric neurons are re-
sponsible for the control of stomach and gut motor 
function, whereas submucous neurons mainly regulate 
mucosal secretion [20–22]. It has also been reported 
that local gastric neurons respond with structural, 
functional and neurochemical changes to inflammato-
ry processes, bacterial infections, toxins and intestinal 
diseases [23]. Consistently, the enteric neurons are 
known to be highly plastic in their response to inflam-
mation [24, 25]. This adaptive reaction comprises both 
up and down adjustment of transmitter expression 
and the induction of new genes that induce de novo 
expression of neurotransmitters formerly absent in 
the enteric neurons. The adaptive response occurs 
to promote enteric neurons to survive pathological 
conditions, but also to facilitate the healing process 
of the inflamed part of the gastrointestinal tract [26]. 

Thus, the influence of intragastric HCl instillation 
on the expression of CART-, neuronal NOS-, VIP-, 
PACAP-, SP- and GAL- immunoreactivity in the 
porcine stomach intrinsic neurons was studied. The 
pig, like humans [27, 28], is a species particularly 
susceptible to ulcer formation. We have chosen the 
stomach prepyloric region since this area is pathog-
nomonic for the location of peptic ulcers which, when 

localized here, may alter gastric emptying [29]. More-
over, selection of the pig as an experimental animal 
species is based on close anatomical and physiological 
resemblance and human-like sensitivity of this species 
to stressful conditions [30].

Materials and methods

The present investigation was conducted on eight immature 
female pigs of the Large White Polish breed (12–18 kg b.w., 
approximately 8 weeks old), which were kept in standard 
laboratory conditions during the experiment. Animals were 
purchased from Production and Testing Plant “Balcyny” in 
Balcyny. All experimental actions were conducted in com-
pliance with the instructions of the Local Ethical Committee 
in Olsztyn, decision number 05/2010. 

Pigs were randomly divided into two groups: a control 
(group C; n = 4) and an experimental group (HCL group, 
n = 4). Animals of the experimental group were pre-treated 
with atropine (Polfa, Warszawa, Poland, 0.4 mg/kg, s.c.) and 
propionyl promasine (Stresnil, Janssen, Beerse, Belgium,  
0.8 mg/kg, i.m.) 15 min. before the application of the main 
anesthetic — sodium thiopental (Thiopental; Sandoz, 
Kundl, Austria; 20 mg/kg i.v.). Following this, a 0.25 M 
aqueous solution of hydrochloric acid with a dose of 5 ml/kg  
of body weight was administered intragastrically using  
a stomach tube. On the first day and on the seventh day of 
experiment, endoscopic examinations (using a video-endo-
scope Olympus GIF 145 with working length 1030 mm and 
diameter 9.8 mm) were performed to confirm inflammatory 
changes caused by HCl treatment within gastric mucosal 
layer. These examinations were conducted under general 
anesthesia (as mentioned above). Immediately after gas-
troscopy, animals of both groups were euthanized by an 
overdose of sodium thiopental. On the same day, the control 
animals were also anaesthetized, and then euthanized by 
an overdose of sodium thiopental. Afterwards, all animals 
(C and HCL groups) were perfused transcardially with 4% 
buffered paraformaldehyde (pH 7.4) prepared ex tempore.

Stomachs were collected from all animals and were then 
fixed in 4% paraformaldehyde for 20 min, rinsed in a 0.1 M  
phosphate buffer solution, pH 7.4, for 72 h at 4°C and then 
kept at 4°C in a buffered 18% sucrose solution. Next, tissue 
samples of the prepyloric region of the stomach were col-
lected. The sample was taken from the area located 5 cm 
from the pylorus. Tissue specimens were cut with a cryostat 
at -22°C (Microm HM-525, Microm International Gmbh, 
Walldorf, Germany) into 14-µm-thick sections. To preclude 
double counting, the analysis covered only neurons with well 
visible nucleus, which were located at least 100 µm apart 
from each other. 

