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Abstract

Introduction. A recent study has shown a close neuroanatomical relationship between the enkephalinergic
(methionine-enkephalin) and tachykininergic (substance P) systems in the alpaca diencephalon. In this study,
our aim is to show this relationship in the alpaca brainstem.

Material and methods. Using an immunohistochemical technique, the distribution of immunoreactive (Ir) fibers
and cell bodies containing substance P (SP) or methionine-enkephalin (MET) has been studied in the alpaca
brainstem. Five adult males were used; brain tissue was fixed and processed by standard methods.

Results. SP- and MET-Ir fibers showed a widespread and similar distribution in the mesencephalon, pons and
medulla oblongata. The co-localization of fibers containing SP or MET was found in most of the nuclei/tracts
of the alpaca brainstem. This close neuroanatomical relationship suggests multiple physiological interactions
between both neuropeptides. The distribution of the cell bodies containing SP was very restricted (cell bodies
were only observed in a few nuclei located in the mesencephalon and medulla oblongata), whereas MET-Ir
perikarya showed a moderately widespread distribution in the mesencephalon, pons and medulla oblongata.
Conclusions. This study increases the knowledge on the neuroanatomical distribution/relationship of the tachy-
kininergic (SP) and enkephalinergic (MET) systems in the alpaca central nervous system. (Folia Histochemica
et Cytobiologica 2021, Vol. 59, No. 3, 145-156

Key words: substance P; methionine-enkephalin; mesencephalon; pons; medulla oblongata; Lama pacos, IHC

Introduction

The brainstem plays a fundamental role by conduct-
ing the information of the brain with the rest of the
body and vice versa and, in addition, it integrates the
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information of the cardiovascular/respiratory systems,
is involved in pain perception and its motor neurons
send outputs through the cranial nerves [1].

Many studies have been performed to know
the distribution/function of substance P (SP) in the
mammalian central and peripheral nervous systems
[2]. SP belongs to the tachykinin family of peptides,
like neurokinin A, and both peptides arise from the
polyprotein precursor produced by differential splic-
ing of the pre-protachykinin A gene [2]. SP, mainly
via the neurokinin-1 receptor, plays many functional/
/pathophysiological roles in inflammation-associated
vasodilation, pain perception, immune responses,

This article is available in open access under Creative Common Attribution-Non-Commercial-No Derivatives 4.0 International (CC BY-NC-ND 4.0) license, allowing to
download articles and share them with others as long as they credit the authors and the publisher, but without permission to change them in any way or use them commerecially.
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learning, nausea, stress, anxiety, cancer and depres-
sion [3, 4]. SP is widely distributed through the nerv-
ous system (e.g., thalamus, hypothalamus, brainstem,
spinal cord) [5-8].

Methionine-enkephalin (MET) is an opioid
pentapeptide derived from the pro-enkephalin and
pro-opiomelanocortin precursors after their proteo-
Iytic cleavage [9, 10]. MET is widely visualized through
the central nervous system (CNS) of mammals (e.g.,
cat, dog, monkey), suggesting the multiple physiologi-
cal functions in which the peptide is involved [11-13].
Thus, MET has been located in nervous system re-
gions involved in the transmission and control of pain
messages (e.g., thalamus, brainstem reticular forma-
tion, raphe nuclei, periaqueductal gray, spinal cord).
MET is also involved in analgesia, stress, respiratory
and cardiovascular mechanisms, feeding behavior,
peristalsis and memory [14].

The ungulate alpaca (Lama pacos) belongs to the
family of Camelidae which is a member of the order
Artiodactyla. The alpaca has precious wool that is
greatly demanded for producing a high quality fiber.
Due to the economic importance, many studies have
been focused on the hormonal processes involved
in reproductive mechanisms [15, 16]. Alpacas can
live from the sea level to 5,000 m altitude, indicating
that this species has special physiological adjustment
mechanisms, as are those related to providing suffi-
cient blood flow to the brain and the implication of
these unique features in the neuroanatomical organi-
zation of some CNS nuclei. In addition to those works
focused on the alpaca reproductive mechanisms,
several studies have been previously performed on
the neuroanatomical location of neuropeptides (cal-
citonin gene-related peptide, somatostatin-28 (1-12),
neurotensin, leucine-enkephalin, alpha-neo-endor-
phin, adrenocorticotropic hormone (18-39), beta-en-
dorphin (1-27)) in the alpaca brainstem [17-22]. In
addition, a recent study has shown a close neuroan-
atomical relationship between the enkephalinergic
(methionine-enkephalin) and tachykininergic (sub-
stance P) systems in the alpaca diencephalon and the
presence of some neuropeptides (e.g., neurotensin)
has also been reported in this region of the alpaca
CNS [5, 23]. To our best knowledge no immunohisto-
chemical study on the distribution of SP and MET has
been carried out in the alpaca brainstem. Therefore,
the main goal of this work is to study, for the first
time, the presence of immunoreactive structures con-
taining SP/MET in the alpaca brainstem and to know
whether in this brain region a close neuroanatomical
relationship between both systems occurs, in addition
to the diencephalon. Another goal is to compare the
distribution of both peptides with that described for
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other neuropeptides in the alpaca brainstem and to
compare the presence of SP/MET in the alpaca with
the presence observed for both peptides in the same
brain region of other mammals.

Material and methods

Animals. As previously reported [5], the use of animals in
this study along with procedures of their maintenance, ex-
perimental design, protocols and methodology were carried
out according to the principles of laboratory animal care
and performed under the advices of the ethical and legal
guidance of Peruvian and Spanish laws. This work was as
well approved by the Research Commission of the Caye-
tano Heredia Peruvian University (Lima, Peru). Because
previous studies on the distribution of neuropeptides were
carried out in males [17-22] and, in order to compare the
results observed here with previous works performed in the
alpaca brainstem [17-22], the present study was carried out
in male alpacas. Five adult alpacas (Lama pacos) (70-80 kg;
5-8 years) were obtained from the Cayetano Heredia
Peruvian University (Faculty of Veterinary Medicine and
Animal Sciences). As previously reported [17-22], alpacas
were maintained at 0 m altitude, under standard conditions
of temperature and lightning and were provided with free
access to food and water and, from birth to the moment of
the perfusion; animals were kept at sea level.

Tissue preparation. As previously reported [5, 17-20], animals
were deeply anasthetized with ketamine (10 mg/kg) and
xylazine (4 mg/kg) both administered intravenously. After-
wards, they were heparinized and perfused with 3 L of cold
NaCl (0.9%) through the carotid artery. This pre-rinse was
straight away followed by infusion of the fixative: 5 L of cold
paraformaldehyde (4%) diluted in 0.15 M phosphate-buffered
saline (PBS) (pH 7.2). Once brainstems were dissected out,
they were post-fixed overnight in the same fixative solution
and cryoprotected, via immersion in sucrose solutions at
increasing concentrations (10-30%), until they sank. Making
use of a cryostat, frontal sections were cut (50 wm) and kept
in PBS at 4°C. Two of six sections were used for immunohis-
tochemistry: section 1, for anti-MET staining; section 2, for
Nissl staining to identify/delimited the brainstem nuclei or for
histological controls; section 3, for anti-SP staining; sections
4-6 were kept for other experimental purposes. The distance
between sections 1 and 7 (and so on, kept in the same con-
tainer) was about 300 wm. Thus, sections kept in containers
1 and 3 were respectively used for anti-MET and anti-SP. In
each container, 55-60 frontal sections/animal were collected.

Immunohistochemistry and specificity of the antisera. As
formerly reported [5, 17-20] and to prevent possible interfer-
ence with endogenous peroxidase, free-floating sections were
treated with a mixture of NaOH, NH, and H,O, (20 min).

www.journals.viamedica.pl/folia_histochemica_cytobiologica
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Sections were then washed with PBS (3 X 10 min) and to
improve antibody penetration free-floating sections were
pre-incubated (30 min) in a PBS solution containing normal
horse serum (1%) and Triton X-100 (0.3%). Then, sections
were incubated overnight (4°C) in the latter solution sup-
plemented with anti-SP antiserum (1/3,000) or anti-MET
antiserum (1/3,000). Sections were washed in PBS (30 min)
and incubated (1 h) in biotinylated anti-rabbit IgG (1/200).
Later, sections were treated (1 h) with Vectastain ABC
reagent (1/100) and washed in PBS (30 min) and Tris-HCl
buffer (pH 7.6; 10 min). Finally, the tissue bound peroxidase
was developed (using H,O, and 3, 3’-diaminobenzidine as
chromogen), sections were rinsed (PBS) and coverslipped
with PBS and glycerol (1/1).

The polyclonal primary antibodies used here (anti-SP;
anti-MET; obtained at the laboratory of Professor Gérard
Tramu, University of Bordeaux I, France), were raised in
rabbits against immunogens assembled by coupling the full
synthetic SP or MET to a carrier protein (human serum
albumin) with glutaraldehyde, as formerly reported [5, 13,
24]. Rabbits were immunized with immunogens emulsified
with Freund’s complete adjuvant and provided with booster
doses of Freund’s incomplete adjuvant at intervals of two
weeks. Ten days, after three of such booster injections,
plasma from rabbits was obtained and periodically there-
after. To avoid non-specific immunoreactivity due to the
anticarrier antibodies, rabbit antisera were preabsorbed
with the coupling agent and the carrier protein, being this
preabsorption performed prior to the immunohistochemical
technique. The immunological properties of the anti-SP and
anti-MET antisera have been previously reported [5, 10, 13,
25, 26]. The anti-MET used in this study was purified by
affinity chromatography [5, 10, 13]. In addition, in this study,
three histological controls were performed. Thus, primary
antibody was treated with an excess (100 pwg/ml of diluted
antiserum) of the same synthetic antigen (e.g., MET to an-
ti-MET serum) and the first antiserum was omitted in the
first incubation bath (no immunoreactivity was found in both
cases). Moreover, primary antibodies were preabsorbed with
heterologous antigens (e.g., neurokinin A to anti-SP serum;
leucine-enkephalin to anti-MET serum): this preabsorption
did not block the staining.

Mapping. This was performed by following frontal planes of
the alpaca brainstem (the brain atlas used here is available
from the Mammalian Brain Collections of the University of
Wisconsin, Madison, USA). For mapping and nomenclature
of the brainstem nuclei, we also followed previous published
works performed in this camelid [17-22]. In addition, contig-
uous sections to those reacted for SP or MET were stained
with cresyl violet to delineate the brainstem nuclei in which
immunoreactive structures were observed.

As previously reported [5, 17-22], immunoreactive fibers
were graded into four categories: single (a few immunoreac-
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tive fibers; Fig. 2b), low, moderate (Fig. 2d) and high (Fig.
4b, d). To determine the density of the immunoreactive
fibers, sections were viewed (at a constant magnification)
with reference to photographs in which low, moderate of
high densities were previously determined [5, 17-22]. The
density of the immunoreactive cell bodies was considered
high (> 20 perikarya/section), moderate (10-20 perikarya/
/section) and low (< 10 perikarya/section). Immunoreac-
tive cell bodies size was measured following the protocol
described by Marcos et al. [24]. Using a micrometer grid, the
size of cell bodies was measured with the nucleus in the focal
plane, and, as previously reported [5, 17-22], cell bodies
with < 15 um diameter were considered small, perikarya
with a diameter between 15-25 um were contemplated as
medium sized, and those with a > 25 um diameter were
considered large.

Using an Olympus DP-50 digital camera (Olympus,
Tokyo, Japan) attached to a Kyowa Unilux 12 microscope
(Kyowa Optical, Sagamihara, Japan), photomicrographs
were taken. Adobe Photoshop CS6 software was used to
adjust contrast and brightness.

Results

General considerations

Figures 1-4 and Table 1 show the presence and density
of the immunoreactive structures (fibers and cell bod-
ies) containing SP/MET observed in 44 tracts/nuclei of
the alpaca brainstem. SP- and MET-immunoreactive
fibers showed a widespread distribution. Thus, SP-im-
munoreactive fibers were observed in 42 (95.45%) of
44 tracts/nuclei, whereas fibers containing MET were
found in 41 of them (93.18%). In the mesencephalon,
SP- and MET-immunoreactive fibers were visualized
in all tracts/nuclei (13 of 13, 100%); in the pons, in
13 of 13 tracts/nuclei (for SP-immunoreactive fibers,
100%) and in 12 of 13 (for MET-immunoreactive
fibers, 92.30%), and in the medulla oblongata in
16 tracts/nuclei of 18 (88.88%) for both SP- and
MET-immunoreactive fibers. Thus, in the brainstem,
the distribution of SP- and MET-immunoreactive
fibers was similar (Fig. 1; Table 1). This means that
a close neuroanatomical relationship between SP- and
MET-immunoreactive fibers occurs. Finally, in the
alpaca brainstem, the density of the SP-immunore-
active fibers is a little higher when compared with
the density observed for the MET-immunoreactive
fibers (Fig. 1; Table 1).

In the alpaca brainstem, MET-immunoreactive
perikarya were observed in 22 of the 44 brainstem
nuclei (50%), whereas cell bodies containing SP
were visualized in 3 nuclei (6.81%). In the mesen-
cephalon, SP-immunoreactive cell bodies were found
in 2 nuclei (15.38%) and those containing MET in

www.journals.viamedica.pl/folia_histochemica_cytobiologica
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SP M5 SP M5
b
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Figure 1. Distribution of substance P (SP) and methionine-enkephalin (M5)-immunoreactive fibers and cell bodies in frontal
planes of the alpaca brainstem (a—j) from rostral (a) to caudal (j) levels. Cell bodies containing the peptides are represent-
ed by closed circles (high density), triangles (moderate density) and squares (low density), whereas immunoreactive fibers
are represented by slightly dark (single axons), moderately dark (low density), strongly dark (moderate density), and black
(high density). 3 — oculomotor nucleus; 4 — trochlear nucleus; 12 — hypoglossal nucleus; SM — motor trigeminal nucleus;
5SL — laminar spinal trigeminal nucleus; 5SP — alaminar spinal trigeminal nucleus, parvocellular division; 5ST — spinal
trigeminal tract; 7L — facial nucleus, lateral division; 7M — facial nucleus, medial division; AP — area postrema; BC —
brachium conjunctivum: BCL — marginal nucleus of the brachium conjunctivum, lateral division; BCM — marginal nucleus
of the brachium conjunctivum, medial division; BP — brachium pontis; CAE— locus coeruleus; CP — cerebral peduncle;
Cu — cuneate nucleus; Cx — external cuneate nucleus; Cuc — cuneate nucleus, caudal division; DMV — motor dorsal
nucleus of the vagus; DRM — dorsal nucleus of the raphe; Gr — gracile nucleus; IC — inferior colliculus; IO — inferior
olive; IP — interpeduncular nucleus; LRet — lateral reticular nucleus; MLB — medial longitudinal bundle; NTS — nucleus
of the solitary tract; P — pyramidal tract; PAG — periaqueductal gray; PG — pontine gray; PGL — pontine gray, lateral
division; PGM — pontine gray, medial division; PH — nucleus praepositus hypoglossi; RB — restiform body; RetF — re-
ticular formation; RN — red nucleus; S — solitary tract; SC — superior colliculus; SN — substantia nigra; SO — superior

olive; T — nucleus of the trapezoid body; Ves — vestibular nuclei.

7 nuclei (53.84%); in the pons no immunoreactive
cell body containing SP was observed, whereas in
5 nuclei (38.46%) MET-immunoreactive perikarya
were visualized, and in the medulla oblongata cell
bodies were found in one nucleus (for SP, 5.55%) and
in 10 nuclei (for MET, 55.55%). Thus, in the alpaca
brainstem the distribution and number of cell bodies
containing MET is higher than those containing SP.
The morphological characteristics of the MET- and
SP-immunoreactive cell bodies (size, shape, number
of dendrites) are shown in Table 2. In general, in the
five alpacas studied the density and distribution of the
MET- and SP-immunoreactive cell bodies and fibers
observed in the brainstem were quite similar.

It is important to note that in different regions of
the same nucleus, two densities (e.g., moderate and
high; single and low) can be observed (Table 1). In
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these cases, to obtain the percentages appearing below
the highest density was chosen.

Mesencephalon
MET-immunoreactive cell bodies were observed in the
oculomotor nucleus, trochlear nucleus, dorsal nucleus
of the raphe, periaqueductal gray, reticular formation,
red nucleus and substantia nigra, whereas SP-immuno-
reactive cell bodies were found in the superior colliculus
and reticular formation (Figs. 1, 2b, c, g, 3b; Table 1).
Fibers containing SP or MET were observed in
all mesencephalic tracts/nuclei and hence a similar
distribution of both immunoreactive fibers was vis-
ualized (Figs. 1, 2d—f, 3c—g; Table 1). Single SP- and
MET-immunoreactive fibers were respectively found
in 2 (15.38%) and 4 (30.76%) tract/nuclei; a low
density in 3 tracts/nuclei (for both neuropeptides,
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Figure 2. SP- and MET-immunoreactive (Ir) cell bodies and fibers/dendrites in the alpaca mesencephalon. A. Frontal section
of the alpaca mesencephalon. For the nomenclature of the nuclei, see Figure 1. The photographs shown in b—g were taken
from the regions delimited by the rectangles in a (indicated as Fig. b, c, d, e, f and g). B. SP-Ir cell bodies (arrows) located in
the superior colliculus (SC). Arrowheads: fibers or dendrites. C. MET-Ir cell bodies (arrows) located in the red nucleus (RN).
Arrowheads: dendrites. D. SP-Ir fibers (arrowheads) located in the periaqueductal gray (PAG). The region delimited by the
left rectangle is showed at higher magnification. E. MET-Ir fibers (arrowheads) in the periaqueductal gray (PAG). F. SP-Ir
fibers (arrowheads) located in the midline. G. MET-Ir cell bodies (arrows) in the reticular formation (RetF). Arrowhead:
dendrite. D — dorsal; M — medial. V — ventral.
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Figure 3. Immunoreactive (Ir) fibers/dendrites and cell bodies containing SP or MET in the alpaca mesencephalon. A. Frontal
section of the alpaca mesencephalon. For the nomenclature of the nuclei, see Figure 1. The photographs shown in b-g were
taken from the regions delimited by the rectangles in a (indicated as Fig. b, ¢, d, e, f and g). B. SP-Ir cell bodies (arrows)
located in the superior colliculus (SC). Arrowheads: dendrites. C. MET-Ir fibers (arrowheads) in the periaqueductal gray
(PAG). D. SP-Ir fibers (arrowheads) located in in the periaqueductal gray (PAG). E. MET-Ir fibers (arrowheads) located
in in the periaqueductal gray (PAG). F. SP-immunoreactive fibers (arrowheads) in the upper midline. The region delimited
by the left rectangle is showed at higher magnification. MLB: medial longitudinal bundle. G. MET-Ir fibers (arrowheads)
in the midline. M — medial. V — ventral.
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Figure 4. SP- and MET-immunoreactive (Ir) fibers/dendrites and cell bodies in the alpaca medulla oblongata. A. Frontal
section of the alpaca medulla oblongata. For the nomenclature of the nuclei, see Figure 1. The photographs shown in b-g
were taken from the regions delimited by the rectangles in a (indicated as Fig. b, ¢, d, e, f and g). B. SP-Ir fibers (arrowheads)
located in the reticular formation (RetF). C. MET-Ir cell bodies (arrows) in the reticular formation (RetF). Arrowheads:
dendrites. D. SP-Ir fibers (arrowheads) located in the vestibular nuclei (Ves). E. MET-Ir cell bodies (arrows) located in the
vestibular nuclei (Ves). F. SP-Ir fibers (arrowheads) in the reticular formation (RetF). G. MET-Ir cell bodies (arrows) in
the reticular formation (RetF). D — dorsal. M — medial. V — ventral.
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Table 1. Alpaca brainstem: distribution and density of SP- and MET-immunoreactive cell bodies and fibers

23.07%); a moderate density in 5 (38.46%) and
4 (30.76%) mesencephalic nuclei, and a high density
in 3 (23.07%) and 2 (15.38%) nuclei (Table 1).

Pons
No immunoreactive cell body containing SP was
observed, whereas perikarya containing MET were
found in the motor trigeminal nucleus, alaminar spinal
trigeminal nucleus (parvocellular division), lateral and
medial divisions of the facial nucleus and nucleus of
the trapezoid body (Fig. 1; Table 1).