Sections were processed for the routine double labelling 
immunofluorescence method, using primary antibodies 
against the particular active substances studied. Briefly, after 
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air-drying at room temperature (RT) for 45 min., sections 
were incubated with a blocking solution containing 10% 
of normal goat serum, 0.1% bovine serum albumin, 0.01% 
NaN3, Triton x-100 and thimerosal in phosphate-buffered 
saline (PBS) (all these reagents purchased from Sigma, 
Aldrich, Poznan, Poland) for 1 h at RT. They were then 
incubated (overnight; RT, in a humid chamber) with  
a combination of antibodies against protein gene-product 
(PGP-9.5) with substance P or cocaine- and ampheta-
mine- regulated transcript peptide, pituitary adenylate 
cyclase-activating polypeptide, galanin, vasoactive intestinal 
polypeptide or neuronal isoform of nitric oxide synthase. 
Primary antibodies bound to appropriate antigens were 
visualized by incubation (1 h, RT) with species-specific 
secondary antisera conjugated to Alexa Fluor 546 and 
Alexa Fluor 488 (1 h, RT). Each step of immunolabeling 
was followed by rinsing of the sections with PBS (3 × 10 
min, pH 7.4). The specifications of antibodies are detailed 
in Table 1. Standard controls, i.e. pre-absorption of the 
neuropeptide antibodies with appropriate antigens for  
18 h at 37°C, omission and replacement of primary anti-
bodies by non-immune sera were performed to test the 
antibodies and specificity of the method.

The labeled sections were analyzed using an Olympus 
BX51 (Olympus, Tokyo, Japan) fluorescence microscope 
equipped with epi-illumination and appropriate filter sets. 
Expression of each studied bioactive substance was ana-
lyzed in at least 500 PGP-positive neural cells. Finally, the 
obtained data were pooled, expressed as means ± SEM 
and statistically analyzed using GraphPad Prism 5 software 
(GraphPad Software, San Diego, CA, USA). The differences 
were considered statistically significant at P ≤ 0.05. 

Results

Microscopic examination of enteric innervation of 
the stomach prepyloric region in physiological condi-
tions revealed the expression of CART, nNOS, VIP, 
PACAP, SP and GAL in neurons of the submucous as 
well as the myenteric plexus (Figs. 1 and 2, Table 2). 
In the submucous plexus, intragastric HCl instillation 
resulted in a significant increase in the proportion of 
neurons expressing CART, nNOS, VIP, PACAP, SP 
and GAL. In the neurons of the myenteric plexus, a 
significant increase in the numbers of VIP-, CART- 
and GAL-immunopositive cells was found. The 
percentage of nNOS- and PACAP-positive neurons 
increased insignificantly, while the number of SP- 
immunoreactive cells did not changed.

Detailed exploration of the CART expression 
revealed that in the submucous plexus CART was 
found in 7% of control neurons and 24% of neurons 
following HCl treatment. In the myenteric plexus, 
CART-immunoreactive (-IR) cells constituted 33% 
of control neurons and 51% of the immunoreactive 
cells after HCl application.

In the submucous plexus of the control group, 
nNOS was expressed in 4% of neurons, while in 
hyperacidic animals it was expressed in 20% of the 
PGP-9.5-IR cells. Myenteric plexus showed nNOS in 
20% of the gastric control neurons and 27% cells of 
the experimental animals.

Hyperacidic conditions in the submucous plexus 
caused an increase in the ratio of VIP-IR neurons 
from 2% in controls to 11% in experimental pigs, 

Table 1. Primary and secondary antibodies used in the study

Antigen Species of origin Code Dilution Supplier

PRIMARY ANTIBODIES

PGP-9,5 Mouse 7863-2004 1:500 AbDserotec

SP Rat 8450-0505 1:150 AbDserotec

CART Rabbit MAB 163 1:8000 R&D

nNOS Rabbit AB5380 1:3000 Chemicon

VIP Rabbit VA 1285 1:2000 Biogene

GAL Rabbit AB2233 1:2000 Milipore

PACAP Guinea pig T-5039 1:2000 PENINSUL

SECONDARY ANTIBODIES

Alexa Fluor 488 Donkey Anti-Mouse A21202 1:1000 Life Technologies

Alexa Fluor 546 Donkey Anti-Rabbit A11010 1:1000 Life Technologies

Alexa Fluor 546 Donkey Anti-Rat A11081 1:1000 Invitrogen

Alexa Fluor 546 Donkey Anti- Guinea pig A11074 1:1000 Invitrogen

CART — cocaine- and amphetamine-regulated transcript; GAL — galanin; nNOS — neuronal nitric oxide synthase; PACAP — pituitary adenylate 
cyclase-activating polypeptide; PGP 9.5 — protein gene product (pan-neuronal marker); SP — substance P; VIP — vasoactive intestinal peptide.
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Figure 2. The immunoreactivity of the studied neuropeptides in the submucous plexus (A, B, E, F, I, J, M, N, Q, R, U, V) and 
myenteric plexus (C, D, G, H, K, L, O, P, S, T, W, Y) co-localized with protein gene product 9.5 (PGP 9.5) in the stomach 
prepyloric region in control (C) and hydrochloric acid-treated (HCL) pigs. The photographs have been created by digital 
superimposition of two color channels; PGP 9.5-positive (green) with the other studied neuronal factors (red). Neurons 
showing co-localization of PGP 9.5 and CART, nNOS, VIP, PACAP, SP, GAL are indicated with arrows. For abbreviations, 
see the description of Table 1.