SP- and MET-immunoreactive fibers showed
a similar distribution in the alpaca pons, although the
density of the fibers containing MET was lower than
that observed for SP (Fig. 1; Table 1). Thus, single SP-
and MET-immunoreactive fibers were respectively
found in 2 (15.38%) and 8 (61.53%) tracts/nuclei;
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Mesencephalon PGM - + - S
SP MET RetF - s/+++ - s/++
Nucleus CB Fibers CB Fibers SO - + - ++
3 - ++ ++ s/+ T - +/++ ++ s
4 - ++ +++ s Medulla oblongata
BC - + - s Sp MET
BCL - +++ - ++ Nucleus CB Fibers CB Fibers
BCM - +++ - ++/+++ 12 - ++ ++ +/++
DRM - ++ ++ ++ 5SL - +++ + s/+++
1C - s - s/+ 5ST - s - s
P - + - s/+++ AP - ++ - +++
PAG - ++ +/++ +/++ Cu - ++ + s
RetF +++ s/++ +/+++ s/+ Cuc - + +++ s
RN - S +++ s Cx - ++ ++ s
Ne© +++ s/+ - s DMV - +++ - +4++
SN - ++/+++ ++ +/++ Gr - ++ + +
Pons 10 - ++ - s
SpP MET LRet - + +++ s
Nucleus CB Fibers CB Fibers NTS - + - ++
5M - ++ + + P - - - -
5SP - +/+++ ++ s/++ PH - ++ ++ +
7L - +/++ +++ s RB - - - -
™ - + +++ s RetF +/++ s/+++ +/+++ s/++
BP - s - - S - S - s
CAE - ++/+++ - s Ves - +/+++ +/+++ s/+
MLB - S — S CB — cell bodies (+++: high density; ++: moderate density;
PG _ + _ s +: low density; —: no immunoreactivity). Fibers (+++: high density;
+ +: moderate density; +: low density; s: single; — no immunoreactivity).
PGL - + - S For nomenclature of the nuclei, see list of abbreviations.

a low density in 5 (38.46%) and 1 (7.69%) nuclei;
a moderate density in 3 pons nuclei (for both neuro-
peptides, 23.07%), and a high density in 3 (23.07%)
and 0 nuclei (Fig. 1; Table 1).

Medulla oblongata
Cell bodies containing SP were only observed in the
reticular formation, whereas MET-immunoreactive
perikarya were found in the external cuneate nucleus,
lateral reticular nucleus, reticular formation, vestib-
ular nuclei, cuneate nucleus, hypoglossal nucleus,
laminar spinal trigeminal nucleus, caudal division
of the cuneate nucleus, gracilis nucleus and nucleus
praepositus hypoglossi (Figs. 1, 4c, e, g; Table 1).
The distribution of fibers containing SP or MET
was similar. Both peptides were absent in the pyrami-
dal tract and restiform body, but in the other 16 tracts/
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Table 2. Alpaca brainstem: morphological characteristics of the MET- and SP-immunoreactive cell bodies

Nucleus Density Size Shape Dendritic processes
MET- immunoreactive cell bodies

3 ++ Medium Pyriform, oval 0-1
4 +++ Medium Pyriform, oval 0-1
M + Large Polygonal 2-3
SSL + Large Polygonal 2
5SP ++ Large Oval 1
7L +++ Medium Oval 1
™ +++ Medium Oval 1
12 ++ Medium Oval 1
Cu + Medium Polygonal, oval 1-2
Cuc +++ Medium Polygonal, oval 1-2
Cx ++ Medium Polygonal, oval 1-2
DRM +++ Small Oval 0-1
Gr + Medium Oval 0-1
LRet +++ Large Polygonal 2-3
PAG ++ Small Pyriform, oval 1
PH ++ Large Polygonal 2-3
RetF +++ Large Polygonal, oval 1-4
RN +++ Large Pyriform 1
SN ++ Medium Oval 1-2
T ++ Medium Oval 1
Ves +++ Medium Oval 1-2
SP- immunoreactive cell bodies

RetF +/++/+++ Large Pyriform, polygonal 1-4
SC +++ Small Oval 2

+++: high density; ++: moderate density; +: low density. For nomenclature of the nuclei, see list of abbreviations.

/nuclei immunoreactive fibers containing SP or MET
were observed (Figs. 1, 4b, d, f; Table 1). Single
SP- and MET-immunoreactive fibers were respec-
tively found in 2 (11.11%) and 7 (38.88%) tracts/
nuclei; a low density in 3 nuclei (for both neuropep-
tides, 16.66%); a moderate density in 7 (38.88%)
and 3 (16.66%) tracts/nuclei, and a high density in
4 (22.22%) and 3 (16.66%) nuclei (Fig. 1; Table 1).

Discussion

SP and MET in the alpaca brainstem

For the first time, this study shows the mapping
of the SP- and MET-immunoreactive cell bodies
and fibers in the alpaca brainstem. The study in-
creases the knowledge on the enkephalinergic and
tachykininergic systems in the alpaca CNS, since
a previous study has been reported on the distri-
bution of SP and MET in the alpaca diencephalon
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[5]- In both alpaca brainstem and diencephalon
[5] a close neuroanatomical relationship between
the tachykininergic (SP) and the enkephalinergic
(MET) systems has been observed. This means that
a functional relationship between both systems could
also occur in both regions of the alpaca CNS and
that mechanisms of intercellular communication
(e.g., paracrine mechanism and/or synaptic contacts)
between the enkephalinergic and tachykininergic
systems, controlling many brainstem physiological
actions, are possible. Moreover, in the mesenceph-
alon, pons and medulla oblongata the presence of
MET-immunoreactive perikarya is more widespread
than that observed for cell bodies containing SP.
This is in agreement with that reported in the alpaca
diencephalon, in which the distribution of MET-im-
munoreactive cell bodies was also more widespread
than that observed for cell bodies containing SP [5].
In addition, in the alpaca brainstem and diencephalon
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the number of cell bodies containing MET was higher
than those containing SP.

The widespread distribution of the SP- and
MET-immunoreactive structures in the alpaca brain-
stem suggests that both neuropeptides are involved in
many physiological actions, in which SP and MET could
interact. To date, the mechanisms of possible intercel-
lular mechanisms between SP and MET are unknown,
but this could occur through synaptic contacts and/
/or paracrine (volume transmission) mechanisms
[5]- In the latter, neuropeptides are released into the
extracellular region and diffuse longer distances until
reaching their receptors; this is a slow mode of com-
munication showing a high divergence degree [27].
In addition, neuropeptides could exert an autocrine
mechanism. The brainstem has a key role in the relay
of information between the brain and the spinal cord
and it is known that some nuclei (e.g., periaqueductal
gray, reticular formation, spinal trigeminal nucleus)
are essential in the transmission of the nociceptive
perception [28, 29]. In these nuclei both SP- and
MET-immunoreactive structures have been observed
and hence a neuroanatomical linkage between the
transmission of pain via SP and the control of the pain
stimuli via MET could occur. Moreover, the obser-
vation of cell bodies containing SP or MET in the rat
lateral mammillary nucleus suggests that the neuro-
peptides are involved in head-direction and angular
velocity [30], whereas the presence of a high density
of SP-immunoreactive fibers in the locus coeruleus
and superior colliculus indicates that SP is involved
in arousal, anxiety, memory and in visual mechanisms
[31-34]. Finally, the presence of SP- and MET-immu-
noreactive fibers in the alpaca area postrema, nucleus
of the solitary tract, marginal nucleus of the brachium
conjunctivum and motor dorsal nucleus of the vagus
suggests that the neuropeptides studied here could be
involved in emesis and in cardiovascular/respiratory
mechanisms.

Neuropeptides in the alpaca brainstem

In the alpaca brainstem, the presence of immuno-
reactive structures containing leucine-enkephalin,
calcitonin gene-related peptide, neurotensin, soma-
tostatin, alpha-neo-endorphin, beta-endorphin or
adrenocorticotropic hormone has been previously
reported [17-20, 22]. Peptidergic immunoreactive
fibers (including those containing SP or MET) showed
a widespread distribution in the whole brainstem. In
addition, the location of the previous nine neuropep-
tides is similar. Thus, in many nuclei of the alpaca
mesencephalon, pons and medulla oblongata (e.g.,
laminar spinal trigeminal nucleus, parvocellular divi-
sion of the alaminar spinal trigeminal nucleus, medial
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division of the facial nucleus, marginal nucleus of the
brachium conjunctivum, nucleus of the solitary tract,
periaqueductal gray, superior colliculus, substantia
nigra), the presence of immunoreactive fibers contain-
ing the nine neuropeptides has been reported [17-20,
22]. Although the distribution of the peptidergic fib-
ers observed in the alpaca brainstem is widespread,
it is important to note that in most of the brainstem
nuclei single fibers containing beta-endorphin or
adrenocorticotropic hormone were observed [22]. To
date, our study shows the most widespread presence
of peptidergic cell bodies found in the alpaca brain-
stem: MET-immunoreactive perikarya were located
in 22 nuclei. No immunoreactive cell body containing
alpha-neo-endorphin, beta-endorphin or adrenocor-
ticotropic hormone has been reported in the alpaca
brainstem [22]. Peptidergic immunoreactive cell bod-
ies containing somatostatin or calcitonin gene-related
peptide were observed in 13 and 12 brainstem nuclei,
respectively; those containing neurotensin in five of
them and those containing SP or leucine-enkephalin
in two brainstem nuclei [17-20]. In the periaqueductal
gray and in the reticular formation, the presence of
five neuropeptides (leucine-enkephalin, somatostatin,
neurotensin, MET, calcitonin gene-related peptide or
SP) has been observed in cell bodies [17-20]. Because
colchicine was not used in this and previous studies, it
seems that the distribution of the peptidergic cell bod-
ies in the alpaca brainstem may be more widespread.
To know this distribution, other neuroanatomical
studies applying for example in situ hybridization
techniques should be performed.

SP and MET in the mammalian brainstem

Many studies focused on the distribution of SP and
MET in the mammalian brainstem have been carried
out[1,2,10-13, 25, 35, 36]. In general, the widespread
distribution of the MET-immunoreactive fibers found
in the alpaca brainstem is quite similar to that report-
ed in other mammals in the same CNS region. How-
ever, some differences occur. The presence of fibers
containing MET was similar in the alpaca, minipig
[10] and monkey [25] brainstem and this distribution
was a slight more widespread than that found in the
dog[13] brainstem. Many differences can be observed
when comparing the location of the MET-immu-
noreactive perikarya in the mammalian brainstem.
These differences are due to the methodology applied
(administration of colchicine; as indicated above, this
drug is used to increase the number of peptidergic cell
bodies). In general, in animals treated with colchicine
awidespread presence of immunoreactive cell bodies
was observed. For example, in rats [37] and dogs [13]
treated with colchicine, a widespread distribution of
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cell bodies containing MET was observed in both
species. However, here, this widespread distribution
was not observed in the brainstem of alpacas not
treated with colchicine. When comparing the presence
of MET-immunoreactive perikarya in the brainstem
of animals not treated with colchicine, for example,
alpaca, minipig and monkey [10, 25], this distribution
was also different. In this case, the alpaca brainstem
showed a more widespread distribution of cell bodies
containing MET than that observed in the minipig
[10] and the latter species showed a more widespread
distribution than that found in the monkey brainstem
[25]. In summary, in comparison with other mammals,
the presence of MET-immunoreactive cell bodies
is moderate in the alpaca brainstem (MET-immu-
noreactive perikarya were observed in 22 of the 44
brainstem nuclei of the alpaca). Finally, in the alpaca
and human brainstem, the presence of SP-immunore-
active fibers was widespread and similar, whereas the
distribution of perikarya containing SP was a slightly
more widespread in humans [38].

In summary, this study increases the knowledge
on the neuroanatomical distribution of the tachy-
kininergic (SP) and enkephalinergic (MET) pep-
tidergic systems in the alpaca brainstem. SP- and
MET-immunoreactive fibers showed a widespread
and similar distribution in the brainstem. This close
neuroanatomical relationship suggests multiple phys-
iological interactions between both neuropeptides.
The presence of cell bodies containing SP was very
restricted, whereas MET-immunoreactive perikarya
showed a moderate widespread distribution in the
mesencephalon, pons and medulla oblongata. The
mapping of SP and MET will help to understand their
functional relationships with other neuropeptides
previously studied in the alpaca brainstem and this
knowledge will serve to better understand the involve-
ment of the peptidergic systems in multiple brainstem
physiological functions (e.g., the adaptation to a high
altitude). Moreover, our study increases the knowl-
edge on the peptidergic chemical neuroanatomy
(enkephalinergic and tachykininergic systems) in the
alpaca CNS,; since as indicated above, the presence
of both neuropeptides has previously been reported
in the alpaca diencephalon [5].
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Abstract

Introduction. The heart innervation is made up of plexo-ganglionic formation containing sympathetic, parasym-
pathetic, and sensory components. We examined the distribution and neurochemical coding of the ganglia and
nerve fibers in the chinchilla’s heart.

Material and methods. The heart sections of 10 male and 10 female adult chinchillas were processed in accord-
ance with the thiocholine method for acetylcholine esterase (AChE), and the SPG method for detecting the
presence of adrenergic fibers was applied. The routine technique of immunohistochemical (IHC) staining with
primary antibodies directed against ChAT, VAChT, DSH, TH, CART, NPY, VIP, GAL and SOM was used.
The secondary antibodies were conjugated with Alexa Fluor 488 and Alexa Fluor 555 fluorophores.

Results. The epicardium contained ganglia and nerve fibers, the myocardium had a few ganglion neuro-
cytes and nerve fibers, and the endocardium contained only nerve fibers. In the epicardium, AChE-posi-
tive fibers were more prevalent than SPG-positive fibers. All the ganglion cells were immunopositive for
ChAT and VAChHT. Some cells also had a positive reaction to DFH and TH. Fibers containing cholinergic
and adrenergic markers were numerous, while many of them were ChAT/DSH- and VAChT/TH-positive.
CART/NPY and CART/VIP, as well as CART and GAL, were observed to be colocalized in ganglion
neurocytes, as well as in individual cells. The nerve fibers were found to contain all the neurotransmitters
we tested for, as well as the following co-occurrences: ChAT/DSH, VAChT/TH, CART/NPY, CART/
/VIP, CART/GAL, and CART/SOM.

Conclusions. Our analysis of the neurochemical profile of the nerve structures in chinchilla’s heart showed that,
despite interspecies differences, the general pattern of the distribution of autonomic nervous system structures
is similar to that of other mammals’ species, including humans. (Folia Histochemica et Cytobiologica 2021, Vol.
59, No. 3, 157-166)

Key words: chinchilla; cardiac innervation; histochemistry; immunohistochemistry

Introduction

The cardiac nervous system is made up of a series
of plexo-ganglionic formations and contains sympa-
thetic, parasympathetic, and sensory components.
The autonomic components, however, are the main
Jan Kochanowski University in Kielce, components‘regulating functions of cardiomyocytes,
7 Uniwersytecka St., 25-406 Kiclce, Poland the conduf:tlve system, and the blood vessels. The
tel: +48 41 349 63 13 sympathetic components make up a system that stim-
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the heart conduction system through the release of
neurotransmitters at nerve endings (noradrenaline —
NA, neuropeptide Y — NPY, galanin — GAL, and
nitric oxide synthase — NOS). The parasympathetic
part acts with a different set of neurotransmitters (ace-
tylcholine — ACh, cocaine- and amphetamine-regu-
lated transcript — CART, and vasoactive intestinal
polypeptide — VIP) to inhibit heart function [1-5].

The innervation of the heart has been studied in
many species of animals from different taxonomic
classes. The majority of studies have been carried
out on the small mammals, particularly on laboratory
rodents, and the intrinsic cardiac nervous system in rat
hasbeen studied at the molecular level [6]. Moreover,
investigations have been carried out on farm species
[7]- A few papers also described the morphology,
topography, and physiology of the human cardiac
ganglia [8-15].

The ganglia are mainly located in the strategic
regions of the heart: around the sinoatrial and atrio-
ventricular nodes, the main vessels of the heart, and
the region of the coronary sulcus. In this respect, there
is usually significant interspecific variation, but even
so, the general pattern of distribution is similar in both
humans and other mammalian species [11, 14, 16].

Our results indicate that there may be several
subpopulations of neurocytes in myocardial ganglia,
containing various combinations of neurotransmitters.
The neurons of the cardiac ganglia are thus not phe-
notypically and functionally homogeneous but consti-
tute a neurochemical complex that goes beyond the
classical picture of parasympathetic ganglia [5, 17, 18].

The chinchilla often is used as an animal model for
many types of investigations related to the dysfunction
of human organs such as middle ear [19], uterus [20],
digestive system and lungs [21]. But there is a lack of
detailed data on the autonomic nervous system of its
heart. Research to date has only provided incomplete
information on the morphology and topography
of the parasympathetic ganglia in this species [22].
There have also been descriptions of adrenergic and
cholinergic innervation of the atrioventricular valves
[23] and pancreas [24]. However, there is no data
available on the neurochemical analysis of ganglionic
cells, nor is there detailed information available on the
innervation of the heart muscle (including the types
of fiber) in the chinchilla. It thus seems advisable to
carry out a thorough analysis of the neural structures
of the chinchilla’s heart, both in terms of topography
and neurochemical profile. This is the first study of
this specific topic. Our results are important in both
their theoretical and practical aspects.
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Material and methods

We investigated twenty adult (10 months old) chinchillas
(Chinchilla laniger Molina, 1782) of both sexes (10 males
and 10 females, weight 400—-600 g). Animals were collect-
ed immediately after industrial slaughter. The research
conformed to the requirements of Act for the Protection
of Animals Used for Scientific or Educational Purposes
(15 January 2015). Studies of tissues obtained post-mortem
do not require the approval of an ethics committee. We
performed morphological investigation of the atria and
ventricles of the heart using the acetylcholinesterase (AChE)
[25, 26] and SPG [27] histochemical techniques, as well as
routine single and double staining immunohistochemistry.

Material sampling and histochemistry. Ten individuals
(5 males and 5 females) were used for histochemical investi-
gations. Immediately after slaughter, in appropriately adapted
room, under stereo microscope control (Nikon SMA 800) the
anterior wall of the chests was opened, and hearts were col-
lected removing the pericardial sac. Next, heart tissues were
rinsed in physiological solution and fixed for 30 minutes in
10% buffered formalin. During the fixation, collected material
was transported to the Department of Medical Biology of Jan
Kochanowski University in Kielce, Poland, where the other
procedures were performed. A separate microdissection of
the atria and ventricles was used to prepare whole mount
specimens. Flat atrial preparation was carried out in the
following manner. The atria and ventricles were separated
along the atrioventricular groove and the aorta, and the
pulmonary trunk was gently detached. Cholinergic positive
structures were investigated with AChE method. The macro-
morphological (whole mount) specimens were treated in the
incubated solution at pH 6.4-6.8 and temperature 37°C (acetyl
thiocholine iodide, acetate buffer, sodium citrate, cooper
sulfate, distilled water, potassium ferricyanide). The activity
of the pseudocholine nonspecific esterase was blocked using
iso-OMPA. Next, the tissues were rinsed in distilled water,
and ammonium sulfide was added to intensify the reaction
and the specimens were mounted in DPX.

The adrenergic structures were investigated using the
SPG (sucrose-phosphate-glyoxylic acid) method. Briefly,
whole-mount specimens were immersed in SPG solution for
5 seconds (reagents: glyoxylic acid monohydrate, sucrose, po-
tassium phosphate monobasic), dried under a cold stream of
air for 10 min, and heated to 95°C for 3 min. Specimens were
observed using fluorescence microscope Nikon 90i (Nikon,
Tokyo, Japan) and digital pictures were taken with Nikon
Digital Sight SD-L1 system using NIS-Elements 3.22 software.

Immunohistochemistry. The chests of ten individuals
(5 males and 5 females) were opened and the left ventri-
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Table 1. Primary antisera used in the research
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Antigen Host Type Dilution Catalog No. Supplier

ChAT Goat Polyclonal 1:100 NBP1-30052 Novus Biologicals, Cambridge, UK
VAChT Rabbit Polyclonal 1:1000 EUD261 Acris Antibodies, San Diego, CA, USA
DBH Rabbit Polyclonal 1:500 NBP1-78349 Novus Biologicals, Cambridge, UK
TH Mouse Monoclonal 1:500 MAB318 Millipore, Temecula, CA, USA
CART Mouse Monoclonal 1:2000 MAB163 R&D System, Minneapolis, MN, USA
NPY Rabbit Polyclonal 1:2000 AHP2189 AbD Serotec, Hercules, CA, USA
VIP Rabbit Polyclonal 1:2000 Ab22736 Abcam, Cambridge, UK

GAL Rabbit polyclonal 1:1000 AB2233 Millipore, Temecula, CA, USA
SOM Rabbit polyclonal 1:1500 8330-0154 ADbD Serotec, Hercules, CA, USA

Abbreviations: ChAT — choline acetyltransferase, VAChT — vesicular acetylcholine transporter, DAH — dopamine -hydroxylase, TH — tyrosine
hydroxylase, CART — cocaine- and amphetamine-regulated transcript, NPY — neuropeptide Y, VIP — vasoactive intestinal polypeptide, GAL —

galanin, SOM — somatostatin

Table 2. Secondary antisera used in the research

Host Fluorophore Dilution Catalog No. Supplier

Donkey anti-rabbit Alexa Fluor 488 1:500 A21206 Invitrogen, Carlsbad, CA, USA
Donkey anti-goat Alexa Fluor 555 1:500 A21432 Invitrogen, Carlsbad, CA, USA
Donkey anti-mouse Alexa Fluor 555 1:500 A31570 Invitrogen, Carlsbad, CA, USA

cles were incised to insert cannula into the aorta, and the
right cardiac auricle was then transected. Perfusion was
performed using 0.4 1 of 4% ice-cold buffered paraformal-
dehyde (pH 7.4) with perfusion apparatus [28]. Hearts were
collected and additionally postfixed by immersion in the
same fixative for 15 min, rinsed with phosphate buffer, and
transferred to and stored in 30% buffered sucrose solution
for two weeks. Frozen slides (8-10 wm) were prepared with
the microtome (Shandon Cryotome E; Thermo Scientific,
USA). Next, the specimens (whole mount specimens and
sections) were processed for the single and double-labelling
immunofluorescence method. Tissues were incubated for
16-20 h at room temperature with primary antibodies against
choline acetyltransferase (ChAT), vesicular acetylcholine
transporter (VAChT), dopamine -hydroxylase (DSH), tyro-
sine hydroxylase (TH), cocaine- and amphetamine-regulated
transcript (CART), neuropeptide Y (NPY), vasoactive intes-
tinal polypeptide (VIP), galanin (GAL), and somatostatin
(SOM) (Table 1). Tissues were then next incubated with
proper secondary antibodies conjugated with fluorochrome
Alexa Fluor 488 and Alexa Fluor 555 (Table 2). After in-
cubation, the specimens were coverslipped with buffered
glycerol and examined under a fluorescent microscope with
a confocal Nikon Eclipse Ti-A1R (Nikon Instruments Inc.,
NY, USA) attachment.

Control over the specificity of staining was obtained by
preabsorbing a diluted antiserum with 20 ug/ml of an ap-
propriate antigen, which completely abolished the specific
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immunoreactivity. In addition, we repeated the experiments
with the primary antiserum replaced by nonimmune serum,
or by phosphate buffered saline (PBS), in order to verify the
specificity of particular immunoreactions.

Results

Histochemistry

Histochemical examination using the AChE method
showed the presence of ganglia with different number
of cells (from a dozen to several dozens) and individual
ganglion cells in various regions of the epicardium of
the atria of the heart. A smaller number of clusters of
ganglionic neurocytes (7-10) were seen in the right atri-
um near the ostium of the cranial vena cava (Fig. 1A),
and two dense clusters of cholinergic neurocytes were
noted in the area of the right atrium auricle. On the
other hand, several ganglia (3-5) composed of a few
tens of cells were found on the surface of the left atri-
um near the ostia of the pulmonary veins (Fig. 1B).
All these structures were connected to each other by
anetwork of nerve fibers, which also showed a positive
reaction to AChE. In this way, a kind of plexo-gan-
glionic cholinergic structure was formed, containing
both larger structures and some structures of only
a few cells mainly in the area of the sinoatrial node
(Fig. 1C). We observed the connection of these plexo—
ganglia with other similar structures located by the
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Figure 1. Structures of the autonomous nervous system in various regions of chinchilla’s heart. A. The acetylcholinesterase
(AChE)-positive ganglia in the epicardium of the right atrium near the ostium of the cranial vena cava. B. The elongated
AChE-positive ganglion on the posterior surface of the left atrium near the ostia of the pulmonary veins. C. The AChE-positive
plexo-ganglionic structures on the anterior surface of the right atrium in the area of the sinoatrial node. D. The AChE-pos-
itive fibers on the posterior surface of the right ventricle. E. The adrenergic nerve fibers in the epicardium of the left atrium
along the blood vessels. F. The adrenergic plexus in the epicardium posterior wall of the right ventricle. Figures 1A-D were
stained by histochemical AChE method, and Figs. 1E, F by the SPG-method as described in Methods. Legend: g— ganglion,
bv — blood vessels, f — nerve fibers.
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right and left coronary sulci on the atrial facies of the
heart. In the case of the epicardium of the ventricles,
the ganglionic clusters were smaller, usually with only
a few cells (Fig. 1D). The thickest AChE-positive bun-
dles of fibers (about 100 wm thickness) branched into
thinner and thinner bundles (Fig. 1A). Significantly
thinner fibers (below 50 um thickness) were seen
on the surface of the ventricles in the vicinity of the
coronary sulcus (Fig. 1D). The myocardium of both
the atria and the ventricles contained individual neu-
rocytes, and numerous fibers, while the endocardium
contained only tiny nerve fibers.

The SPG method only revealed numerous adren-
ergic fibers located in the atria and ventricles, with
characteristic varicosities (Fig. 1E, F). These formed
a three-dimensional network in all layers of the heart,
which was well developed, especially in the epicardi-
um and myocardium. A particularly high density of
SPG-positive fibers was observed in the adventitia of
blood vessels (Fig. 1E). A dense neuronal network
was also observed around the papillary muscles in the
ventricles of the heart.

Immunohistochemistry

Immunohistochemical (IHC) methods allowed for
a more detailed analysis of the innervation of the
heart. Ganglia immunopositive to ChAT and VAChT
were found, with various numbers of neurocytes
(from a few to a few dozen) in the epicardium and
myocardium of the atria and ventricles. The largest
immunoreactive ChAT ganglia were observed near
the ostium of the cranial vena cava in the epicardium
of the right atrium (Fig. 2A) and on the surface of the
left atrium in the vicinity ostia of the pulmonary veins.
Strong immunopositivity to ChAT and VAChT was
observed in numerous nerve fibers in all layers of the
heart, in both atria and ventricles (Fig. 2A-D). The
cholinergic fibers ran singly and also formed bundles
of varying thickness. In the case of the enzymes of
the catecholamine pathway, DFH and TH immuno-
reactivity was observed in numerous fibers present
in the epicardium, myocardium, and endocardium
(Fig. 2B, D). Only a few ganglion cells (particularly
those located in the atria) showed colocalization of
ChAT and DSH (Fig. 2A). VAChT and TH were
colocalized in ganglion neurocytes (Fig. 2C), and
numerous fibers showed ChAT/DSH and VAChT/TH
colocalization (Fig. 2B, D).

CART-immunopositive neural structure studies
have shown the presence of this neuropeptide in
numerous nerve fibers, in both the atria and in the
ventricles of the heart (Fig. 3A-F). They were espe-
cially numerous in the epicardium and myocardium,
where they formed a spatial network while in the
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endocardium, they were thin and sparse. CART-im-
munoreactivity of numerous nerve cells in the ganglia
of the epicardium of the right ventricle and the right
and left atrium was observed (Fig. 3A, C, D). We
also noted individual cells and small CART-positive
clusters of them in the atrial myocardium.

NPY was seen in numerous nerve fibers, which
usually form a three-dimensional network in all three
layers of the heart (Fig. 3A, B). In addition, NPY pos-
itive cells were seen in the ganglia of the atrial epicar-
dium (Fig. 3A). The most abundant VIP-positive and
GAL-positive nerve fibers were found in the epicardi-
um and myocardium of both the atria and ventricles
(Fig.3C, D). The VIP-immunopositive fibers formed
a dense, very fine network. In the outer layer of the
left atrium, presence of GAL was observed in the
neurocytes that form small clusters there (Fig. 3D).
Multiple SOM-positive fibers of varying thickness
were seen in all layers of the atria, and ventricles
(Fig. 3E, F). The most numerous were present in the
epicardium and myocardium of the left atrium, along
the walls of blood vessels (Fig. 3E).

The CART/NPY, CART/VIP and CART/GAL
neuropeptides were found to be colocalized in the
cytoplasm of ganglion cells in the atrial epicardium,
atria and ventricles (Fig. 3A, C, D). CART-immu-
nopositive nerve fibers also showed colocation with
NPY, especially in those along the blood vessels (Fig.
3B). The coexistence of CART and VIP, as well as
of CART and GAL, was found the in epicardial and
myocardial fibers (Fig. 3D). We observed CART- and
SOM-immunopositive nerve fibers in the myocardium
of the left atrium and ventricle, particularly in the
vicinity of blood vessels (Fig. 3E, F).

Discussion

The regulation of the heart function by the autonomic
nervous system has two main components: an adr-
energic component, which stimulates the heart and
conduction system, and a cholinergic component,
which inhibits them [29, 30]. It is also known that
the sympathetic part consists mainly of nerve fibers,
while the parasympathetic part involves both fibers
and nerve cells. The situation is similar for the inves-
tigated species. However, despite numerous reports
on the topic, the neurochemical nature of these neural
structures in other mammals is not entirely clear.
Some authors have indicated that there are several
subpopulations of neurons in the ganglia of different
neurochemical coding, and therefore also with differ-
ent functional capabilities. The most common neurons
are those with the classic cholinergic nature. A second
group of cardiac neurons is of a dual neurochemical
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Figure 2. A. The autonomic ganglion and nerve fibers in the epicardium of chinchilla’s right atrium (ChAT — red, DFH —
green; colocalization — gold/yellow; whole mount specimen). B. The cholinergic and adrenergic fibers in the epicardium of
the left ventricle (ChAT — red, DSH — green; colocalization — gold/yellow; whole mount specimen). C. The agglomeration
of neurocytes in the epicardium of the right atrium (VAChT — green, TH — red; colocalization — gold/yellow; frozen
section). D. The distribution of the nerve fibers in the myocardium of the right ventricle (VAChT — green, TH — red; colo-
calization — gold/yellow; whole mount specimen). Immunohistochemical staining was performed as described in Methods.
Legend: g — ganglion, bv — blood vessels, f — nerve fibers. Abbreviations as in the description of Table 1.

type: the main neurotransmitter is acetylcholine, but
enzymes belonging to the catecholamine pathway are
also present. There is a disagreement in the literature
on the relative abundances of cholinergic and noncho-
linergic cells: Weihe et al. [18] suggested that 40-50%
of rhesus and human cardiac neurons may contain
enzymes of the catecholamine pathway. Singh et al.
[11] showed similar results for humans. Haberberger
and Kummer [31] found that all guinea pig cardiac
neurons contained both choline acetyltransferase and
B-2 adrenoreceptors. Rysevaite et al. [32] found in
mouse only 4% of TH-positive cells, and only 14%
of ChAT and TH positive cells. Similar colocaliza-
tion has been reported for rat and rabbit [33, 34].
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A similar situation has been found for chinchilla, with
only a small number of ganglionic neurocytes being
immunoreactive to ChAT and DFH. Colocalization of
these mediators was also found in nerve fibers where
ChAT and TH were observed.

Recently, a number of papers have described the
presence of the CART peptide in heart ganglia [35—
—-38]. CART is known to be an anorexigenic peptide
produced in brain, mainly in the hypothalamus. It has
also been found in nerve endings in the digestive tract
and in parasympathetic ganglia. Most reports have
indicated that CART is present in the nerve fibers
of the heart, although there have also been reports
of its presence in cardiac neurons [35-37]. CART
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Figure 3. A. The agglomeration of the nerve cells and nerve fibers in the epicardium of chinchilla’s right atrium (CART
— red, NPY — green; colocalization — gold/yellow; frozen section). B. The nerve fibers along the blood vessels in the
myocardium of the right atrium (CART — red, NPY — green; colocalization — gold/yellow; whole mount specimen).
C. The small agglomeration of neurocytes in the myocardium of the left ventricle (CART — red, VIP — green; colocalization
— gold/yellow; frozen section). D. The neurocytes and numerous nerve fibers in the epicardium of the left atrium (CART
— red, GAL — green; colocalization — gold/yellow; frozen section). E-F. The numerous nerve fibers in the myocardium
of the left atrium (E) and left ventricle (F) (CART — red, SOM — green; colocalization — gold/yellow; frozen section).
IHC — method. Legend: g — ganglion, bv — blood vessels, f — nerve fibers. Abbreviations as in the description of Table 1.
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raises the blood pressure in the coronary arteries and
increases the heart rate. Calupa et al. [35] showed that
most guinea pig cardiac ganglia were innervated with
immunoreactive CART nerve fibers. A few ganglion
neurocytes have been found to be CART positive;
these also contained ChAT or NOS. Richardson et al.
[37] noted the presence of CART-immunoreactivity in
46% of rat cardiac neuron bodies, some of which also
contained NOS or calbindin. The present study found a
positive response to CART in the chinchilla’s atrial gan-
glia. The colocalization of CART with NPY and GAL
has also been observed in nerve fibers, especially along
blood vessels. Some authors have suggested that CART
protects mitochondrial DNA from oxidative stress [38].
NPY is an important peptide neurotransmitter involved
in sympathetic activation. According to Richardson et al.
[33], all rat cardiac neurons other than ChAT-positive
contain NPY. The present study also found NPY in both
the cells and the nerve fibers of the heart.

The vasoactive intestinal peptide (VIP) mainly
affects the intestinal nervous system. Nevertheless,
its presence has also been demonstrated in the heart
ganglia. Horackova et al. [39] noted its presence in
guinea pig heart. About 10% of neurocytes dispersed
throughout the heart muscle were VIP-positive.
Moravec et al. [40] did not find it in rat ganglionic
neurons, while Parsons et al. [41] and Steele et al. [42]
noted the coexistence of VIP and other neurotrans-
mitters (NPY, SP, NOS) in guinea pig heart. In the
investigated species, we did not find VIP in nerve cells,
though numerous fibers were VIP-immunoreactive.

Galanin (GAL) is a neuropeptide that affects
the metabolism by affecting the frequency of food
consumption; it reduces energy expenditure, which
promotes obesity [43]. It also participates in cardio-
vascular regulation causing an increase in blood pres-
sure and tachycardia [44]. As shown by physiological
studies conducted in guinea pigs, the galanin released
from sympathetic neurons controls the heart’s rate.
Herring et al. [45] indicate that galanin receptors are
found only in the right atrium. Our results revealed
GAL both in the nerve cells and fibers in the epicar-
dium of the left atrium of chinchilla’s heart.

Somatostatin (SOM) is a neuropeptide present in
many organs that is also involved in the regulation
of the heart. It can occur alone or with AChE. The
inhibitory function of SOM has been demonstrated
for contractions of human heart muscle [42]. Day
et al. [8] demonstrated that different regions of the
rat heart (right atrium, right ventricle, and atrio-
ventricular node) contain high concentrations of
somatostatin. Its presence has also been found in
the few cardiac endings of the guinea pig vagal nerve
and in numerous subsets of cardiac neurons [36, 42].
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Our study also found SOM in nerve fibers, mainly in
the epicardium.

The neural structures in the heart (ganglia and
plexuses) are found in the epicardium, myocardium,
and endocardium. Clusters of neurocytes are found
mainly in the epicardium, while a few loosely spaced
cells are found in the myocardium; only nerve fibers
are present in the endocardium. There are divergent
data in the literature regarding the density of nerve
fibers in particular parts of the heart. Crick et al.
[46] found in pig that the density of nerve fibers in
the epicardium and myocardium was greater in the
ventricles (particularly in the left ventricle) than
in the atria. In the endocardium they also noted
a higher density of nerve fibers in the right ventricle
and right atrium. A similar distribution of density of
nerve structures in human hearts was described by
Marronet al. [9]. Gordon et al. [47] showed a different
pattern of density in the hearts of pig and domestic
cattle: there was a greater density in the atria than in
the ventricles, and greater density in the epicardium
than in the endocardium. In the chinchilla a richer
neural network of atrial epicardium was found, and
in the endocardium of ventricles — especially in the
papillary muscles. Taking into account the density of
nerve fibers networks in the epicardium, we can state
that in chinchilla the cholinergic network is denser
than the adrenergic network. In the work of Kuchinka
et al. [23] concerning innervation of atrioventricular
valves in chinchilla, the opposite was found, with ad-
renergic innervation predominating over cholinergic.

To summarize, taking into account the colocal-
ization of ChAT/DSH, VAChT/TH, CART/NPY,
CART/VIP, CART/GAL, and CART/SOM, the
analysis of the neurochemical nature of the nerve
structures in chinchilla’s heart fits with the current
model of the chemical code of the mammalian cardiac
nervous system, despite some differences in the de-
tails. At the same time, studies on various mammalian
species cardiac ganglia allow us to conclude that the
pattern of innervation and neurochemical charac-
teristics may serve as a model for human heart. An
important piece of information in this context would
seem to be provided by the relatively high proportion
of neurotransmitters associated with sympathetic
activation, which may contribute to an increase in
catecholamine concentration in the heart, especially
in people with cardiomyopathy [48, 49].
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ultrastructure of hepatocytes of old rats
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Abstract

Introduction. Fenofibrate (FN) is a hypolipemic drug used for the treatment of mixed dyslipidemia. Since in
our previous study FN administration to young and old rats adversely affected the serum activity of liver marker
enzymes, we decided to examine the effects of FN on liver ultrastructure of young and old animals.

Material and methods. Young and old rats were fed standard rodent chow supplemented with 0.1% FN for 30
days. Liver samples obtained from animals under full anesthesia were processed by routine methods to obtain
ultrathin and histological sections for the examination by light microscopy (LM) and transmission electron
microscopy (TEM). Furthermore, liver lysates were analyzed by Western blotting for the expression of the
autophagy-related proteins LC3A/B and beclin 1.

Results. The ultrastructure of hepatocytes in both age groups was well-preserved, with the presence of abundant
mitochondria, numerous peroxisomes and lysosomes, glycogen stored in the form of rosettes, and occasionally
autolysosomes. However, hepatocytes of old control rats contained less mitochondria and peroxisomes, and
more lipid droplets than cells of young animals. The effects of FN on liver ultrastructure were age-depended.
FN increased the relative number of mitochondria and peroxisomes in the hepatocytes of old, and did not af-
fect their number in young rats. Moreover, FN decreased and increased the relative number of lipid droplets in
the hepatocytes of old and young rats, respectively. At the LM level, Oil Red O staining revealed smaller and
larger lipid droplets within hepatocytes and non-parenchymal liver cells. In the livers of young and old rats lipid
droplets were distributed mainly in the periportal zones of hepatic lobules. Morphometric analysis confirmed
that livers of control old rats contained more lipid-stainable areas than those of young ones; however, no effect
of FN was observed either in young or old rats. Despite larger size of autolysosomes and autophagic vacuoles in
hepatocytes of old rats, the expression of autophagy-related proteins did not differ in the livers of control and
fenofibrate-treated young and old animals.

Conclusions. The results of our study suggest that fenofibrate, apart from its hypolipemic action, may have ben-
eficial effect on the energy metabolism in the liver of old individuals by increasing the number of mitochondria
and peroxisomes in hepatocytes. (Folia Histochemica et Cytobiologica 2021, Vol. 59, No. 3, 167-177)

Key words: fenofibrate; aging; rat; liver; hepatocyte; lipid droplets; LC3A/B; beclin 1; TEM

Introduction Hypolipemic effects of FN are related to the acti-

vation of a class of intracellular receptors, known as
Fenofibrate (FN) has been used to correct lipid peroxisome proliferator-activated receptors (PPARs),
abnormalities in patients with dyslipidemias [1, 2]. especially PPAR« in the liver [3]. These receptors
modulate carbohydrate and lipid metabolism by the
up- or downregulation of the transcription of multiple
genes that are responsible for the regulation of hepatic
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levels of serum lipids, FN administration for 30 days
to young and old rats was associated with alterations
of liver histological structure and increased blood se-
rum activity of alkaline phosphatase [8]. Other studies
showed that PPAR« activation by fibrates induces in
rodents strong proliferation of peroxisomes, resulting
in hyperplasia and hypertrophy of hepatocytes [9-12].
In liver-specific humanized PPAR« transgenic mice,
FN caused proliferation of liver cells and hepatocyte
hypertrophy, dependent on the dose and duration
of FN treatment [12]. Moreover, PPAR« activation
decreased apoptosis in an experimental rat cholestasis
model [9]. However, the effects of PPAR«a ligands,
such as FN, on hepatocyte and peroxisome prolifer-
ation differ between rodents and humans [13].

Even though biological effects of FN have been
studied almost for forty years, there is scarcity of
data on age-dependent effects of the drug. In our
previous study performed on old and young rats we
found, beside the expected hypolipemic action of FN,
also some indices of adverse effects of FN on the liver
function and structure at the light-microscopic level.
Therefore, in the present study we decided to compare
FN’s effects on hepatocytes’ ultrastructure in young
and old healthy Wistar-Han rats, and on the expres-
sion of autophagy-related proteins, i.e. LC3A/B which
is related to autophagosome formation, and beclin 1,
a common regulator of autophagy and apoptosis [14].

Materials and methods

Animals. The experiment was carried out on young
(4-month-old) and old (24-month-old) male Wistar-Han
rats, bred in the Academic Animal Experimental Center in
Gdansk, Poland, and housed one per cage in standard breed-
ing conditions (22 + 2°C, humidity 55 + 10%, 12h/12h light/
/dark cycle). The experimental procedures were approved by
the Local Ethics Committee in Bydgoszcz, Poland (protocols
No. 41/2017, 58/2017, 40/2018, and 5/2019), and carried out
accordingly.