Figure 1. Diagram showing percent point (pp) increase of the number of CART-, nNOS-, VIP-, PACAP-, SP- and GAL-im-
munoreactive neurons in submucous plexus (blue) and myenteric plexus (orange) in the porcine prepyloric region following 
hydrochloric acid intragastric instillation to pigs. For abbreviations: see the description of Table 1.
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whereas in the myenteric plexus an increase from 8% 
in control animals to 18% in experimental animals 
was noted.

PACAP was found in 1% of submucous neurons 
of untested animals and 11% of neurons of investi-
gated pigs. In the myenteric plexus, PACAP-IR cells 
constituted 3% of the referred PGP-9.5-IR control 
population and 9% in HCl-treated animals. 

In the submucous plexus, SP expression was found 
in 38% of the enteric neurons, while in experimental 
group it constituted 51% of the total population. The 
myenteric plexus contained 9% of the SP-positive cells 
in physiological control and 10% in the experimental 
group.

GAL-IR submucous nerve cells constituted 23% 
of the reference neurons in control animals, while 

Table 2. The percentage of PGP-9.5-immunoreactive prepyloric stomach enteric neurons simultaneously expressing CART, 
nNOS, VIP, PACAP, SP and GAL in individual control and hydrochloric acid-treated pigs

Stomach prepyloric region

Submucous plexus Myenteric plexus

Control HCl Control HCl

CART 1 4.8 23.8 1 28.6 48.2

2 5.6 23.4 2 28.0 49.2

3 9.0 25.6 3 42.75 54.0

4 8.0 25.2 4 32.4 52.4

Average 6.85 ± 0.98 24.5 ± 0.53* Average 32.94 ± 3.41 50.95 ± 1.35*

NOS 1 3.4 19.2 1 24.2 27.6

2 3.6 23.4 2 21.0 30.8

3 5.2 17.0 3 15.8 26.2

4 2.2 19.8 4 20.6 23.0

Average 3.6 ± 0.61 19.85 ± 1.32* Average 20.4 ± 1.73 26.9 ± 1.61

VIP 1 1.2 11.6 1 10.2 17.4

2 3.0 9.4 2 9.4 19.0

3 0.6 9.8 3 7.6 18.2

4 1.6 13.8 4 6.6 16.6

Average 1.6 ± 0.50 11.15± 1.00* Average 8.45 ± 0.82 17.8 ± 0.51*

PACAP 1 0.2 13.4 1 4.2 8.4

2 1.4 9.4 2 5.6 6.6

3 1.8 12.2 3 1.4 8.2

4 0.4 9.8 4 2.2 11.2

Average 0.95 ± 0.38 11.2 ± 0.95* Average 3.35 ± 0.95 8.6 ± 0.95

SP 1 36.2 50.4 1 8.2 12.2

2 40.2 49.4 2 9.6 13.6

3 41.0 55.2 3 7.2 10.8

4 35.6 48.2 4 10.4 11.6

Average 38.25 ± 1.37 50.8 ± 1.53* Average 8.85 ± 0.71 9.55 ± 0.59

GAL 1 23.6 44.2 1 13.8 23.2

2 25.8 43.4 2 10.2 19.2

3 19.4 38.6 3 15.6 22.8

4 22.6 40.2 4 12.4 27.4

Average 22.85 ± 1.33 41.6 ± 1.32* Average 13.0 ± 1.14 23.15 ± 1.67*

*For abbreviations. see the description of Table 1. Means and standard errors of the mean for each group of animals and studied antigens are provided. The 
significance of differences was evaluated using Student’s t test for independent samples. The differences were considered statistically significant at *P ≤ 0.05.
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HCl treatment caused their increase to 42%. In the 
myenteric plexus, GAL-expressing neurons in the 
control group constituted 13% of the total, and in 
HCl-treated animals they accounted for 23%.