Administration of FN and material sampling for electron
and light microscopy. Young and old rats were fed either
standard rodent chow (Labofeed H, Wytwornia Pasz
Morawski, Kcynia, Poland) (control animals) or the same
chow supplemented with 0.1% FN (Glentham Life Sciences,
Corsham, UK) (FN-treated group). For electron microscopy
studies, two young and two old animals from each group
were anesthetized using ketamine 90 mg/kg and xylazine
10 mg/kg, i.p. The heart was exposed by slitting the chest
and a perfusion needle was inserted into the left ventricle
of the heart. At the same time, the continuity of veins
falling into the right atrium of the heart was broken. First,
a 0.9% NaCl solution with 500 units of heparin to prevent
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blood clotting was injected in order to rinse blood from
the circulatory system. Then, a fixative (2.5% glutaralde-
hyde in 0.1 M phosphate buffer (pH 7.4)) was adminis-
tered (approx. 400 ml per 250 g of animal weight). In the
first phase, the fixer was pressed in faster mode (10 ml/
/min), and then the pump flow was halved. After per-
fusion, the fixative was removed from the pump tubing
by rinsing it with saline solution. Liver samples (approx.
1 mm?®) were collected and immediately placed in the same
fixative solution before further processing. For light micros-
copy examination, three animals per group were sacrificed
under full anesthesia (ketamine 90 mg/kg and xylazine
10 mg/kg, i.p.) through exsanguination from heart puncture,
followed by decapitation. Liver samples were collected and
immediately frozen in liquid nitrogen for further processing.

Transmission electron microscopy. For ultrastructural ex-
amination of hepatocytes, the liver samples of two rats from
each group were analyzed. After overnight fixation in 2.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), tissues
were treated with 1% osmium tetroxide in 0.12 M phosphate
buffer and embedded in epon resin (Sigma-Aldrich, St.
Louis, MO, USA). Ultrathin sections (70 nm) were cut and,
after dehydration, stained with uranyl acetate (Plano GmbH,
Wetzlar, Germany) and lead citrate (Electron Microscopy
Sciences, Hatfield, PA, USA). Samples were analyzed with
a transmission electron microscope (JEOL JEM-1200 EX
II, University Park, PA, USA) at an acceleration voltage
of 80 kV.

Oil Red O staining. Seven-um-thick frozen liver sections
of three rats per group were obtained using a cryostat
(Leica CM1950, Kawaska, Warsaw, Poland), and mounted
on glass slides (SuperFrost Ultra Plus, Thermo Scientific,
Vantaa, Finland). The sections were briefly washed in dH, 0,
PBS-buffered 4% paraformaldehyde for 1 min, and briefly
in absolute alcohol. Then, the sections were incubated in
fresh-diluted 0.5% Oil Red O solution in isopropyl alcohol
(Sigma-Aldrich) for 12 min, briefly washed in dH,O, and
incubated in Harris’s hematoxylin solution (Sigma-Aldrich)
for 5 s, briefly washed in dH,O and 80% ethanol solution,
and embedded in glycerol (Sigma-Aldrich).

Morphometric studies. In the samples of the liver from
each group of animals the cytoplasm of randomly selected
hepatocytes located in various regions of the ultrathin
sections was outlined and its area was measured with the
use of the ImagelJ software (NIH, Bethesda, MD, USA).
Thereafter, the number of mitochondria, peroxisomes, and
lipid droplets in chosen area was counted. Basically, the mor-
phometry was performed at the magnification of 10,000
and 15,000%. The results are shown as the number of the
listed structures per unit area of the cytoplasm expressed in
square micrometers.
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For the measurement of relative content of lipid droplets
in liver samples, two non-contiguous sections from three rats
per each group were analyzed, in three to five randomly-se-
lected view fields at the 20 X objective magnification in each
section. Microphotographs were obtained using Olympus
BX43 microscope equipped with an Olympus UC 90 digital
camera (Olympus, Tokyo, Japan).

The relative area occupied in the Oil Red O stained sec-
tions by the lipid droplets were analyzed using the cellSens
Dimension Software (Olympus, Tokyo, Japan).

Western blotting. The semi-quantification of LC3A/B and
beclin 1 proteins in the liver was performed by Western
blotting (WB) in 4 samples from every group. Whole-cell
lysates were obtained using the Mammalian Cell Extraction
Kit (BioVision, Miliptas, CA, USA) and 20 ug protein sam-
ples were separated on 10% SDS-PAGE gels, transferred to
PVDF membranes (Bio-Rad, Warsaw, Poland), and blocked
with 7% non-fat milk in TBS with 0.1% Tween20 (TBST) for
1.5 h. The membranes were incubated overnight at 4°C with
anti-LC3A/B (Santa Cruz Biotechnology, Dallas, Texas) or
anti-beclin 1 (Santa Cruz Biotechnology, Dallas, TX, USA)
rabbit polyclonal antibodies at 1:1,000 dilution in 3% non-fat
milk in TBST. Thereafter, the membranes were incubated
with HRP-conjugated anti-rabbit secondary antibodies (Sig-
ma-Aldrich) at 1:10,000 dilution in 3% non-fat milk in TBST
for 2 h at room temperature. Bands were visualized using
Clarity Western ECL Substrate (Bio-Rad) and developed
using ImageQuant LAS 500 Chemiluminescence CCD Cam-
era (GE Healthcare Life Sciences, Pittsburgh, PA, USA).
LC3A/B and beclin1 protein levels were analyzed relative to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) lev-
els (1:50,000 antibody dilution in 3% non-fat milk in TBST;
Sigma-Aldrich) using QuantityOne Software (Bio-Rad).

Statistical analysis. Statistical analyses were performed
using GraphPad Prism v. 3.0 software (GraphPad Inc., San
Diego, CA, USA). After applying Shapiro-Wilk test for
normality and Grubbs test for outliers, statistical analyses
were performed using Student ¢-test (for relative area density
of organelles and relative area of lipid droplets) or nonpar-
ametric Kruskal-Wallis ANOVA (for proteins’ expression
in WB). Data are presented as mean + SD. Statistical
significance was set at p < 0.05.

Results

Ultrastructure of hepatocytes of young and old rats

In control young rats, electron microscopy revealed
well-preserved ultrastructure of hepatocytes. The cells
presented normal structure of numerous mitochon-
dria, abundant rough endoplasmic reticulum (RER),
and numerous peroxisomes and lysosomes (Figs. 1B
and 2B; Suppl. Figs. 2 and 4), glycogen stored in
aform of ‘rosettes’ (Figs. 1B and 2A; Suppl. Fig. 4) and
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lipid droplets (Suppl. Figs. 1 and 3). Some hepatocytes
in the liver of young rats were binucleated (Fig. 1A;
Suppl. Fig. 2).

In control old rats, electron microscopy revealed,
similarly to young ones, well-preserved ultrastructure
of hepatocytes (Figs. 1C, 1D, 2C, and 2D). However, in
comparison to young animals, hepatocytes of old con-
trol animals contained relatively more electron-dense
mitochondria (Figs. 1C, 1D, 2C, and 2D), well-de-
veloped RER (Figs. 1D, 2C; Suppl. Figs. 5 and 6),
and some autolysosomes (Figs. 1C and 2D; Suppl.
Figs. 6 and 8). Moreover, hepatocytes of control old
rats appeared to have more lipid droplets (Fig. 1D),
peroxisomes (Fig. 2D; Suppl. Fig. 8) and glycogen
‘rosettes’ (Figs. 2C and 2D; Suppl. Figs. 6 and 7)
than hepatocytes of young animals. Binucleated and
polyploid hepatocytes seemed to occur more often in
the liver of old rats (Fig. 1C).

In comparison to young control animals, hepat-
ocytes of FN-treated young rats revealed numerous
mitochondria with more electron-dense matrix (Fig.
3A; Suppl. Figs. 9 and 10), more peroxisomes and
lysosomes (Figs. 3A, 3B, and 4B; Suppl. Figs. 9 and
10) and occasionally autophagosomes (Suppl. Fig. 9)
and autophagic vacuoles (Fig. 4A). Some lipid drop-
lets were also seen (Fig. 4A). Interestingly, the inter-
cellular spaces were distended (Fig. 3A).

In comparison to old control animals, hepatocytes
of FN-treated old rats appeared to have more mito-
chondria, peroxisomes, lysosomes, RER cisternae
(Figs. 3C and 3D; Suppl. Figs. 11) and glycogen ‘ro-
settes’ (Figs. 4C and 4D). Compared with the hepat-
ocytes of control rats, the number of lipid droplets
seemed to be lower in the cells of FN-treated old
animals (Fig. 3C; Suppl. Fig. 11) whereas the content
of autophagosomes and autolysosomes seemed to be
more variable (Figs. 4C and 4D).

In the livers of both control and FN-treated young
and old rats, hepatocytes were connected by numerous
junctional complexes with prominent desmosomes
(Figs. 1D and 3C; Suppl. Figs. 5 and 11).

Morphometric analysis at the electron
microscopic level
Because the qualitative analysis of electron-micro-
scopic photographs suggested the presence of some
age- or FN-related changes in the number of hepat-
ocytes’ organelles, we performed semi-quantitative
morphometric analysis to determine relative area
density of mitochondria, peroxisomes, and lipid
droplets in hepatocytes of each experimental group.
We found that in the hepatocytes of old control
rats the relative number of mitochondria and per-
oxisomes was lower by 29% (p < 0.05) and 57%
(p < 0.05), respectively, than in hepatocytes of con-
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Figure 1. EM micrographs of hepatocytes of control young and old rats at lower magnifications. Abbreviations: Al — autol-
ysosome; Ap — autophagosome; col — collagen fibers; De — desmosome; Ld — lipid droplet; Ly — lysosome; m — mito-
chondrion; N — nucleus; Px — peroxisome; tER — rough endoplasmic reticulum; S — sinusoid; arrow, glycogen rosette.

Figure 2. EM micrographs of hepatocytes of control young and old rats at higher magnifications. Abbreviations as in the
description of Figure 1 and: Ga — Golgi apparatus, black circle — bile canaliculus.
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Figure 3. EM micrographs of hepatocytes of FN-treated (feno) young and old rats at lower magnifications. Abbreviations
as in the description of Figure 1 & 2: Ap — autophagosome; Sp — lateral recess of the space of Disse.

Figure 4. EM micrographs of hepatocytes of FN-treated (feno) young and old rats at higher magnification. Abbreviations
as in the description of Figures 1, 2 and 3.
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Figure 5. Relative area density of mitochondria, peroxisomes, and lipid droplets in hepatocytes of young and old control
and FN-treated (feno) rats measured at the ultrastructural level and expressed as number of organelles per um?. Data are
presented as mean + SD, n = 2 per group, *p < 0.05, **p < 0.01 (Student's ¢-test).

trol young rats. FN treatment increased the number
of mitochondria and peroxisomes in hepatocytes of
old rats by 57% and 300%, respectively (p < 0.05 and
p < 0.01). However, FN did not affect the number
of mitochondria or peroxisomes in hepatocytes of
young rats (Fig. 5).

We also found that in hepatocytes of control old
rats the relative number of lipid droplets was 3-fold
higher than in cells of young animals (p < 0.01) (Fig.5).
FN treatment decreased the number of lipid droplets
by 50% (p < 0.05) in hepatocytes of old rats, and
increased it by 50% in cells of young animals (Fig. 5).

Relative content of lipid droplets measured

in liver sections stained by Oil Red O

The heterogeneity of the liver lobule has been de-
scribed for some basic metabolic pathways [15, 16].
Since our EM study had basically qualitative character
and the sampled pieces of liver tissue were derived
from the middle part of classic hepatic lobules (zone
2 of portal lobule), we decided to test the expression
of lipid droplets across the liver lobule in cryostat
sections stained with Oil Red O. This method made it
possible to asses semi-quantitatively the relative area
occupied by lipid droplets in the liver sections. In the
livers of control both young and old rats, Oil Red O
staining revealed the presence of lipid droplets mainly
in the hepatocytes of the periportal zone of the classic
hepatic lobule (zone 1 of portal lobule); however, the
intensity of the staining reaction was much higher in
the liver of old rats (Fig. 6).
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The FN treatment resulted in more homogenous
distribution of lipid droplets within hepatic lobules
and seemingly lower staining intensity (Fig. 6B,
D) which prompted us to assess drug’s action by
a morphometric method. It revealed that the relative
area density of lipid droplets was higher in the liver
of control old rats by 371% (p < 0.01) than in young
ones. The treatment of both young and old rats with
0.1% FN did not cause any significant changes in the
area density of lipid droplets in young and old rats
(p > 0.05) (Fig. 6E).

Expression of pro-autophagic proteins LC3A/B

and beclin 1

One of the features of cell senescence is decreased
number of autophagic structures/vacuoles [17]. West-
ern blot method was used to assess the relative levels
of LC3A/B and beclin 1 proteins in the homogenates
of rat livers. We did not observe any age-related
changes, although there was a notable tendency
towards lower expression of LC3A/B and increased
expression of beclin 1 in control old rats as compared
to young ones. The FN treatment was not associated
with any significant changes in the expression levels
of autophagy-related proteins LC3A/B and beclin
1 in the liver of either young and old rats (Fig. 7).

Discussion

Fenofibrate has been approved for treating dyslipide-
mias; however, its effects on the liver ultrastructure in
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Figure 6. Oil Red O staining of the liver of control and FN-treated (feno) young and old rats. The most representative mi-
crophotographs at 200X magnification are shown (A-D). Relative area of lipid droplets (E) was assessed; data are presented
as mean * SD of 3 animals per group, ***p < 0.01 (Student -test).
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Figure 7. Protein expression of LC3A/B and beclin 1 in the liver of control and FN-treated (feno) young and old rats. Relative
protein levels were determined by Western blotting. Representative blots are shown. Data are presented as mean * SD, 4
animals per group. No significant changes were found (p > 0.05). Abbreviations: YC — control young rats; YF1 — young
rats treated with 0.1% FN; OC — control old rats; OF1 — old rats treated with 0.1% FN (Kruskal-Wallis ANOVA).

the context of aging have not been thoroughly investi-
gated. Our study revealed some important differences
in the submicroscopic structure of hepatocytes of
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young and old male rats which were subjected to short-
term, 30-day-long FN treatment. We suggest that it
may reflect changes in liver function, as indicated by
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changes in biochemical serum parameters and liver
morphology described in our previous report [8].

It has been showed that aging in rodents is asso-
ciated with some decline of mitochondrial function
with mitochondria from old mice characterized by
less regular and more heterogeneous cristae not ar-
ranged in parallel stacks [18], and increased content
of oxidation products of phospholipids, proteins and
DNA, decreased membrane potential, and increased
mitochondrial size and fragility [19]. It was revealed
that aging in rodents [20-22] and humans [22] is as-
sociated with the increase in individual mitochondrial
volume and decline in the number of mitochondria
in the liver. These findings are supported by our
observation of the increased matrix electron density
of mitochondria in hepatocytes of old rats. Our find-
ing of the lower relative number of mitochondria in
hepatocytes of control old rats as compared to young
ones was reported by some, however not all, investi-
gators. E.g. much higher decline (3.5 times) was found
in the relative number of mitochondrial profiles in the
livers of 24-month-old control mice as compared with
6-month old animals [23]. In hepatocytes isolated from
22-23 and 32-36 month-old Wistar rats the number of
mitochondria per cell was similar; however, mitochon-
dria of old animals were larger than mitochondria in
hepatocytes of 3—4 month-old rats that was explained
by age-related increase in mitochondrial matrix volume
[24]. Electron cryotomography showed that in the mi-
tochondria isolated from the livers of old (80-96-week-
old) mice mitochondrial cristae were less regular and
not arranged in parallel stacks, less interconnected,
generally wider and not spanning the entire mitochon-
drion in comparison with mitochondria from livers of
20-week-old animals [18]. Lysek-Gladysifiska et al.
observed increased number of damaged mitochondria
in the hepatocytes of 17-month-old mice as compared
to 6-month old animals [21]. Interestingly, no age-de-
pendent increase in hydrogen peroxide release relative
to the amount of oxygen consumed was observed in the
isolated murine liver mitochondria [18].

The short-term FN treatment of old rats resulted
in the appearance more electron-dense mitochondria
in hepatocytes of both young and old animals than in
control ones. Moreover, FN increased relative num-
ber of mitochondria only in hepatocytes of old rats
that was lower in control old animals as compared to
young ones. Since mitochondria play a major role in
the energy homeostasis, this novel observation may
indicate beneficial effect of FN that upregulated
age-related decline of the number of mitochondria
in rat hepatocytes.

Peroxisomes, abundant in cells that are involved
in lipid and xenobiotics metabolism, play a major role
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in the breakdown of long-chain fatty acids, thereby
complementing mitochondrial fatty-acid oxidation
[25]. In our study we demonstrated that the age is
associated with the decrease in relative number of
peroxisomes in hepatocytes, and FN administration
increases the relative number of peroxisomes only
in hepatocytes of old rats. Together with the effect
of FN on the relative number of mitochondria in
hepatocytes of old rats this finding suggests beneficial
effects of FN on the on the hepatic lipid and energy
metabolism in aged rodents. Although FN was shown
to increase the number of peroxisomes in the liver
of juvenile (5-week-old) male Wistar rats after two
weeks of 0.1% FN administration [26], this effect
was not observed by us in the liver of adult, sexually
mature animals. The discrepancy between our data
and those of the other authors could be attributed to
differences between rat strains [26, 27]. For example,
in the liver of 27-month-old male Fischer 344 rats,
clofibric acid, one of the model fibrates, induced only
slight proliferation of peroxisomes [28]. Moreover, FN
did not cause proliferation of peroxisomes in the liver
of rhesus monkeys (treatment with 200 mg/kg body
weight/day FN for 12 months) [29]. It is also possible
that the chosen dose of FN or the duration of its ad-
ministration were too short to induce proliferation
of peroxisomes in hepatocytes of young and old rat.
It is widely known that aging is associated with lipid
accumulation in the liver [30]. In our study we reveal
that old age of rats was associated with the increase in
relative number of lipid droplets within single hepato-
cytes and in liver sections at the light microscopy level.
Similar increase in lipid droplets were found in the
liver of aging mice [21, 31]. Interestingly, in Fischer
344 male rats the volume of lipid droplets in hepat-
ocytes undergoes a biphasic response during aging,
i.e. gradual post-maturational increase is followed
by the decline during late senescence [22, 32]. The
beneficial effect of FN on the relative number of lipid
droplets in hepatocytes of old rats was not observed
in young animals in whom only a slight increase was
found. This discrepancy may be caused by originally
higher content of lipid droplets in old hepatocytes and,
probably, increased sensitivity of old rats’ hepatocytes
to the action of FN, as observed also for the relative
number of mitochondria and peroxisomes. In contrast
to these ultrastructural observations, FN did not alter
the relative area occupied by lipid droplets detected by
Oil Red O staining at the light microscopy level. This
may be due to the accumulation of lipid vacuoles in
hepatic stellate cells which were not analyzed by elec-
tron-microscopy morphometry. We are not aware of
any studies that investigated effects of FN on the liver
fat-storing (or Ito) cells. Similar effect was observed
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in hyperlipidemic patients with the presence of lipid
droplets in the liver cells and numerous hepatocytes
containing medium- or large-size lipid droplets in
6 out of 28 FN-treated patients [33].

Autophagosomes and autolysosomes play a critical
role in maintaining normal intracellular homoeostasis
in response to various stresses, and autophagy, the
process associated with the formation of this struc-
tures, controls the quality and quantity of cellular or-
ganelles and macromolecules [34]. The liver presents
high levels of metabolic-stress-induced autophagy that
is under the regulation of hormones and amino acids’
concentrations. Liver autophagy provides starved cells
with amino acids, glucose and free fatty acids for use
in energy production and synthesis of new macromole-
cules. It is also known that liver autophagy contributes
to basic hepatic functions, including glycogenolysis,
gluconeogenesis and S-oxidation, through selective
turnover of specific cargos controlled by a series of
transcription factors, e.g. CREB (cAMP response
element) or PPAR« [17, 34]. Impaired or deficient
autophagy is believed to be associated with aging, and
several age-related pathologies [17].

In our study, ultrastructural examination of hepat-
ocytes revealed the presence of autophagosomes and
autolysosomes in both age groups. It was showed that
in C57BL/6 female mice the number of autophagic
structures/vacuoles in hepatocytes decreased with
age, and suggested that the age-related decrease in
autophagy in the liver may induce accumulation of
cellular materials in the liver of aged mice [17]. The
study on 26-month-old male Fisher rats showed that
there was no effect of age on the fractional volume
of autophagic vacuoles [35]. In our study we did not
found age-related differences in hepatic expression of
LC3A/B (related to autophagosome formation) and
beclin 1 proteins (a common regulator of autophagy
and apoptosis). Other authors reported that in old
compared to young rats, expression of beclin 1, LC3-1
and procathepsin D was decreased, and expression of
cathepsin D (a product of procathepsin D proteolytic
activation in lysosomes) was increased [35].