Gastroscopic examination of control and HCl 
group on the first day and control on the seventh 
day did not reveal any inflammatory symptoms in 
the gastric mucosa, while HCl group on the seventh 
day past gastric HCl instillation revealed inflam-
matory changes of the mucosa like hyperemia and 
superficial erosions.

Discussion

This experiment has shown, for the first time, that 
hyperacidity conditions cause a significant increase 
in the expression of CART, nNOS, VIP, PACAP, 
SP and GAL in the submucous gastric neurons of the 
pig. In the neurons of myenteric plexus, a significant 
increase of VIP-, CART- and GAL-immunoreactivity 
was found. nNOS and PACAP showed tendency to 
increase, although this was not statistically significant, 
while SP expression did not change. The current data 
clearly show that in the myenteric plexus SP plays 
a minor, if any, role in the adaptation of myenteric 
neurons to the hyperacidic gastric milieu. This finding 
is generally consistent with our previous report that 
intragastric hydrochloric acid infusion, mimicking hy-
peracidity state, affected the chemical plasticity of the 
stomach extrinsic sympathetic neurons [9]. Moreover, 
we identified specific neurotransmitters involved in 
the pathology and indicated their precise allocation in 
the ENS structures and chemically specific neuronal 
groups which participated in the adaptive response. 
This allocation bears functional connotation, since 
neurons forming myenteric plexus are thought to 
be responsible for control of the stomach and gut 
motor functions, whereas submucous neurons mainly 
regulate mucosal secretion [20–22]. An increased 
expression of the studied substances in both plexus-
es (except SP in the myenteric plexus) suggests that  
a hyperacidity-induced adaptive reaction in the stom-
ach wall affects both secretory and motor functions.

It has been well-documented that disproportionate 
stress [31, 32] or gastrin upregulation [33] underlies 
the formation of stomach ulcers and excessive se-
cretion of acids is conductive to the development of 
gastric cancer [34]. Opposing those effects, mucus and 
bicarbonate secretion form the first line of defense in 
protecting gastric epithelial cells from acids and diges-
tive enzymes [1, 11]. It has been increasingly realized 
that enteric neurotransmitters are actively engaged in 
the regulation of both gastric acid secretion as well as 
the formation of the mucous barrier [35]. 

One of the factors suppressing gastric acid secre-
tion is CART [12, 13]. Since its discovery in 1981, 
CART [36] has been reported to be present in the 
stomach enteric neurons of numerous species, includ-
ing those particularly susceptible to ulcer formation, 
such as humans [27] and pigs [24]. CART has been 
also implicated as regulator of nitric oxide release 
[13]. Intriguingly, many authors have reported on the 
ulcer-protective influence of NO in the stomach [14, 
15]. Indeed, NO is an important component of the 
gastroduodenal defense system due to its inhibitory 
effects on gastric acid secretion [37]. Moreover in 
the stomach, enteric neurons co-localize NOS with 
VIP and in isolated myenteric ganglia VIP induced 
NO release, and NO facilitated VIP release [38]. VIP 
attenuates HCl secretion via downregulating gastrin 
secretion [16]. This multi-factorial anti-acidic action 
is additionally supported by calcitonin-gene-related 
peptide (CGRP) which has been detected in the 
stomach neurons [26, 39]. An inhibitory action on 
gastric acid secretion is also exerted by GAL which 
was found to be overexpressed in applied here model 
of hyperacidity [40]. Therefore, CART-, nNOS-, VIP-, 
CGRP and GAL-immunoreactive enteric neurons of 
the submucous plexus are very likely to contribute to 
a complex inhibitory mechanism that prevents gas-
tric hyperacidity and, consequently, gastric mucosal 
destruction. In contrast, VIP related PACAP has an 
opposite, stimulatory action on HCl release [16]. This 
opposite action of PACAP confirms the existence of 
a two-way neuronal inhibitory/excitatory control of 
the acid secretion.