Our examination of hepatocytes ultrastructure
revealed the presence of autophagosomes and autol-
ysosomes in young and old FN-treated rats. Recent
studies showed that hepatic autophagy is activated
via PPARa after short-term treatment with PPAR«
agonists both in vivo and in vitro [36, 37]. There are
some data suggesting that treatment with FN may
have various effects on autophagy in hepatocytes. In
neonate, 5-day-old G6pc’ mice (autosomal mutation
in glucose-6-phosphatase; a model of neonatal gly-
cogen storage disease type la) 5-day-long treatment
with FN induced autophagy in the liver accompanied
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by increased hepatic LC3-II and beclin 1 protein
expression, and TEM analyses revealed numerous
autophagosomes with electron-dense glycogen gran-
ules [14]. In hepatocytes isolated from 8-week-old
male C57BL/6] mice treated with FN (0.5-5 ug/ml for
24 hours), the drug exerted a protective effect
against acetaminophen (APAP)-induced hepatotox-
icity by enhancing autophagy via elevation of LC3-11
and degradation of p62 proteins [23]. In contrast,
Zhu et al. observed no effect of FN on the process of
autophagy in monosodium glutamate (MSG)-induced
obese mice that were treated with FN for 5 weeks at
dose 45 mg/kg [38].

In summary, the obtained results suggest that
fenofibrate may have beneficial effects on the energy
metabolism of old rats by increasing the number of
mitochondria and peroxisomes in hepatocytes.
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Abstract

Introduction. In endochondral ossification septoclasts and osteoclasts (also called chondroclasts) release growth
factors deposited in non-calcified and calcified zones of the growth plate. They stimulate, within the metaphysis, initial
stages of the bone formation. We have recently reported quantitation of several growth factors in calcified cartilage
from calf costochondral junction. Data from the analogous human cartilage could possibly help to choose efficient
combinations of growth factors for clinical applications, but the amount of the calcified cartilage needed for analysis
of numerous growth factors would be difficult to collect. The estimation of growth factors expression in endochondral
chondrocytes may, indirectly, indicate which of them play a leading role in the stimulation of osteoprogenitor cells
in metaphysis. To test this hypothesis, we used rat chondrocytes to evaluate mRNA levels of several growth factors.
Materials and methods. Chondrocytes were isolated from proliferative and hypertrophic zones of the epiphyseal
cartilage forming costochondral junctions of inbred Lewis rats. The total RNA was isolated from chondrocytes
and the level of mRNA for bone morphogenetic proteins 1-7 (BMP-1-7), vascular endothelial growth factor A
(VEGF-A), basic fibroblast growth factor (bFGF), growth/differentiation factor 5 (GDF-5), NEL-like protein 1
(NELL-1), transforming growth factor beta 1 (TGF-81), mesencephalic astrocyte-derived neurotrophic factor
(MANF), connective tissue growth factor (CTGF), osteoclast-stimulating factor 1 (OSTF-1) and insulin-like
growth factor 1 (IGF-1) was evaluated using real-time PCR method.

Results. All studied factors were expressed. The highest level of mRNA was detected for CTGF, MANF, VEGF-A
and TGF-$1. Expression was also quite high for BMP-1, BMP-2, BMP-5, BMP-6, BMP-7, IGF-1, GDF-5 and
OSTEF-1. Very low level of mRNA was detected for BMP-3, BMP-4 and NELL-1.

Conclusions. Chondrocytes from the proliferative and hypertrophic zones of the growth plate produce factors
involved in the cartilage metabolism and bone formation. The determination of these growth factors in humans
could help to choose their optimal composition necessary for stimulation of bone formation in clinical practice.
In rat the best stimulation of bone formation would presumably be achieved with a mixture of BMP-2, BMP-5,
BMP-6 and BMP-7. (Folia Histochemica et Cytobiologica 2021, Vol. 59, No. 3, 178-186)
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Introduction

Epiphyseal growth plate composed of hyaline carti-
lage constitutes the dynamic structure with stem cells
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present in the reserve zone which differentiate and
rapidly divide in the proliferative zone, enlarge in the
hypertrophic zone, and finally undergo apoptosis in
the provisional calcification zone close to the metaph-
ysis [1-8]. Calcification of the growth cartilage begins
in the extracellular matrix (ECM) forming longitu-
dinal septa and separating rows of chondrocytes. In
the hypertrophic zone septa, roundish bodies appear
that are produced by chondrocytes and called matrix
vesicles. They serve as initiation sites of mineral dep-
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osition in the cartilage [9-11]. Calcified matrix vesicles
join into larger structures, called globular units and
finally into massive calcium phosphate deposits oc-
cupying most of the calcification zone territory [12].

The proliferation and differentiation of chondro-
cytes in the epiphyseal cartilage are regulated by nu-
merous factors belonging to the TGF-3 superfamily. In
the immunocytochemical studies bone morphogenetic
proteins 1-7 (BMPs 1-7) were demonstrated in prolif-
erative, maturing and late hypertrophic chondrocytes
of rat tibial growth plate [13]. BMPs 1-7 and vascular
endothelial growth factor (VEGF) were also found in
matrix vesicles isolated from rat growth plate, which
could carry them from chondrocytes into the matrix
[14]. BMP signalling is required for maintenance of the
differentiated phenotype, control of cell proliferation,
expression of hypertrophic phenotype of chondrocytes
[15, 16] and skeletal development [17]. BMP-2 and
BMP-6 are upregulated in hypertrophic zone com-
pared with resting zone and proliferative zone from
rat growth plate while signalling inhibitor BMP-3 is
highly expressed in resting zone [18]. In turn, BMP-5
upregulated expression of hypertrophic zone markers
- parathyroid receptor 1 and collagen type X alpha 1 in
cellline ATDCS serving as the growth plate model [19].

Vascular invasion into growth plate depends on the
production of VEGF by hypertrophic chondrocytes
[20] with invading endothelial cells as a target [21].
Moreover, VEGF acts also as a survival factor for
growth plate chondrocytes [21], is instrumental for
invasion of osteoclasts into the hypertrophic cartilage
[22, 23], and serves as the mediator connecting angi-
ogenesis with osteogenesis [24].

Gradients of BMPs across the growth plate form
many local signaling pathways and may be a key
mechanism responsible for spatial regulation of
chondrocyte proliferation and differentiation. Due to
cross-talks and feedback mechanisms, these interwo-
ven pathways display a network-like structure. This
network is able to capture the different states (resting,
proliferating and hypertrophic) that chondrocytes go
through as they progress within the growth plate and
finally support vascular invasion [1, 8, 25, 26].

Both in our previous work [27] and in the present
contribution, an advantage was taken of the sim-
ilarity in the structure and function of epiphyseal
growth plate and costochondral junctions [28-30]. It
was possible to obtain sufficient amount of calcified
cartilage from the zone of provisional calcification in
costochondral junctions of calf ribs for quantitative
determination by ELISA of deposited growth factors.
It had high content of growth/differentiation factor 5
(GDF-5), BMP-7,and NEL-like protein 1 (NELL-1)[27]
suggesting that these factors play a leading role in
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the stimulation of bone formation within calf ep-
iphyseal cartilage. Other factors, such as BMP-2,
BMP-3. BMP-4; basic fibroblast growth factor
(bFGF), VEGF and transforming growth factor beta 1
(TGF-1) occurred in lower quantities. Still others,
BMP-1, BMP-5, BMP-6, insulin-like growth factor 1
(IGF-1), osteoclast-stimulating factor 1 (OSTF-1),
mesencephalic astrocyte-derived neurotrophic factor
(MANF) and connective tissue growth factor (CTGF)
were not detected. Thus, it appears that epiphyseal
chondrocytes not only produce growth factors as the
regulators of their own growth and differentiation but
also prepare considerable store of chosen factors for
the initial period of bone deposition.

The initial enthusiasm for the use of bone morpho-
genetic factors in the clinical practice [31, 32] subsided
due to the observations of unfavourable side effects
such as postoperative inflammation, ectopic bone for-
mation, osteoclast-mediated severe bone resorption
and life-threatening cervical spine swelling [33, 34] as
well as by apprehension of neoplastic growth stimu-
lation [35]. There are also problems with the choice
of proper carrier vehicle for BMPs. Sodium acetate
buffer, bovine type I collagen matrix in combination
with carboxymethyl-cellulose, absorbable collagen
sponge, polymers or ceramic composites were tested.

Alternative BMP delivery systems include also viral
vectors or genetically altered cells [36]. An absorbable
collagen sponge as a carrier for BMP-2 has been ap-
proved by U.S. Food and Drug Administration (FDA)
for the use in humans, but the optimal carrier vehicle
for BMP-2 or other growth factors delivery has yet not
been established [33]. Recently, gene delivery is a new
option for achieving the sustained release of BMP-2
and stimulation of bone defects healing. It involves
transferring a target gene encoding BMP-2 into the
defect site using vectors carrying the gene. Then, the
cells transfected by vectors carrying the gene produce
the target molecules in vivo and secrete the target mol-
ecules into the defect site. The drug release period can
be controlled by the vector carrying the gene [37, 38].

Another approach for the improvement of BMPs
administration results involved construction of inject-
able bmp-2 delivery system based on collagen derived
microspheres and alginate. This system, when tested
in rats, considerably reduced BMP-2 dose needed for
successful induction of ectopic bone formation in rats
[39]. As a delivery system for BMP-2 a non-polymer
hydrogel, based on the self-assembly of small amphi-
philic glycosyl-nucleolipids into micellar structures
was also tried. When tested in mice it stimulated
ectopic bone formation at low doses of BMP-2 [40].

The formation of bone within growth plate is de-
pendent on several growth factors which presumably

www.journals.viamedica.pl/folia_histochemica_cytobiologica



180

act synergistically and thus may be effective at low
concentrations to allow harmonious osteogenesis.
We have recently shown that in the bovine epiphyseal
cartilage BMP-7, NELL-1 and GDF-5 may play a key
role in early mineralization [27]. The question arises
which other growth factors and at what concentra-
tion are deposited in calcified cartilage from human
growth plate. In view of the similarity between the
mechanisms of endochondral bone formation during
development and healing of mature bone fractures
[41] it is plausible that recognition of growth factors
deposited in human calcified cartilage could help to
choose optimal composition of growth factors for the
stimulation of bone formation in clinical practice. Un-
fortunately, the amount of calcified human cartilage
from growth plates needed for analysis of numerous
growth factors would be difficult to collect. Analysis of
growth factors expression at the mRNA level requires,
however, a much lower number of chondrocytes than
analysis of their presence as proteins in calcified car-
tilage. Human chondrocytes, for example, from the
costochondral junctions of young transplant donors,
could be accessible with maintaining ethical standards
according to the Academy of Medical Royal Colleges,
2015; Recommendation 9: “When parents would like
to donate their child’s organs for transplantation, but
this is not clinically possible, clinicians should attempt
wherever possible to accept such organs for research,
if this is an acceptable alternative to the parents” [42].
The aim of our study was to check whether the
expression of genes encoding growth factors by growth
plate chondrocytes may be related to the amount
of the respective proteins in calcified cartilage. For
the verification of this supposition, we evaluated the
expression of growth factors at the mRNA level in
growth plate chondrocytes in an animal model and
tried to deduce which of them are essential for the
stimulation of osteoprogenitor cells and, presumably,
are deposited in calcified cartilage. Because in the pre-
vious work [27] we used calf cartilage, the best way to
test this hypothesis would be to use calf chondrocytes,
unfortunately they could be collected at the earliest
24 h after death of the animal. Therefore, we used
rat chondrocytes from the proliferative and hyper-
trophic zone of epiphyseal cartilage of costochondral
junction, to evaluate mRNA level of selected growth
factors: BMPs 1-7, VEGF-A, bFGF, GDF-5, NELL-1,
TGF-$1, MANF, CTGF, OSTF-1 and IGF-1.

Materials and methods

Animals. Donors of chondrocytes were 6-week-old inbred
Lewis male rats. Cartilages were taken from two rats for
one experiment (number of experiments was 5, n = 5). The
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study was approved by the Animal Ethics Committee of the
Medical University of Warsaw, Poland (no 049/2016).

Preparation of cartilage. Ribs were dissected from costo-
chondral junctions and cleared from the adhering tissues. The
metaphysis was identified under dissecting microscope, sep-
arated from cartilage and about 1 mm in length of cartilage
containing hypertrophic and proliferative zones was taken
either for chondrocyte isolation or histological observations.

Isolation of chondrocytes. Cartilages taken from two rats
for one experiment were left in 0.125% collagenase and
0.025% DNase solution dissolved in RPMI 1640 medium
(Merck KGaA, Darmstadt, Germany) at 37°C for 18 hours.
During the last hour of exposition, the suspension of partially
digested cartilage fragments was stirred on the magnetic
stirrer to facilitate dispersion into single cells. Non-digested
(calcified) fragments were separated with 20 um mesh filter
(Merck). Isolated chondrocytes were counted in the Biirger’s
chamber. About 2 X 10° chondrocytes was obtained from
two rats. Chondrocytes were used for isolation of total RNA.

Total RNA isolation. RNA was isolated with NucleoSpin®R-
NA II kit (Macherey-Nagel, Duren, Germany), according
to manufacturer’s protocol. The quantity and quality of the
isolated total RNA was evaluated spectrophotometrically
using ND-2000-Spectrophotometer NanoDrop 2000 with
software for analysis of nucleic acids (Thermo Fisher Sci-
entific, Wilmington, DE, USA).

Reverse transcription. Reverse transcription was performed
using the High Capacity cDNA Reverse Transcription kit
(Applied Biosystems, Warrington, UK), according to the
manufacturer’s protocol in Eppendorf Mastercycler gradient
(10 min at 25°C, 120 min at 37°C and 5 sec. at 85°C). Briefly,
2 ul of 10x RT buffer, 0.8 ul of 25x ANTP Mix, 2 ul of 10x
Random Primers, 1 ul of Multiscribe Reverse Transcriptase,
4.2 ul of nuclease-free water and 10 ul of mRNA (0.5 ug) per
one reaction. cDNA samples were stored at —20°C.

Real-time PCR. Real-time PCR was performed in the AB-
IPRISM 7500 (Applied Biosystems) using 96-well optical
plates. Each sample was run in triplicate and was supplied
with an endogenous control (Rat GAPDH endogenous
control Rn01775763_g1). For gene expression analysis,
proper TagMan expression assays was used: Rn00686607_
ml for OSTF-1, Rn00563954_m1 for type II collagen,
Rn01466014_m1 for BMP-1, Rn00567818_m1 for BMP-2,
Rn00567346_m1 for BMP-3, Rn00432087_m1 for BMP-4,
Rn01447676_m1 for BMP-5, Rn00432095_m1 for BMP-6,
Rn01528889_m1 for BMP-7, Rn01511602_m1 for VEGF A,
Rn00572010_m1 for TGF-1, Rn01445633_m1 for MANF,
Rn00710306_m1 for IGF1, Rn00433564_m1 for GDF-5,
Rn01537279 g1 for CTGF, Rn00570809_m1 for bFGF, and
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Figure 1. Fragment of rat rib costochondral junction.
P — zone of proliferative chondrocytes; H — zone of hyper-
trophic chondrocytes; C — zone of provisional calcification;
M — metaphysis; PC — perichondrium. In the section, chon-
drocytes from the proliferative zone are predominant; hyper-
trophic chondrocytes are considerably shrunken due to fixation
and embedding. H&E staining. Total magnification 100X.

Rn00675924 _m1 for NELL-1. All probes were stained with
FAM (Applied Biosystems). Reactions were run in 25 ul
with TagMan Universal Master Mix, appropriate primer set,
MGB probe and 50 ng of cDNA template. Universal thermal
conditions, 10 min at 95°C, 40 cycles of 15 sec at 95°C and
1 min at 60°C, were used. Data analysis was done with se-
quence detection software version 1.2 (Applied Biosystems).
Relative expression was calculated against the reference
gene, GAPDH. This reference gene is acceptable in studies
on gene expression in normal chondrocytes and bone cells
[43-45]. Analysis was conducted as a ACT values using
sequence detection software ver. 1.2 (Applied Biosystems).

Histology. Ribs were fixed in 10% buffered formalin, dehy-
drated, embedded in paraffin, sectioned at 6 wm thick slices
and stained with haematoxylin and eosin.

Results

Morphology of the epiphyseal cartilage sections

Fragment of rat rib costochondral junction is shown
at Figure 1. It is a tissue section from the fragment
of cartilage used for enzymatic digestion and fur-
ther isolation of cells. Section demonstrates zone of
proliferative chondrocytes (P), zone of hypertrophic
chondrocytes (H), zone of provisional calcification
(C), metaphysis (M) and perichondrium (PC). Pre-
dominate chondrocytes are present in the proliferative
zone, hypertrophic chondrocytes are considerably
shrunken due to fixation and embedding. Fragments
of cartilage dissected for chondrocyte isolation con-
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tained mainly cells from the proliferative zone since
the zone of hypertrophic chondrocytes was narrow
and cells from provisional calcification were not
isolated because calcium deposits prevented access
of collagenase.

The expression of the studied growth factors

at the mRNA level

The relative expression of the genes encoding the
studied growth factors in chondrocytes from the di-
gested epiphyseal cartilage was calculated against the
reference gene, GAPDH, and presented as the ACT
values at Figure 2. The obtained results indicate that
mRNA for all studied factors were expressed but the
level of the expression considerably differed. The high-
est levels of mRNA were detected for CTGF, MANF,
VEGF-A and TGF-$1. The expression was also quite
high for BMP-1, BMP-2, BMP-5, BMP-6, BMP-7,
IGF-1, GDF-5, and OSTF-1. Very low level of mRNA
was detected for BMP-3, BMP-4, and NELL-1 (Fig. 2).

Discussion

As we have reported previously [27], growth factors
present in calcified and small amount of adhering
non-calcified matrix of calf rib costochondral junc-
tion could form a depot released by septoclasts and
osteoclasts and are involved in early stages of bone
formation. From the 16 growth factors studied in
calf epiphyseal cartilage only nine (BMP-2, BMP-3,
BMP-4, BMP-7, GDF-5, NELL-1, TGF-31, bFGF
and VEGF) were identified by ELISA [27], however,
all of them were expressed at the mRNA level by
rat epiphyseal chondrocytes. The highest expression
showed CTGF, cytokine which participates in the
matrix turnover by binding to ECM proteins [46, 47]
and MANF. The role of MANF in skeletal tissue
homeostasis is currently unknown but in transgenic
Manf null mice the growth of long bones was reduced
[48]. Both factors do not appear to have prominent
function in the stimulation of bone growth, thus their
absence in calf calcified matrix is not surprising [27].
OSTF1 was identified as a factor involved in the
indirect activation of osteoclasts [49] but its role, if
any, in early stages of osteogenesis remains unknown.

BMP-1, BMP-5, BMP-6 and IGF-1, also not de-
tected by ELISA in bovine calcified cartilage [27],
are known to take part in various stages of bone
formation. BMP-1 participates in the formation of
mammalian extracellular matrix (ECM), and in the
formation of bone through activation of TGF-3 [50,
51]. BMP-5 is expressed in chondrocytes of prolifer-
ating zone and its expression increased sharply with
hypertrophic differentiation in tibial growth plates
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Figure 2. Average ACT values (* SE) as determined by real-time PCR by subtracting the average GAPDH CT value from
the average growth CT values (n = 5) calculated using sequence detection software ver. 1.2 (Applied Biosystems).

from normal rats [52]. BMP-6 is highly expressed dur-
ing proliferation and differentiation of chondrocytes
from shanks of 15-day-old chicken embryos. When its
expression decreases, the proliferation and differen-
tiation of chondrocytes are blocked [53]. BMP-5 and
BMP-6 induce the formation of cartilage and bone in
the rat subcutaneous transplant model, but the former
requires higher doses for similar osteoinduction [31].
IGF-1regulates bone length of the skeleton acting on
chondrocytes of the proliferative and hypertrophic
zones of the growth plate [8, 54, 55].

From growth factors found in bovine epiphyseal
calcified cartilage [27] and expressed, as shown in this
study at the mRNA level in rat chondrocytes, BMP-2
not only stimulates bone formation [56] but signifi-
cantly enhances osteoclastogenesis [57]. Moreover,
BMP-2 also regulates chondrogenic and osteogenic
differentiation of mesenchymal stem cells in vitro and
in vivo [58]. BMP-3 is an inhibitor of osteogenesis in
vitro and of bone formation in vivo and may antagonize
BMP-2 signalling [59, 60]. BMP-4 acts synergistically
with VEGF to increase recruitment of mesenchymal
stem cells and to augment cartilage formation in the
early stages of endochondral bone formation [61].
BMP-4 promotes cartilage growth, matrix deposition
and chondrocyte proliferation as well as alkaline phos-
phatase and collagen type X expression in hypertrophic
chondrocytes [62] but was less efficient than BMP-2 in
promoting bone formation in a calvarial defect model
[63]. Both BMP-2 and BMP-7 (also known as osteo-
genic protein-1) seem to induce bone formation at the
same level in rat subcutaneous transplant model [56].
©Polish Society for Histochemistry and Cytochemistry
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GDF-5 (BMP 14) is predominantly found at the
stage of precartilaginous mesenchymal condensation
and throughout the cartilaginous cores of the devel-
oping calf long bones [64]. In transgenic mice model
it is responsible for mesenchymal cell recruitment
and chondrocyte differentiation [65] as well as for
proper skeletal patterning and joint development in
the vertebrate limb [66, 67].

NELL-1 is not a member of TGF-3 superfamily,
but it s highly specific to the osteochondral lineage and
can promote orthotopic bone regeneration [68-70].
The chondrocyte-specific NELL-1 inactivation in
knockout mice significantly impedes appendicular
skeletogenesis [71]. The low level of NELL-1 gene
expression in rat epiphyseal chondrocytes contrasts
with data from bovine calcified cartilage [27] in which
considerable amount of NELL-1 protein is deposited.
TGF-f1, highly expressed in rat chondrocytes, is in-
volved in formation, maturation, and mineralization
of cartilage as well as skeletal development [72, 73].

FGF-2was detected immunohistochemically in the
cytoplasm of proliferating chondrocytes and upper
hypertrophic chondrocytes in human vertebrae [7] and
mouse tibial growth plate [74]. It stimulated endosteal
and endochondral bone formation and depressed
periosteal bone formation in growing rats [75].

VEGEF is expressed by hypertrophic chondro-
cytes [21, 76, 77]. Members of the VEGF family are
essential coordinators of chondrocyte death, chon-
droclast function, extracellular matrix remodelling,
angiogenesis and endochondral ossification coop-
erating with other growth factors in differentiation
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of osteoblasts and osteoclasts [3, 78, 79]. The high
expression of VEGF by rat epiphyseal chondrocytes
well corresponds with the data presented by above
quoted authors.

It is evident from the data presented above that
formation, maturation and differentiation of en-
dochondral cartilage is under control of numerous
growth factors. Moreover, some growth factors
necessary for stimulation of endochondral ossifica-
tion are stored in calcified and also in attached to it
non-calcified cartilage. They are transported in matrix
vesicles together with alkaline phosphatase and sub-
strates for calcium phosphate deposition into cartilage
matrix [11, 14]. Thus, the assumption that the amount
of growth factors deposited in calcified cartilage is
related to their expression in chondrocytes from
proliferative and hypertrophic zones seems justified.

Comparison of growth factors expression by rat and
human growth plate chondrocytes is difficult due to
the scarcity of data of the latter. Anderson et al. [13] in
the histochemical study found that proliferating chon-
drocytes from human growth plate express BMP-1,
BMP-2, BMP-5, BMP-6 at moderate (marked ++)
and BMP-3, BMP-7 at the minimal level (marked +
or ). In hypertrophic chondrocytes all studied BMPs
were expressed at the moderate or maximal (+++)
level. Thus, evaluation of the histochemical data from
growth plate cartilage does not allow predicting which
of the BMPs dominate in the initial stages of bone
formation in metaphysis. Expression of GDF-5 and
NELL-1 in human growth plate, as far as we could
establish, was never studied.

Comparison of the results of Iwan et al. [27] and
those in this work indicates a distinct species differ-
ence between calf and rat. In calf epiphyseal cartilage
depot of bone growth factors consisted mainly of
NELL-1, BMP-7 and GDF-5. Taking into consid-
eration osteogenic activity of some growth factors
and based on rat growth factors mRNA level, we can
suppose that in the rat depot of these growth factors,
presumably predominate BMP-2 with participation
of BMP-6, BMP-7 and possible TGF-A1.

We have also compared results of our Real-time
PCR study with results of immunochemical obser-
vations of other authors. Nillson ef al. [18] microdis-
sected chondrocytes from resting zone, proliferative
zone, proliferative-hypertrophic transition zone, and
hypertrophic zone of proximal tibial epiphyses of
7-day-old rats and used them to isolate RNA. Expres-
sion of BMP-2, BMP-3, BMP-4, BMP-6 and BMP-7
was studied; mRNAs of BMP-2; BMP-6 and BMP-7
predominated in all zones. The high level of BMP-2;
BMP-6 and BMP-7 mRNAs was also evident in our
work [27], in which chondrocytes from 6-week-old rats
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were used. Thus, the sophisticated microdissection
study and our tissue culture experiments gave similar
results suggesting that the expression of BMPs in
chondrocytes is not age-dependent, at least within
7-day — 6-week period. Mailhot et al. [52] studied ex-
pression of BMP-5 in tibial growth plates from 2- and
4-week-old rats by immunohistochemistry and found
that its expression is upregulated in hypertrophic
zone chondrocytes when compared with those in the
proliferating zone. The expression of BMP -5 was also
observed in our study at the mRNA level.

Horner et al. [20] immunolocalised VEGF in hu-
man neonatal growth plates. Immunoreactivity was
absent in chondrocytes from the resting zone and
only weakly expressed by occasional chondrocytes
in the proliferating region. In the hypertrophic zone
the number of chondrocytes stained and the intensity
of staining for VEGF increased with chondrocytes’
hypertrophy, maximum expression of VEGF being
observed in chondrocytes in the lower hypertrophic
and mineralised regions of the cartilage. The authors
concluded that VEGF produced by hypertrophic
chondrocytes may play a key role in the regulation
of vascular invasion of the growth plate. Marked ex-
pression of VEGF was also observed in the rat growth
plate chondrocytes in our study.

In another paper Horner et al. [80] detected by
immunolocalisation TGF-41 in human epiphyseal car-
tilage. Its expression was restricted to the proliferative
and upper hypertrophic zones, i.e., approximately in
the same areas in which we detected TGF-41 in rat
cartilage. Wezeman and Bollnow [74] in mouse tibial
growth plate detected by immunostaining bFGF in
the extracellular matrix immediately adjacent to the
chondrocytes of the proliferating and upper hyper-
trophic zones. We have detected expression of bFGF
in chondrocytes from the same zones of rat growth
plates. Evidently, mouse chondrocytes secreted most
of the product and the amount left in cells was too
low for immunodetection.

Our study describes expression of growth factors
in chondrocytes from rat growth plate at the mRNA
level. The number of chondrocytes used in the present
study is insufficient for determination of the quantity
of growth factors produced by the expressed genes.
The results of the study encourage, however, their
continuation with mass isolation of chondrocytes
from large number of rats followed by ELISA tests.

We hope that the similar studies with human ma-
terial (for example using costochondral junctions of
young organ donors) will allow to determine which
growth factors predominate in endochondral ossifica-
tion in humans so that the composition of these factors
will be useful in the treatment of bone disorders.
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Abstract

Introduction. This study aimed to investigate the effects of stromal cell-derived factor-1 (SDF-1) and activation
of its receptor, chemokine receptor 4 (CXCR4), on the osteogenic differentiation of bone marrow mesenchymal
stem cells (BMSCs), and the key signaling mechanisms involved in these effects.

Material and methods. BMSCs were treated with 100 ug/L SDF-1 and cultured in osteogenic medium for 7 days.
RT-qPCR and western blotting were used to detect the protein and mRNA levels of Janus kinase 2 (JAK?2),
signal transducer and activator of transcription 3 (STAT3), Runt-related transcription factor 2 (Runx2), and
osteocalcin (OCN). Alizarin-red staining was used to detect the mineralization-inducing ability of the cells.
Results. After BMSCs were treated with SDF-1, the levels of JAK2 mRNA, STAT3 mRNA, and protein phos-
phorylation increased, the number of mineralized nodules of BMSCs increased, and the osteogenic-differentiation
ability was enhanced. In addition, after BMSCs were treated with an inhibitor of JAK2 phosphorylation, the levels
of JAK2, STAT3, Runx2, and OCN decreased significantly, the number of mineralized nodules of BMSCs also
decreased, and the osteogenic-differentiation ability decreased. The inhibition of CXCR4-treated BMSCs further
confirmed that SDF-1/CXCR4 activated JAK2/STAT3 to regulate the osteogenic differentiation of BMSCs.
Conclusions. SDF-1/CXCR4 promoted the osteogenic differentiation of BMSCs through JAK2/STATS3 activa-
tion. (Folia Histochemica et Cytobiologica 2021, Vol. 59, No. 3, 187-194)

Key words: BMSCs; osteogenic differentiation; SDF-1; CXCR4; JAK2/STAT3; Runx2, osteocalcin; alizarin red

Introduction

Bone marrow mesenchymal stem cells (BMSCs) are
non-hematopoietic stem cells present in the bone mar-
row. BMSC:s cultured in vitro can adhere to the vessel
wall and proliferate rapidly, exhibiting a fibroblast-like
long fusiform shape. BMSCs have the potential for
cross-system and cross-germ differentiation under the
action of a specific microenvironment and suitable
cytokines/growth factors. They can differentiate into
mesodermal and neuroectodermal cells, such as osteo-
blasts, chondrocytes, endothelial cells, and nerve cells;
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accordingly, they have recently become a resource
for tissue repair [1, 2]. Osteogenic differentiation of
BMSC:s is closely related to bone-related diseases:
for example, the inhibition of osteoporosis [3]. Chen
et al. demonstrated that osteogenic differentiation
of BMSCs promotes new bone formation, which in
turn, accelerates fracture healing [4]. Therefore, it is
important to study the molecular mechanisms related
to the differentiation of BMSCs.

Stromal cell-derived factor-1 (SDF-1) is a che-
mokine protein. It mainly binds to CXC receptor 4
(CXCR4) and plays an important role in the home-
ostasis of organ development and hematopoietic cell
differentiation [5, 6]. The interaction between SDF-1
and CXCR4 can control the migration, osteogenic
differentiation, and survival of BMSCs under oxi-
dative stress [7-11]. SDF-1 has also been shown to
accelerate and enhance calcium deposition, regulate
a variety of osteogenic factors such as runt-related
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transcription factor 2 (Runx2), bone morphogenetic
protein 2 (BMP2), and osteocalcin (OCN), enhance
alkaline phosphatase activity, and maintain bone ho-
meostasis by assisting BMSCs to migrate to injured
tissues [12, 13]. However, how the SDF-1/CXCR4 axis
regulates the osteogenic differentiation of BMSCs
remains unclear.

Janus kinase 2/signal transducer and activator of
transcription 3 (JAK2/STAT?3) signaling in osteoblasts
plays an important role in bone biology [14]. By con-
trast, activation of JAK2/STAT3 signaling in BMSCs
has been reported to inhibit bone regeneration [15].
Therefore, the exact role of JAK2/STAT3 signaling
in bone biology remains controversial. The collection,
proliferation, and osteogenic differentiation of mes-
enchymal stem cells are important for the treatment
of bone defects [16]. In recent reports, JAK2/STAT3
signaling plays an important role in the proliferation
and osteogenic differentiation of BMSCs [17], and
SDF-1 can induce the activation of STAT3 and im-
prove the migration of bone marrow stromal cells in
a middle cerebral artery occlusion stroke model [18].
Nevertheless, whether SDF-1/CXCR4 can induce
BMSC differentiation by promoting JAK2/STAT3
pathway activation has not been reported. In view
of the current research, this study aimed to explore
the effect of SDF-1 and the activation of its receptor,
CXCRA4, on the osteogenic differentiation of bone
marrow mesenchymal stem cells (BMSCs) and the
key signaling mechanism.

Materials and methods

Cell culture. Human bone marrow mesenchymal stem cells
(hBMSCs) were purchased from ScienCell (San Diego, CA,
USA) and cultured in -MEM (HyClone, Logan, UT, USA)
containing 15% FBS, 100 uM L-ascorbic acid, 2 mM L-glu-
tamine, 100 U/mL penicillin, and 100 ug/mL streptomycin
(Yaanda Biotechnology Co., Ltd., Beijing, China), at 37 °C
in a 5% CO, cell culture chamber.

SDF-1 treatment and cell grouping. The cells (1 x 10°
cells/mL) were cultured in 12-well plates with osteogenic
differentiation medium (a-MEM + 0.1 uM dexamethasone
+ 10 mM B-glycerophosphate + 50 ug/mL ascorbic acid) to
induce osteogenic differentiation of hBMSCs for 7 days. The
experiment was divided into two groups: the control group
(cultured in osteogenic differentiation medium for 7 days),
and the SDF-1 (PeproTech, East Windsor, NJ, USA) induced
group (100 ug/L SDF-1 was added to the cells for 30 min and
the cells were washed with phosphate-buffered saline (PBS)
which were then cultured in osteogenic differentiation medi-
um for 7 days). Cells need to be washed with culture medium
after replacing the medium after addition of drugs.
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AG490 treatment and cell grouping. The experiment was
divided into four groups: the control group, the AG490
(JAK2 phosphorylation inhibitor, MCE, China) group (cells
were treated with 50 umol/L AG490 for 72 h and cultured
in osteogenic differentiation medium for 7 days), the SDF-1
group (100 ug/L SDF-1 was added to the cells for 30 min
which were then cultured in osteogenic differentiation me-
dium for 7 days), the SDF-1 + AG490 group (the cells were
treated with 100 ug/L SDF-1 30 min, and with 50 umol/L
AG490 for 72 h and cultured in osteogenic differentiation
medium for 7 days). Cells need to be washed with culture
medium after replacing the medium after addition of drugs.

AMD3100 treatment and cell grouping. The experiment was
divided into four groups: the control group, the AMD3100
(SDF-1/CXCR4 receptor antagonist, MCE, China) group
(5 ng/mL AMD3100 were added to the cell culture for 48 h
and the cells were cultured in osteogenic differentiation
medium for 7 days), the SDF-1 group (100 ug/L SDF-1 was
added for 30 min and the cells were cultured in osteogenic
differentiation medium for 7 days), the SDF-1 + AMD3100
group (100 pug/L SDF-1 was added for 30 min, 5 ug/mL
AMD3100 was added for 48 h and the cells were cultured in
osteogenic differentiation medium for 7 days). Cells need to
be washed with culture medium after replacing the medium
after addition of drugs.

RT-qPCR. Total RNA was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA), and then DNA was re-
moved using a turbo DNase Kit (Ambion). The extracted
RNA was quantified using a NanoDrop spectrophotometer.
A Primescript real-time (RT) kit (Takara Bio, Shiga, Japan)
was used to synthesize complementary DNA using 1000 ng of
total RNA. SYBR Select Master Mix (Applied Biosystems,
Waltham, MA, USA) was used to perform quantitative
real-time PCR on an Applied Biosystems 7900HT system.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as the standardized internal reference for JAK2,
STAT3, Runx2, and OCN mRNA. The CT value was calcu-
lated using the 2724¢ method. The primer sequences used
in this study were as follows:

JAK2, F:5-TCTGGGGAGTATGTTGCAGAA-3’,
R:5-AGACATGGTTGGGTGGATACC-3’;

STAT3, F:5-CAGCAGCTTGACACACGGTA-3’,
R:5-AAACACCAAAGTGGCATGTGA-3’;

Runx2, F:5’-CGCGTTGCATAGTCACAAAA-3’,
R:5’-AGTGCAGGGTCCGAGGTATT-3’;

OCN, F:5’-CACTCCTCGCCCTATTGGC-3’,
R:5-CCCTCCTGCTTGGACACAAAG-3’;

GAPDH, F:5-TGTGGGCATCAATGGATTTGG-3,
R:5-CCCTCCTGCTTGGACACAAAG-3'.

Western blotting. Total cellular proteins were extracted
using a radioimmunoprecipitation assay (RIPA; Beyotime,
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Figure 1. Effect of SDF-1 on JAK2/STAT3 mRNA and protein levels of SDF-1-treated BMSCs. BMSCs were treated with
SDF-1 (100 ug/L) for 30 min (A and B) and cells were collected after 7 days. The mRNA levels of JAK2 and STAT3 were
detected by RT-qPCR. Western blotting was used to detect the levels of the JAK2/STAT3-related proteins: p-JAK2, JAK2,
p-STAT3, and STAT3. Data are means of three independent experiments, and each independent experiment was repeated
with three replicate wells. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group.

Shanghai, China). The total protein was separated by
electrophoresis and transferred to a polyvinylidene fluo-
ride (PVDF) membrane (Millipore, Billerica, MA, USA).
After blocking with 5% skim milk for 2 h, the membrane
was incubated with the primary antibodies — Anti-Runx2
(ab192256, 1:1000, Abcam, Cambridge, UK), anti-OCN
(ab270202, 1:1000, Abcam), anti-JAK2 (ab108596, 1:1000,
Abcam), anti-STAT3 (ab68153, 1:1000, Abcam) at 4°C
overnight. The next day, the membrane was incubated with
the corresponding secondary antibody at room tempera-
ture for 2 h. Immune response bands were exposed to en-
hanced chemiluminescence (ECL; Thermo Fisher Science,
Waltham, MA, USA) and analyzed using ImageJ software
(NIH, Bethesda, MD, USA).

Alizarin-red staining. After 7 days, the cells from the six-well
plates of each group were collected. The cells were removed
from the culture medium, then washed twice with PBS. The
cells were fixed with 10% formaldehyde at room tempera-
ture for 15 min. The cells were rinsed twice with redistilled
water, and 40 mM alizarin red dye solution was added,
1 mL per well. The cells were incubated at room temperature
for 20 min and slightly oscillated. To remove dyes that were
not fully bound, the cells were rinsed with redistilled water
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and shaken for 5 min; this was repeated four times. Excess
redistilled water was allowed to absorb before observation
under an inverted microscope.

Statistical analysis. GraphPad Prism 8 (GraphPad Inc.,
La Jolla, CA, USA) was used for statistical analysis. The
differences between experimental groups were analyzed by
Student’s t-test. Single-factor analysis of variance (ANOVA)
was used for comparison among groups and then a mini-
mum-significant-difference test was performed. P < 0.05
was considered to be statistically significant.

Results

Effect of SDF-1 on JAK2/STAT3 levels in BMSCs

To explore the effect of the SDF-1/CXCR4 axis on
BMSCs, BMSCs were treated with SDF-1 (100 ug/L).
The levels of the JAK2/STAT3-related proteins —
p-JAK2, JAK2, p-STAT3, and STAT3 — and their
mRNAs were detected by RT-qPCR and Western
blotting. The results showed that the levels of JAK2
mRNA, STAT3 mRNA, and their protein phospho-
rylation in the SDF-1 treated group were higher than
those of the non-SDF-1 group (p < 0.05, Fig. 1A-C).
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Figure 2. SDF-1 regulated osteogenic differentiation of BMSCs. BMSCs were treated with SDF-1 (100 wg/L) for 30 min
and cells were collected after 7 days. A. The mRNA levels of Runx2 and osteocalcin (OCN) were detected by RT-qPCR.
B. The levels of Runx2 and OCN were detected by western blotting. C. Alizarin-red staining assay used to detect the miner-
alization-induction ability of the cells. Data are means of three independent experiments, and each independent experiment
was repeated with three replicate wells. ***P < 0.001 vs. control group.

Thus, the results showed that SDF-1 promoted the
activation of JAK2/STAT3 in BMSCs.

SDF-1 regulated osteogenic differentiation of BMSCs
Next, we explored the effect of SDF-1/CXCR4 on
the osteogenic differentiation of BMSCs. RT-qPCR
and Western blotting were used to detect the expres-
sion of the osteogenesis-related genes — Runx2 and
OCN. The results showed that, compared with the
control group, the expression levels of Runx2, OCN,
and their mRNA were significantly upregulated. In
addition, the results of alizarin-red staining showed
that the number of mineralized nodules and the oste-
ogenic-differentiation ability of BMSCs in the SDF-
1-treated cells were higher than in the control cells.
These results suggested that SDF-1/CXCR4 could
promote the osteogenic differentiation of BMSCs
(p < 0.05, Fig. 2A-C).

JAK2/STAT3 participated in SDF-1-mediated
osteogenic differentiation of BMSCs

JAK2/STATS3 signaling has been shown to play an
important role in the proliferation and osteogenic dif-
ferentiation of BMSCs [13]. However, whether JAK2/
/STAT3 is involved in SDF-1-mediated osteogenic
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differentiation of BMSCs remains unclear. BMSCs
were treated with the JAK2 phosphorylation inhibi-
tor, AG490. First, JAK2/STAT3-related protein and
mRNA levels were detected by RT-qPCR and western
blotting; the results showed that the levels of JAK2,
STAT3 mRNA, and the phosphorylation of their
proteins in the AG490 group were significantly lower
than in the SDF-1 group (p < 0.05, Fig. 3A-C). We
then explored the effect of the JAK2 phosphorylation
inhibitor, AG490, on the osteogenic differentiation of
BMSCs. RT-qPCR and western blot results showed
that Runx2, OCN, and their mRNA levels were
significantly downregulated in the SDF-1 + AG490
group compared with the SDF-1 group (p < 0.05, Fig.
3D-F). Alizarin-red staining showed that the number
of mineralized nodules and osteogenic-differentiation
ability of BMSCs in the AG490 group were lower than
in the SDF-1 group (p < 0.05, Fig. 3G).