Stomach epithelial functions are mainly regulated 
by the submucous plexus which in cooperation with 
primary afferent sensory neurons innervate gastric 
mucosal and submucosal vessels and through reg-
ulation of the mucosal blood flow affect mucosal 
secretion [20]. Mucus secretion protects epithelial 
cells from acids and digestive enzymes, abrasion by 
food particles, and pathogens. An increase in mucus 
thickness is a routine defensive response to luminal 
insults. Mucus traps secreted bicarbonate on the sur-
face of the epithelium, forming a neutral pH layer that 
enables epithelial protection and repair [41]. Nitric 
oxide, a potent vasodilator [42], increases epithelial 
mucus secretion via activation of guanylyl cyclase 
in stomach epithelium [43]. Our study revealed in-
creased expression of CART and SP in the submucous 
plexus of experimental pigs. It is clear that CART, 
through stimulation of NO release [13] parallelly to  
SP [44] may modulate local blood flow and affect mu-
cus secretion. Indeed, the occurrence of NO-synthe-
sizing neurons demonstrated in this study throughout 
the submucous plexus, coupled with its high perme-
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ability range (up to 300 µm) [45], enables NO-ergic 
neurons to affect multiple targets in the stomach’s 
epithelium and in the sub-epithelial layer of the mu-
cosa which comprises blood vessels, non-epithelial 
cells and other enteric nerve cells. 

Stomach acidification, parallel to mucus, is known 
to increase secretion of bicarbonate ions by the epi-
thelium and their retention within the mucus gel layer 
[11]. The main role of bicarbonate is to neutralize 
hydrogen ions and pepsin invading from the lumen 
[35]. Consistently, bicarbonate secretion has been 
linked with CGRP-dependent NO formation and local 
hyperemia [46]. It was also reported that GLP-2 which 
is released by luminal nutrients, stimulates in human 
and pig tissues bicarbonate secretion via VIP-ergic 
submucous neurons which express GLP-2 receptor 
[47, 48]. Although this stimulation is mediated by 
NO-ergic pathway and comprises local hyperemia, it 
appears to be independent of the above-mentioned 
capsaicin-sensitive afferent connections [49]. 

In humans, vagal stimulation results in parallel 
bicarbonate and gastric acid secretion [50]. Available 
data show that PACAP stimulates bicarbonate secre-
tion in the duodenum [38, 51] as well as gastric acid 
secretion in the stomach [16]. Our previous findings 
revealed in aspirin-evoked pig model of stomach 
inflammation increased expression of PACAP as 
well as de novo expression of VIP, NOS and GAL 
in numerous stomach-supplying perikarya located in 
the dorsal motor vagal nucleus (DMX) [52]. Thus, 
activation of the parasympathetic stomach supplying 
DMX-located neurons triggers interneuronal sign-
aling mechanisms which promote the release of the 
neurotransmitters into the gastric submucosal space. 
In the light of these findings, vagal mediators PACAP, 
VIP, NO and GAL released into submucosal space are 
likely to affect multiple aspects of the gastric secretion 
and possibly the function of enteric neurons. The fact 
that PACAP, VIP, NO and GAL are up-regulated 
simultaneously in vagal DMX, as well as myenteric 
and submucous neurons indicates their complemen-
tary role in the adaptive neuronal processes, including 
hyperacidity-evoked gastritis. Nevertheless, the exact 
role of particular mediators still remains unclear and 
deserves further exploration.

Gastric motility is regulated by neural circuits that 
affect smooth muscle contractility. Current studies 
have shown that the gastric inhibitory vagal motor 
circuit that comprises DMX-located preganglionic 
cholinergic neurons and postganglionic neurons of the 
myenteric plexus also mediates inhibition of gastric 
emptying [53]. Vagal stimulation of the myenteric 
neurons relaxes the smooth muscles by releasing VIP 
and NO [54]. This increased relaxation may account 

for gastrointestinal motility disorders [38]. Thus, as 
revealed in the current experiment, the hyperacid-
ity-evoked increased expression of VIP and NOS 
in myenteric neurons is congruent with the above 
hypothesis, especially in view of delayed gastric emp-
tying accompanying hyperacidity-induced gastric and 
duodenal ulcers [29]. 

In conclusion, this study disclosed that stomach 
hyperacidity in a specific way modifies the expression 
of CART, nNOS, VIP, PACAP, SP and GAL in the 
porcine gastric neurons. Increased expression of the 
majority of the studied biologically active substances 
in both the submucous and myenteric plexuses points 
to the complexity of neural regulation of the gastric 
response to hyperacidity. The current data strongly 
support functional studies indicating an active role of 
the studied neuromodulators in local blood flow regu-
lation, control of gastric acid secretion, mucous/bicar-
bonate layer formation, control of stomach motility, 
inflammation and neuroprotection. Nevertheless, 
further studies are needed to reveal exact mechanisms 
of regulatory action of the studied neurotransmitters 
in the stomach prepyloric region. 
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