SDF-1/CXCR4 activated JAK2/STAT3 pathway
to regulate osteogenic differentiation of BMSCs
To further verify the role of SDF-1/CXCR4 in the
osteogenic differentiation of BMSCs by activating
JAK2/STAT3, we treated BMSCs with the CXCR4
inhibitor, AMD3100. The results of western blotting
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Figure 3. JAK2/STAT3 participated in SDF-1-mediated osteogenic differentiation of BMSCs. BMSCs were treated first
with SDF-1 (100 ug/L) for 30 min and then with the JAK2 phosphorylation inhibitor, AG490 (5 ug/mL) for 72 h and cells
were collected after 7 days. A. and B. Levels of JAK2 mRNA and STAT3 mRNA were detected by RT-qPCR. C. Western
blotting was used to detect the levels of JAK2/STAT3-related proteins p-JAK2, JAK2, p-STAT3, and STAT3. D. and E.
RT-qPCR was used to detect the levels of Runx2 mRNA and OCN mRNA. F. The levels of Runx2 and OCN were detected
by Western blotting. G. Alizarin-red staining assay was used to detect the ability of cells to induce mineralization. Data
are means of three independent experiments, and each independent experiment was repeated with three replicate wells.
*P < 0.05, ***P < 0.001 compared with SDF-1 group.

showed that the phosphorylation of JAK2 and STAT3 STATS3 protein phosphorylation (p < 0.05, Fig. 4A).
proteins was downregulated compared with the con- Taken together, these results suggest that SDF-1/
trol group. In the SDF-1-treated group, AMD3100 /CXCR4 activated JAK2/STATS3 to regulate the oste-
treatment reversed the effect of SDF-1 on JAK2 and ogenic differentiation of BMSCs (Fig. 4B).
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Figure 4. SDF-1/CXCR4 activated JAK2/STAT3 pathway to regulate osteogenic differentiation of BMSCs. BMSCs were first
with SDF-1 (100 ng/L) for 30 min and then exposed for 48 h to the CXCR4 inhibitor AMD3100 (5 ug/mL), afterwards the
cells were collected after 7 days. A. The levels of p-JAK2, JAK2, p-STAT3, and STAT3 were detected by Western blotting. B.
The diagram shows postulated mechanisms of SDF-1-induced osteogenic differentiation of BMSCs by the promotion of the
SDF-1/CXCR4 activated JAK2/STAT3 signaling. Data are means of three independent experiments, and each independent
experiment was repeated with three replicate wells. *P < 0.05, compared to the control or SDF-1 group.

Discussion

JAK2 is a non-receptor tyrosine kinase member of the
Janus kinase (JAKSs) family, which serves as a cytoplas-
mic signaling component of cytokine receptors and
is activated by cytokine-mediated trans-phosphoryla-
tion, leading to receptor phosphorylation and recruit-
ment and phosphorylation of signal transducer and
activator of transcription (STAT) proteins [19]. As
a downstream substrate of JAK2, STAT3 is an induc-
ible monomer transcription factor. After recruitment
by JAK2, STAT3 dimerizes and translocates to the
nucleus after Tyr705 phosphorylation. The activation
of STAT3 signaling can induce changes in the expres-
sion of downstream molecules and regulate biological
processes such as cell migration, proliferation, and
apoptosis [20]. Previous studies have shown that the
JAK?2/STATS3 pathway is involved in the progression
of colorectal cancer [18] and central nervous system
diseases related to experimental cerebral ischemia
[21]. There are also relevant reports on bone defect
diseases. For example, Yu et al. [13] confirmed that
inhibition of JAK2/STAT3 signal transduction can
inhibit the proliferation and osteogenic differentiation
of bone-marrow stromal cells and impede the healing
of bone defects, indicating that JAK2/STAT3 plays an
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important role in the proliferation and osteogenesis
of bone marrow stromal cells. AG490, the inhibitor
of JAK2, can reduce the phosphorylation of STAT3
by selectively inactivating JAK2. The therapeutic
potential of AG490 has been demonstrated for exper-
imental bone-defect in a mouse model [22]. Similarly
to the latter research, we used JAK2 phosphorylation
inhibitor AG490 to explore the role of JAK2/STAT3
in osteogenic differentiation of BMSCs. The results
showed that phosphorylation of JAK2 and STAT3
decreased in BMSCs, and the osteogenic-differen-
tiation ability of BMSCs also decreased. Our results
suggest that inhibition of the JAK2/STAT3 pathway
could inhibit the osteogenic differentiation of BMSCs.

SDF-1 is a low-molecular-weight chemokine pro-
tein, which is the most effective chemokine for bone
marrow cells, and belongs to the CXC chemokine
family [23]. SDF-1 is continuously secreted by stromal
cells. CXCR4 is the only known receptor of SDF-
1 that belongs to the G-protein-coupled receptor
family. SDF-1 and CXCR4 constitute the SDF-1/
/CXCR4 axis, which transduces specific signals and
mediates different effects [24]. It plays an important
role in embryonic development, mediating immune
and inflammatory responses, and regulating stem-
cell migration and homing [25, 26]. CXCR4 is barely

www.journals.viamedica.pl/folia_histochemica_cytobiologica
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expressed in normal tissues but increases in ischemia
[27]. CXCR4 is expressed in BMSCs, and cytokines
produced in result of tissue injury can stimulate
CXCR4 to be transferred from within cells to the
cell surface [28]. SDF-1 has a strong chemoattract-
ant effect on CXCR4-expressing BMSCs since the
specific binding of SDF-1 to CXCR4 is conducive
to the directional chemotaxis of BMSCs [29]. In this
study, we found that SDF-1 promotes the osteogenic
differentiation of BMSCs.

As a specific inhibitor of CXCR4, AMD3100 has
been widely used in basic research on CXCR4 path-
way disorders. For example, in myeloma, AMD3100
blocks the interaction between multiple myeloma
cells and the bone marrow microenvironment, and
enhances multiple myeloma cells’ sensitivity to treat-
ment [30]. In this study, to verify the effect of SDF-1/
/CXCR4 regulating JAK2/STAT3 pathway in the
osteogenic differentiation of BMSCs, we treated
BMSCs with the JAK2 phosphorylation inhibitor
AG490 and the CXCR4 specific inhibitor AMD3100.
The results showed that AMD3100 treatment could
reduce the phosphorylation levels of JAK2 and
STATS3. The results further indicated that SDF-1/
CXCR4 could signal through JAK2/ and STAT3
pathway.

In conclusion, our results suggest that SDF-1/
/CXCR4 activates JAK2/STAT3 to regulate the oste-
ogenic differentiation of BMSCs; however, there are
still some shortcomings in this study. Xiu et al. [31]
confirmed that SDF-1/CXCR4 can promote the mi-
gration of BMSCs and enhance SDF-1/CXCR4 ther-
apeutic effect of BMSCs in LPS-induced acute liver
injury, which is caused by the activation of the PI3K/
/Akt signaling pathway. Therefore, it is important to
study the effect of SDF-1/CXCR4 on other aspects
of BMSC:s function, including their migration. In ad-
dition, previous studies have confirmed that SDF-1/
/CXCR4 reduces adhesion-mediated chemoresistance
of multiple myeloma cells by activating PI3K/Akt and
upregulating interleukin-6 (IL-6) [32]. Therefore, the
role of SDF-1/CXCR4 and other signaling pathways
in BMSCs needs to be further explored.

Funding
None.
Authors’ contribution

CXH: conceived and designed the experiments; WX:
performed the experiments; XG: statistic analysis;
WX: wrote the paper. All authors read and approved
the final manuscript.

©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2021
10.5603/FHC.a2021.0020

ISSN 0239-8508, e-ISSN 1897-5631

193

Data availability statement

The data used to support the findings of this study
are available from the corresponding author upon
request.

Competing interests

The authors declare that they have no competing
interest.

References

1. Nishigaki A, Tsuzuki-Nakao T, Kido T, et al. Concentration
of stromal cell-derived factor-1 (SDF-1/CXCL12) in the folli-
cular fluid is associated with blastocyst development. Reprod
Med Biol. 2019; 18(2): 161-166, doi: 10.1002/rmb2.12259,
indexed in Pubmed: 30996679.

2. Kawaguchi N, Zhang TT, Nakanishi T. Involvement of
CXCR4 in normal and abnormal development. Cells. 2019;
8(2), doi: 10.3390/cells8020185, indexed in Pubmed: 30791675.

3. LiG, AnJ,Han X, et al. Hypermethylation of microRNA-149
activates SDF-1/CXCR4 to promote osteogenic differentia-
tion of mesenchymal stem cells. J Cell Physiol. 2019; 234(12):
23485-23494, doi: 10.1002/jcp.28917, indexed in Pubmed:
31206187.

4. Chen Q, Zheng C, Li Y, et al. Bone targeted delivery of
SDF-1 via alendronate functionalized nanoparticles in guid-
ing stem cell migration. ACS Appl Mater Interfaces. 2018;
10(28): 23700-23710, doi: 10.1021/acsami.8b08606, indexed
in Pubmed: 29939711.

5. LiG,YunX, YeK, et al. Long non-coding RNA-H19 stimu-
lates osteogenic differentiation of bone marrow mesenchymal
stem cells via the microRNA-149/SDF-1 axis. J Cell Mol Med.
2020; 24(9): 4944-4955, doi: 10.1111/jcmm.15040, indexed in
Pubmed: 32198976.

6. Zhuang XM, Zhou B, Yuan KF. Role of p53 mediated miR-
23a/CXCL12 pathway in osteogenic differentiation of bone
mesenchymal stem cells on nanostructured titanium surfaces.
Biomed Pharmacother. 2019; 112: 108649, doi: 10.1016/j.bio-
pha.2019.108649, indexed in Pubmed: 30784930.

7. Barzelay A, Weisthal Algor S, Niztan A, et al. Adipose-de-
rived mesenchymal stem cells migrate and rescue rpe in the
setting of oxidative stress. Stem Cells Int. 2018; 2018: 9682856,
doi: 10.1155/2018/9682856, indexed in Pubmed: 30651740.

8. HerbergS, Fulzele S, Yang N, et al. Stromal cell-derived fac-
tor-15 potentiates bone morphogenetic protein-2-stimulated
osteoinduction of genetically engineered bone marrow-de-
rived mesenchymal stem cells in vitro. Tissue Eng Part A.
2013;19(1-2): 1-13, doi: 10.1089/ten. TEA.2012.0085, indexed
in Pubmed: 22779446.

9. Periyasamy-Thandavan S, Burke J, Mendhe B, et al. Mi-
croRNA-141-3p negatively modulates SDF-1 expression in
age-dependent pathophysiology of human and murine bone
marrow stromal cells. J Gerontol A Biol Sci Med Sci. 2019;
74(9): 1368-1374, doi: 10.1093/gerona/gly186, indexed in
Pubmed: 31505568.

10. Itoh S, Udagawa N, Takahashi N, et al. A critical role for
interleukin-6 family-mediated Stat3 activation in osteoblast
differentiation and bone formation. Bone. 2006; 39(3): 505—
512, doi: 10.1016/j.bone.2006.02.074, indexed in Pubmed:
16679075.

11. Yue R, Zhou BoO, Shimada IS, et al. Leptin receptor pro-
motes adipogenesis and reduces osteogenesis by regulating

www.journals.viamedica.pl/folia_histochemica_cytobiologica


http://dx.doi.org/10.1002/rmb2.12259
https://www.ncbi.nlm.nih.gov/pubmed/30996679
http://dx.doi.org/10.3390/cells8020185
https://www.ncbi.nlm.nih.gov/pubmed/30791675
http://dx.doi.org/10.1002/jcp.28917
https://www.ncbi.nlm.nih.gov/pubmed/31206187
http://dx.doi.org/10.1021/acsami.8b08606
https://www.ncbi.nlm.nih.gov/pubmed/29939711
http://dx.doi.org/10.1111/jcmm.15040
https://www.ncbi.nlm.nih.gov/pubmed/32198976
http://dx.doi.org/10.1016/j.biopha.2019.108649
http://dx.doi.org/10.1016/j.biopha.2019.108649
https://www.ncbi.nlm.nih.gov/pubmed/30784930
http://dx.doi.org/10.1155/2018/9682856
https://www.ncbi.nlm.nih.gov/pubmed/30651740
http://dx.doi.org/10.1089/ten.TEA.2012.0085
https://www.ncbi.nlm.nih.gov/pubmed/22779446
http://dx.doi.org/10.1093/gerona/gly186
https://www.ncbi.nlm.nih.gov/pubmed/31505568
http://dx.doi.org/10.1016/j.bone.2006.02.074
https://www.ncbi.nlm.nih.gov/pubmed/16679075

194

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

mesenchymal stromal cells in adult bone marrow. Cell Stem
Cell. 2016; 18(6): 782-796, doi: 10.1016/j.stem.2016.02.015,
indexed in Pubmed: 27053299.

Pajarinen J, Lin T, Gibon E, et al. Mesenchymal stem
cell-macrophage crosstalk and bone healing. Biomaterials.
2019; 196: 80-89, doi: 10.1016/j.biomaterials.2017.12.025,
indexed in Pubmed: 29329642.

Yu X, Li Z, Wan Q, et al. Inhibition of JAK2/STAT3 signa-
ling suppresses bone marrow stromal cells proliferation and
osteogenic differentiation, and impairs bone defect healing.
Biol Chem. 2018; 399(11): 1313-1323, doi: 10.1515/hsz-2018-
0253, indexed in Pubmed: 30044759.

HanJ, Feng Z, Xie Yu, et al. Oncostatin M-induced upregula-
tion of SDF-1 improves bone marrow stromal cell migration in
arat middle cerebral artery occlusion stroke model. Exp Neu-
rol. 2019; 313: 49-59, doi: 10.1016/j.expneurol.2018.09.005,
indexed in Pubmed: 30213507.

Zhang P, Zhang H, Lin J, et al. Insulin impedes osteogenesis
of BMSCs by inhibiting autophagy and promoting premature
senescence via the TGF- 1 pathway. Aging (Albany NY).
2020; 12(3): 2084-2100, doi: 10.18632/aging.102723, indexed
in Pubmed: 32017705.

Li X, Zheng Y, Hou L, et al. Exosomes derived from maxil-
lary BMSCs enhanced the osteogenesis in iliac BMSCs. Oral
Dis. 2020; 26(1): 131-144, doi: 10.1111/0di.13202, indexed in
Pubmed: 31541596.

Onodera K, Sakurada A, Notsuda H, et al. Growth inhibition
of KRASand EGFRmutant lung adenocarcinoma by cosup-
pression of STAT3 and the SRC/ARHGAP35 axis. Oncol
Rep. 2018; 40(3): 1761-1768, doi: 10.3892/0r.2018.6536, in-
dexed in Pubmed: 30015929.

Park SY, Lee CJ, Choi JH, et al. The JAK2/STAT3/CCND2
Axis promotes colorectal cancer stem cell persistence and ra-
dioresistance. J Exp Clin Cancer Res. 2019; 38(1): 399, doi:
10.1186/s13046-019-1405-7, indexed in Pubmed: 31511084.
Hubbard SR. Mechanistic insights into regulation of JAK2
tyrosine kinase. Front Endocrinol (Lausanne). 2017; 8: 361,
doi: 10.3389/fendo.2017.00361, indexed in Pubmed: 29379470.
Liu H, Du T, Li C, et al. STAT3 phosphorylation in central
leptin resistance. Nutr Metab (Lond). 2021; 18(1): 39, doi:
10.1186/s12986-021-00569-w, indexed in Pubmed: 33849593.
Chen XM, Yu YH, Wang L, et al. Effect of the JAK2/STAT3 sig-
naling pathway on nerve cell apoptosis in rats with white matter
injury. Eur Rev Med Pharmacol Sci. 2019; 23(1): 321-327, doi:
10.26355/eurrev_201901_16779, indexed in Pubmed: 30657573.
Yu X, Wan QL, Li Z, et al. [(*)AG490 could suppress bone
marrow mesenchymal stem cells migration, mineralization
and bone defect healing via inhibiting Jak2-STAT3 pathway].
Zhonghua Kou Qiang Yi Xue Za Zhi. 2018; 53(5): 293-300,
doi: 10.3760/cma.j.issn.1002-0098.2018.05.002, indexed in
Pubmed: 29972985.

©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2021
10.5603/FHC.a2021.0020

ISSN 0239-8508, e-ISSN 1897-5631

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Wei Xiong et al.

Teicher BA, Fricker SP. CXCL12 (SDF-1)/CXCR4 path-
way in cancer. Clin Cancer Res. 2010; 16(11): 2927-2931,
doi: 10.1158/1078-0432.CCR-09-2329, indexed in Pubmed:
20484021.

Mousavi A. CXCL12/CXCR4 signal transduction in diseases
and its molecular approaches in targeted-therapy. Immunol
Lett. 2020; 217: 91-115, doi: 10.1016/j.imlet.2019.11.007, in-
dexed in Pubmed: 31747563.

Ding Qi, Sun J, Xie W, et al. Stemona alkaloids suppress the
positive feedback loop between M2 polarization and fibro-
blast differentiation by inhibiting JAK2/STAT3 pathway in
fibroblasts and CXCR4/PIK/AKT1 pathway in macrophages.
Int Immunopharmacol. 2019; 72: 385-394, doi: 10.1016/j.in-
timp.2019.04.030, indexed in Pubmed: 31030094.

Dimova I, Karthik S, Makanya A, et al. SDF-1/CXCR4 sig-
nalling is involved in blood vessel growth and remodelling by
intussusception. J Cell Mol Med. 2019; 23(6): 3916-3926, doi:
10.1111/jcmm.14269, indexed in Pubmed: 30950188.

Ge G, Zhang H, Li R, et al. The function of SDF-1-CXCR4
axis in SP cells-mediated protective role for renal ischemia/
reperfusion injury by SHH/GLI1-ABCG2 pathway. Shock.
2017; 47(2): 251-259, doi: 10.1097/SHK.0000000000000694,
indexed in Pubmed: 2745438]1.

Wang G, Zhuo Z, Zhang Q, et al. Transfection of CXCR-4
using microbubble-mediated ultrasound irradiation and lipos-
omes improves the migratory ability of bone marrow stromal
cells. Curr Gene Ther. 2015; 15(1): 21-31, doi: 10.2174/156
6523214666141121111220, indexed in Pubmed: 25414029.
Jaerve A, Schira J, Miiller HW. Concise review: the potential
of stromal cell-derived factor 1 and its receptors to promote
stem cell functions in spinal cord repair. Stem Cells Transl
Med. 2012; 1(10): 732-739, doi: 10.5966/sctm.2012-0068, in-
dexed in Pubmed: 23197665.

Azab AK, Runnels JM, Pitsillides C, et al. CXCR4 inhibi-
tor AMD3100 disrupts the interaction of multiple myeloma
cells with the bone marrow microenvironment and enhances
their sensitivity to therapy. Blood. 2009; 113(18): 4341-4351,
doi: 10.1182/blood-2008-10-186668, indexed in Pubmed:
19139079.

Xiu G, Li X, Yin Y, et al. SDF-1/CXCR4 augments
the therapeutic effect of bone marrow mesenchymal stem
cells in the treatment of lipopolysaccharide-induced liver
injury by promoting their migration through PI3K/Akt sign-
aling pathway. Cell Transplant. 2020; 29: 963689720929992,
doi: 10.1177/0963689720929992, indexed in Pubmed:
32452221.

Liu Y, Liang HM, Lv YQ, et al. Blockade of SDF-1/CXCR4
reduces adhesion-mediated chemoresistance of multiple my-
eloma cells via interacting with interleukin-6. J Cell Physiol.
2019; 234(11): 19702-19714, doi: 10.1002/jcp.28570, indexed
in Pubmed: 30953364.

Submitted: 18 May, 2021
Accepted after reviews: 24 September, 2021
Available as AoP: 27 September, 2021

www.journals.viamedica.pl/folia_histochemica_cytobiologica


http://dx.doi.org/10.1016/j.stem.2016.02.015
https://www.ncbi.nlm.nih.gov/pubmed/27053299
http://dx.doi.org/10.1016/j.biomaterials.2017.12.025
https://www.ncbi.nlm.nih.gov/pubmed/29329642
http://dx.doi.org/10.1515/hsz-2018-0253
http://dx.doi.org/10.1515/hsz-2018-0253
https://www.ncbi.nlm.nih.gov/pubmed/30044759
http://dx.doi.org/10.1016/j.expneurol.2018.09.005
https://www.ncbi.nlm.nih.gov/pubmed/30213507
http://dx.doi.org/10.18632/aging.102723
https://www.ncbi.nlm.nih.gov/pubmed/32017705
http://dx.doi.org/10.1111/odi.13202
https://www.ncbi.nlm.nih.gov/pubmed/31541596
http://dx.doi.org/10.3892/or.2018.6536
https://www.ncbi.nlm.nih.gov/pubmed/30015929
http://dx.doi.org/10.1186/s13046-019-1405-7
https://www.ncbi.nlm.nih.gov/pubmed/31511084
http://dx.doi.org/10.3389/fendo.2017.00361
https://www.ncbi.nlm.nih.gov/pubmed/29379470
http://dx.doi.org/10.1186/s12986-021-00569-w
https://www.ncbi.nlm.nih.gov/pubmed/33849593
http://dx.doi.org/10.26355/eurrev_201901_16779
https://www.ncbi.nlm.nih.gov/pubmed/30657573
http://dx.doi.org/10.3760/cma.j.issn.1002-0098.2018.05.002
https://www.ncbi.nlm.nih.gov/pubmed/29972985
http://dx.doi.org/10.1158/1078-0432.CCR-09-2329
https://www.ncbi.nlm.nih.gov/pubmed/20484021
http://dx.doi.org/10.1016/j.imlet.2019.11.007
https://www.ncbi.nlm.nih.gov/pubmed/31747563
http://dx.doi.org/10.1016/j.intimp.2019.04.030
http://dx.doi.org/10.1016/j.intimp.2019.04.030
https://www.ncbi.nlm.nih.gov/pubmed/31030094
http://dx.doi.org/10.1111/jcmm.14269
https://www.ncbi.nlm.nih.gov/pubmed/30950188
http://dx.doi.org/10.1097/SHK.0000000000000694
https://www.ncbi.nlm.nih.gov/pubmed/27454381
http://dx.doi.org/10.2174/1566523214666141121111220
http://dx.doi.org/10.2174/1566523214666141121111220
https://www.ncbi.nlm.nih.gov/pubmed/25414029
http://dx.doi.org/10.5966/sctm.2012-0068
https://www.ncbi.nlm.nih.gov/pubmed/23197665
http://dx.doi.org/10.1182/blood-2008-10-186668
https://www.ncbi.nlm.nih.gov/pubmed/19139079
http://dx.doi.org/10.1177/0963689720929992
https://www.ncbi.nlm.nih.gov/pubmed/32452221
http://dx.doi.org/10.1002/jcp.28570
https://www.ncbi.nlm.nih.gov/pubmed/30953364

FOLIA HISTOCHEMICA ORIGINAL PAPER m
ET CYTOBIOLOGICA ——
Vol. 59, No. 3, 2021

pp- 195-202

VIA MEDICA

IL-39 increases ROS production and promotes
the phosphorylation of p38 MAPK
in the apoptotic cardiomyocytes

Wei Xiong!, Hua Chen?, Jiequan Lu?, Jie Ren’, Chen Nie!, Ruijuan Liang?,
Feng Liu®, Baofeng Huang*, Yu Luo*

'Department of Emergency, Shenzhen People’s Hospital Longhua Branch, The Second Affiliated
Hospital of Jinan Medical College, Shenzhen, China

’Department of Emergency, Shenzhen People's Hospital, The Second Affiliated Hospital of Jinan
Medical College, Shenzhen, China

‘Department of Cardiology, Shenzhen People's Hospital, The Second Affiliated Hospital of Jinan
Medical College, Shenzhen, China

“Department of Gerontology, Shenzhen People's Hospital, The Second Affiliated Hospital of Jinan
Medical College, Shenzhen, China

Abstract

Introduction. The cytokine interleukin (IL)-39 is a novel member of the IL-12 family. Our previous study found that
the serum level of IL-39 significantly increased in patients with acute myocardial infarction. However, the role of IL-39
in cardiomyocyte apoptosis remains unclear.

Material and methods. In this study, the cultured mouse HL-1 cardiomyocytes were incubated with PBS, 0—100 ng/mL
IL-39, 200 uM H,0, or 20 uM Trolox.

Results. IL-39 promoted the production of intracellular reactive oxygen species (ROS) in a concentration-dependent
manner in HL-1 cardiomyocytes. IL-39 and H,0, both significantly promoted the production of intracellular ROS,
increased the level of intracellular CCL2, stimulated the apoptotic progress of cardiomyocytes, increased the mRNA
and protein expression levels of Bax, caspase-3, and p-p38 MAPK, and decreased the mRNA and protein expression
levels of Bcl-2. ROS production, CCL2 level, cardiomyocyte apoptosis, and expression of Bax, caspase-3, and p-p38
MAPK were significantly amplified by the administration of IL-39 combined with H,O,, and these processes were
significantly alleviated by an antioxidant Trolox.

Conclusion. This study was novel in revealing that IL-39 promoted apoptosis by stimulating the phosphorylation
of p38 MAPK in mouse HL-1 cardiomyocytes. (Folia Histochemica et Cytobiologica 2021, Vol. 59, No. 3, 195-202)

Key words: apoptosis; HL-1 cardiomyocyte; interleukin-39; p38 MAPK; ROS

Introduction erfusion therapy is the most effective procedure to

save ischemic cardiomyocytes and limit infarct size [2].
Acute myocardial infarction is the most common However, the restoration of blood flow may aggravate
cause of mortality and morbidity worldwide [1]. Rep- the injury to the original ischemic myocardium, which
is defined as myocardial ischemia-reperfusion injury
(MIRI) and lead to myocardial stunning, hemod-
ynamic abnormalities, ventricular arrhythmia, and
development of heart failure [3]. The sophisticated
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The MIRI process involves excess reactive oxygen
species (ROS) production, neutrophil aggregation,
intracellular calcium overload, and mitochondrial
dysfunction [5, 6]. The activation of immune system,
including innate immunity and adaptive immunity,
was found to be closely associated with MIRI [7, §].
The members of the interleukin-12 (IL-12) family are
critical cytokines mediating the inflammatory process
and playing a critical role in immune responses [9]. As
anovel member of the IL-12 family, IL-39 was recently
reported to enhance inflammatory response through
activating signal transducer and activator of transcrip-
tion in lupus-like mice [10]. However, the relationship
between IL-39 and MIRI has not been investigated yet.

The fate of cardiomyocytes in infarcted myocardium
is either cellular necrosis or apoptosis. Cardiomyocyte
apoptosis is the most common in ischemic regions
close to the infarcted myocardium [11]. Our previous
study found that the serum level of I1L-39 significantly
increased in patients with acute ST-segment elevation
myocardial infarction (STEMI) and was related to left
ventricular systolic dysfunction [12]. IL-17 and IL-23
contribute to cardiomyocyte apoptosis and MIRI [13,
14]; however, the role of IL-39 is worth investigating.
This study examined the relationship between IL-39 and
cardiomyocyte apoptosis in an in vitro model to better
understand the role of IL-39 in cardiovascular diseases.

Materials and methods

Cell culture. The mouse HL-1 cardiomyocyte line obtained
from Enzyme Research Biotech INC (China) was cultured
in DMEM (Gibco, USA) with 10% FBS (Gibco), penicillin
(100 unit/mL), and streptomycin (100 ug/mL) in the hu-
midified incubator in the atmosphere of 5% CO, at 37°C.
The cells between passages 3 and 5 were employed for
experiments. The cells seeded at a density of 5 x 10* cells/
well were cultured for 24 h and subsequently treated with
phosphate-buffered saline (PBS, vehicle), 0-100 ng/mL IL-
39 (R&D, USA), 200uM H,0O, (Sigma—Aldrich, Germany),
60 ng/mL IL-39 combined with 200 uM H,0O,, and 20 uM
Trolox (Solarbio, China) for 24 h.

Intracellular ROS detection. A dichlorodihydrofluorescein
diacetate (DCFH-DA) ROS assay kit (Beyotime Biotech-
nology, China) was employed to investigate intracellular
ROS production in HL-1 cardiomyocytes following the
manufacturer’s protocol. In brief, the medium was discard-
ed 24 h after the cells were cultured and treated using the
method described previously. Then, 1.5 mL of DCFH-DA
(10 uM) solution was added, and the cells were subsequently
incubated for 30 min at 37°C in the presence of 5% CO,.
The intracellular fluorescence intensities were detected at
488 and 525 nm under a fluorescence microscope (Olympus,
Japan).
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Enzyme-linked immunosorbent assay. HL-1 cardiomyocytes
were cultured and treated with PBS, 1L-39, H,O,, and/or
Trolox. The supernatants of cultured cells were harvested
and centrifuged at 2000 rpm for 20 min at 4°C 24 h after
the treatment. The level of chemokine C-C motif ligand 2
(CCL2) was measured using an enzyme-linked immuno-
sorbent assay (ELISA) kit (J&L Biotech, China) following

the manufacturer’s protocol.

Apoptosis assay. The apoptosis of HL-1 cardiomyocytes was
analyzed by flow cytometry using a Dead Cell Apoptosis Kit
with Annexin V Alexa Fluor 488 and PI (Thermo Fisher,
USA). Briefly, the cells were collected and resuspended
in 500 uL of binding buffer, and 1 uL of Annexin V and
5 uL of PI were successively added to stain the cells 24 h
after the treatment. The samples were determined using
flow cytometry (BD Biosciences, USA). The percentage of
apoptotic cells were calculated which represented Annexin
V positive/ PI positive cells.

Quantitative real-time PCR. Total RNAs were isolated
after the cells were treated for 24 h using an RNeasy Mini
Kit (Qiagen, Germany) and reversed to cDNA using a One-
Step PrimeScript miRNA cDNA Synthesis Kit (TaKaRa,
Japan) to quantify target genes in HL-1 cardiomyocytes.
Quantitative PCR of Bcl-2, Bax, caspase-3, and phosphoryl-
ated-p38 mitogen-activated protein kinase (p-p38 MAPK)
were performed using an ABI 7500 Fast Real-Time PCR
System (Applied Biosystems, USA) with an SYBR Premix
Ex Taq kit (TaKaRa). U6 was used as an internal control. All
primers were synthesized by Sangon (China). The relative
expression of target genes was calculated using the following
equation: Relative expression level = 2-(ACtsample - ACt control)

Western blot analysis. For Western blot analysis, 20 ug of
total protein extracted from the HL-1 cardiomyocytes after
the cells were treated for 24 h was resolved on 10% SDS-po-
lyacrylamide gels and electrotransferred onto nitrocellulose
membranes. The membranes were blocked with 5% nonfat
milk in TBS containing 0.3% Tween-20 and then incubated
overnight with polyclonal rabbit anti-mouse antibodies
against Bcl-2 (1:1000 dilution, Abcam, USA), Bax (1:500
dilution, Abcam), caspase-3 (1:1000 dilution, Cell Signaling,
USA), and p-p38 MAPK (1:1000 dilution, Cell Signaling).
The polyclonal rabbit anti-mouse GAPDH antibody (1:1000
dilution, Abcam) served as control. The goat anti-rabbit
horseradish peroxidase—conjugated secondary antibody
was subsequently added. ECL was administered to detect
protein signals using Quant RT ECL cold CCD imaging
system (General Electric, USA).

Statistical analysis. The statistical analyses were carried out
using SPSS 16.0 (SPSS Inc, USA). Data were presented as
mean * standard deviation. The mean value in the vehicle
group was defined as 100% for relative gene expression.
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Figure 1. IL-39 promoted ROS production in HL-1 cardiomyocytes. A. IL-39 promoted ROS production in a concentration-de-
pendent manner (n = 6); P < 0.05 vs. 0 ng/mL IL-39. B. IL-39 and H,O, increased the ROS level in HL-1 cardiomyocytes
(n = 6). ROS levels were determined as described in Methods section.

Overall data were compared using analysis of variance and
post-hoc least significant difference statistics. A P value of
less than 0.05 indicated a statistically significant difference.

Results

IL-39 promoted ROS production

in HL-1 cardiomyocytes

Different concentrations of IL-39 were added to
cultures of HL-1 cardiomyocytes to identify the
relationship between ROS production and IL-39
levels. As shown in Figure 1A, IL-39 promoted ROS
production in a concentration-dependent manner; the
highest level of ROS production was induced by IL.-39
at a concentration of 60 ng/mL (vs. 0 ng/mL IL-39,
P < 0.05). Both 60 ng/mL IL-39 and 200 uM H,O,
promoted ROS production in HL-1 cardiomyocytes
(vs. vehicle, P < 0.05). The elevation of ROS produc-
tion induced by 60 ng/mL IL-39 alone was amplified
by the stimulation of IL-39 60 ng/mL combined with
200uM H,O, (IL-39 + H,O, vs. IL-39, P < 0.05), but
was decreased by the antioxidant 20 uM Trolox (IL-39
+ TROvs. IL-39, P < 0.05) (Fig. 1B).

IL-39 increased the level of CCL2

in HL-1 cardiomyocytes

The chemokine CCL2 levels in HL-1 cardiomyocytes
were investigated using ELISA. Both IL.-39 and oxi-
dative stress significantly increased the level of CCL2
(vs. vehicle, P < 0.05). The elevation of CCL2 level
in HL-1 cardiomyocytes induced by 60 ng/mL IL-39
alone was amplified by the addition of 200 uM H,O,
(IL-39 + H,O, vs. IL-39, P < 0.05), however, it was
significantly decreased by 20 uM Trolox (IL-39 +
TRO vs. IL-39, P < 0.05) (Fig. 2).
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Figure 2. IL-39 increased the level of CCL2 chemokine in
HL-1 cardiomyocytes incubated with IL-39 (60 ng/mL), 200
#M H,0, or IL-39 at 60 ng/mL and 20 uM Trolox (n = 6).
CCL2 concentration was determined by ELISA as described
in Methods section.

IL-39 stimulates the apoptosis

of HL-1 cardiomyocytes

Flow cytometry was used to evaluate the apoptosis of
HL-1 cardiomyocytes, the real-time PCR and Western
blot analysises were used to examine the mRNA and
protein levels of Bcl-2, Bax and caspase-3. Both 60
ng/mL IL-39 and 200 uM H,O, induced significant
apoptosis in HL-1 cells (vs. vehicle, P < 0.05). IL-39
demonstrated a more potent ability to promote HL-1
cardiomyocyte apoptosis (IL-39 vs. vehicle, P < 0.01).
The apoptosis of HL-1 cardiomyocytes induced by
60 ng/mL IL-39 alone was amplified by 200 uM
H,O, (IL-39 + H,O, vs. IL-39, P < 0.05), and was
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Figure 3. IL-39 promoted the apoptosis of HL-1 cardiomyocytes (n = 6). The concentrations of IL-30, H,O,, and Trolox
were as in the description of Figure 2. Apoptosis was determined by flow cytometry as described in Methods section.

significantly alleviated by 20 uM Trolox (IL-39 +
TRO vs. IL-39, P < 0.05) (Fig. 3). The transcription
level of Bcl-2 was significantly decreased by 60 ng/mL
IL-39 and 200 uM H,O, (vs. vehicle, P < 0.05).
The decreased transcription level of Bcl-2 in HL-1
cardiomyocytes induced by 60 ng/mL IL-39 alone
was amplified by 200 uM H,O, (IL-39 + H,O, vs.
IL-39, P < 0.01), and was significantly alleviated by
20 uM Trolox (IL-39 + TRO vs. IL-39, P < 0.05)
(Fig. 4A and 4B). The transcription levels of Bax and
caspase-3 were significantly elevated by 60 ng/mL
IL-39 and 200 uM H,O, (vs. vehicle, P < 0.05). The
increased transcription levels of Bax and caspase-3
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in HL-1 cardiomyocytes induced by 60 ng/mL IL-39
alone were amplified by 200 uM H,O, (IL-39 + H,O,
vs. IL-39, P < 0.05), and were significantly alleviated
by 20 uM Trolox (IL-39 + TRO vs. IL-39, P < 0.05)
(Fig. 4A, 4C, 4D).

IL-39 stimulates the phosphorylation of p38 MAPK
in the apoptotic cardiomyocytes

To identify the potential molecular mechanism of IL-39
regulating the apoptosis of HL-1 cardiomyocytes,
the mRNA and protein levels of phosphorylated
p38 MAPK were examined using real-time PCR
and Western blot analysis, respectively. As shown in
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Figure 4. IL-39 promoted the expression of p-p38 MAPK in HL-1 cardiomyocytes. A. Protein levels in HL-1 cardiomyocytes
were identified using Western blot analysis (n = 3). B. IL-39 significantly decreased the transcription level of Bcl-2 in HL-1
cardiomyocytes (n = 6). C. IL-39 significantly increased the transcription level of Bax in HL-1 cardiomyocytes (n = 6).
D. IL-39 significantly increased the transcription level of caspase-3 in HL-1 cardiomyocytes (n = 6). E. IL-39 significantly

increased the phosphorylation level of p38 MAPK in HL-1 cardiomyocytes (n = 6). The concentrations of IL-30, H,O,, and
Trolox were as in the description of Figure 2.

©Polish Society for Histochemistry and Cytochemistry

Folia Histochem Cytobiol. 2021
10.5603/FHC.a2021.0019
ISSN 0239-8508, e-ISSN 1897-5631

www.journals.viamedica.pl/folia_histochemica_cytobiologica



200

Figure 4A and 4E, the transcription level of p-p38
MAPK was significantly elevated by 60 ng/mL IL-39
and 200 uM H,O, (vs. vehicle, P < 0.05). The in-
creased transcription level of p-p38 MAPK in HL-1
cardiomyocytes induced by 60 ng/mL IL-39 alone was
amplified by 200 uM H,0, (IL-39 + H,O, vs. IL-39,
P < 0.05), and was significantly alleviated by 20 uM
Trolox (IL-39 + TRO vs. IL-39, P < 0.05).

Discussion

In the previous study [12], we found that the serum
level of IL-39 in patients with STEMI significantly
increased, indicating that 1L-39 might be involved
in the process of myocardial injury and remodeling.
The present study showed that IL-39 promoted ROS
production, CCL2 secretion, and cardiomyocyte ap-
optosis; the underlying mechanism was related to the
increased expression of p-p38 MAPK.

The MIRI is mediated by several factors including
excessive ROS production. The increased accumula-
tion of ROS in cardiomyocytes results in oxidative
stress, mitochondrial dysfunction, and subsequent cell
death [5]. Antioxidant therapies hold great potential
in attenuating cardiac injury induced by ischemia—rep-
erfusion [15]. The data revealed that IL-39 promoted
ROS production in a concentration-dependent man-
ner, highlighting its association with MIRI.

Inflammation response is the major pathological
feature in cardiac repair after acute myocardial in-
farction [16]. Chemokines play a critical role in the
acute phase of myocardial infarction. CCL2 plays
crucial roles in recruiting inflammatory cells and
contributes to cardiac remodeling after myocardial
infarction [17-19]. The level of CCL2 was also el-
evated in cardiomyocytes incubated with IL-37 and
patients with acute coronary syndrome; hence, CCL2
can be treated as a biomarker and a potential target
for therapy [20-22]. The results showed that IL-39
significantly increased the CCL2 level in HL-1 car-
diomyocytes. Interestingly, CCL2 protected mouse
neonatal cardiac myocytes from hypoxia-induced
apoptosis [23]. However, the role of CCL2 in cardio-
myocyte apoptosis was not investigated in the present
study. Hence, how IL-39 increased the CCL2 level and
their association in cardiomyocyte apoptosis deserve
further investigation.

Cellular apoptosis is initiated by the activation
of cell-surface receptors (the extrinsic pathway) or
by the alteration of mitochondria permeability (the
intrinsic pathway) [24]. Accumulating evidence in-
dicated the critical role of the Bcl-2 family in deter-
mining the cell death process through the extrinsic
pathway. The Bcl-2 family comprises two classes of
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regulatory proteins: pro-apoptotic members (Bak
and Bax) and anti-apoptotic members (Bcl-2 and
Bcl-xL) [25, 26]. At the intersection of the intrinsic
pathway and the extrinsic pathway, caspase-3 is
ultimately stimulated by pro-apoptotic signals and
the apoptosis process is completed in the nucleus
[27]. IL-39 significantly stimulated the apoptosis
of HL-1 cardiomyocytes in vitro in this study; the
ability to induce apoptosis was more potent than
that of H,O,. The evidence that decreased the
expression of Bcl-2 and increased the expression
of Bax and caspase-3 supported the opinion that
IL-39 promoted cardiomyocyte apoptosis through
the extrinsic pathway.

MAPK families play important roles in a wide
variety of cellular programs, including cell growth,
proliferation, differentiation, and apoptosis [28, 29].
Characterized as a member of MAPK families, p38
MAPK is activated to balance cell survival and death
in response to both extracellular and intracellular
stresses [30]. Also, p38 MAPK regulated the phospho-
rylation of Bcl-2 in the early induction of apoptosis
under cellular stress [31]. The cardiomyocyte apopto-
sis induced by hypoxia/reoxygenation was mediated by
the ROS-activated MAPK pathway and inhibited by
the p38 MAPK inhibitor [32]. The inhibition of p38
MAPK reduced cardiac injury and improved cardiac
function after acute myocardial infarction, indicat-
ing its critical role in cardiac remodeling [33-35].
In mice with lupus-like phenotype, IL-39 promoted
inflammatory response through the STAT1/STAT3
signaling pathway (10). The present study found that
IL-39-induced cardiomyocyte apoptosis involved the
elevated expression of p-p38 MAPK. However, the
upstream and downstream proteins of p38 MAPK
were not explored in the present study. Whether p38
MAPK signaling plays a crucial role in IL-39-induced
cardiomyocyte apoptosis is unclear. The role and
function of IL-39 in physiological and pathological
statuses still remain controversial [36] and require
further investigation.

In conclusion, this study was novel in demonstrat-
ing that IL-39 promoted ROS production and stim-
ulated the phosphorylation of p38 MAPK. Further
studies should be accomplished to better understand
the role of IL-39 and the molecular mechanism in the
pathophysiologic process of cardiovascular diseases
and its prospects as a therapeutic target.
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