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Abstract

Introduction. Regulatory T cells (Tregs) are a unique CD4* T cell subset involved in the regulation of immune
responses. The traditional immunophenotype used to define Tregs includes CD4*+CD25"e" and the expression of
the transcription factor Forkhead box protein 3 (FoxP3). A complex technique of intracellular staining, transient
upregulation of FoxP3 in activated conventional T lymphocytes (Tcons), and the omission of naive CD45RA*
Tregs with downregulated FoxP3 activity but a demethylated FOXP3 promoter region may lead to inaccurate
quantification. In an attempt to meet the need for a reliable and simplified enumeration strategy, we investigated
different membrane markers to capture the entire Treg compartment and to identify subpopulations of Tregs.
Material and methods. Analyses were performed on whole blood. Tested gating strategies were based on the
expression of the following membrane antigens: CD45, CD3, CD4, CD25, CD127, CD26, CD6, CD39, CD71,
HLA-DR, CD45RA and CD31. Double controls with FoxP3 were performed.

Results. The final enumeration panel consisted of the membrane markers CD45, CD3, CD4, CD25, CD127,
CD26, CD39, CD45RA and CD31. A deep analysis of T cells with the CD4+*CD25+*CD127°%-CD26'""-CD45RA-
immunophenotype revealed high expression of FoxP3 and/or CD39, while cells with the naive immunophenotype,
CD4+CD25+*CD127°%-CD26""-CD45RA", presented lower expression of suppressor markers. Antigen CD31
is considered to be a valuable membrane marker of thymus-derived Tregs.

Conclusions. The presented 9-color panel that can be easily applied in laboratories enables reliable enumeration
of Tregs with additional information about the functionality, maturity and origin of T regulatory cells. (Folia
Histochemica et Cytobiologica 2021, Vol. 59, No. 2, 75-85)
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Introduction

Regulatory T cells (Tregs) are a unique CD4* T
cell subset involved in the regulation of immune re-
sponses. This subpopulation is fundamental for the
development of immune tolerance after allogeneic
hematopoietic cell transplantation (alloHCT) [1].
There are also many reports showing a correlation
between clinical response to therapies applied in
certain inflammatory conditions and increasing levels
of circulating Tregs [2]. Extracorporeal photopheresis
(ECP), offered to patients with graft-versus-host dis-
ease (GVHD) resistant to standard immunosuppres-
sive therapy, is one of the best examples [3-5]. Among
the complex mechanisms of immunomodulation pro-
moted by ECP, the induction of Tregs seems to play
a crucial role [6, 7]. In addition to the measurement
of the clinical response to therapies influencing the
expansion of Tregs, the evaluation of immunological
status during treatment would give additional argu-
ments for the maintenance or modification of immu-
nosuppressive treatment [8—12]. Therefore, clinicians
have highlighted the need for a reliable and accurate
strategy for Treg enumeration and monitoring that
can be applied in routine everyday practice [13].
The transcription factor Forkhead box protein 3
(FoxP3) is a traditional marker for the identification
of Tregs with suppressor activity by flow cytometry.
Given that FoxP3 is an intracellular molecule, its de-
tection requires a complex technique of fixation and
permeabilization, which may give inaccurate quan-
tification owing to inevitable cell loss and reduced
fluorescence of the antibody conjugates [14, 15].
DURACIone staining technology reduces pipetting
errors and stabilization issues but it is not available
in every laboratory [15, 16]. Moreover, flow cytome-
try may not be sensitive enough to detect all FoxP3
proteins, and activity below the level of detection
is omitted. The results vary and may be difficult to
compare among different laboratories or over time
in the same laboratory. Moreover, quantification is
imprecise because FoxP3 is transiently upregulated
in activated effector T lymphocytes (conventional T
cells; Tcons) [17]. CD127 antigen has been described
as a surrogate marker of FoxP3 because there is an
inverse correlation between CD127 and FoxP3 expres-
sion [16, 18]. However, it has also been demonstrated
that T lymphocytes of phenotype CD25%e:CD 127w
with FoxP3'*¥ are equally suppressive [19-21]. Addi-
tionally, naive CD45RA* Tregs with downregulated
FoxP3 activity have “hidden” but stable suppressor
potential, as demonstrated by high levels of FOXP3
mRNA and a demethylated FOXP3 promoter region
[22, 23]. Taking these data together, FoxP3 expression

©Polish Society for Histochemistry and Cytochemistry
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is not always sufficient for the identification and enu-
meration of circulating functional Tregs in humans,
and the expression of CD4+*CD25+*CD127°% seems
to be more accurate for this purpose [16, 24].

We aimed to investigate the membrane antigens
that would give comparable and reliable enumeration
of the entire Treg compartment and the identification
of Treg functional subpopulations.

Materials and methods

Design of the marker molecules’ panel. The backbone panel
contained antigens CD25 and CD127 and CD45RA, gated
on CD45+*CD3+CD4* cells. Antigens CD25 and CD127
are utilized to identify Tregs in many laboratories, but this
simplified analysis seems to be insufficient [19, 20, 25].
Therefore, the tested panel was widened with the antigens
CD26, CD6, CD39, CD31, and HLA-DR, and a double
control with FOXP3, to better characterize the gated sub-
groups. The choice of CD26, CD6 and CD39 was justified
because these specific surface markers were already tested
for the isolation of Tregs by cell sorting, e.g., for therapeutic
purposes. The suppressor activity of those sorted cells was
already validated [25-27]. The choice of antigens CD45RA
and CD31 was designed to distinguish naive Tregs from
effector/memory Tregs, and thymus-derived (t)Tregs from
induced, periphery-derived (p)Tregs [22, 28]. The expression
levels of CD71 and HLA-DR were included as activation
markers [29].

Blood samples. Twenty-one peripheral blood samples were
collected from healthy volunteers into vacutainers with
EDTA as an anticoagulant. The final panel was tested on
blood samples from 10 patients treated for chronic GVHD
after alloHCT. All analyses were performed on whole blood.
The study was conducted in conformance with the latest
Declaration of Helsinki ethical guidelines and was approved
by the Bioethical Committee of the Medical University of
Gdansk (decision number NKBBN/413/2016).

Flow cytometry and sample analysis. Samples comprising
200 ul of whole blood were incubated with the following
antibodies/conjugates in various combinations depend-
ing on the staining protocol tested: CD3-BV421 (clone
UCHT1), CD45-BV510 (clone H130) (both from BioLeg-
end), CD4-PECy7 (clone SK3), CD25-PerCP Cy5.5 (clone
M-A251) (both from Beckman-Coulter), CD26-FITC (clone
M-A261), CD31-PE (clone WM59), CD39-PE-CF594
(clone TU66), CD39-PE-CF594 (clone TU66), CD39-
APC (clone TU66), CD6-Alexa Fluor 647 (clone M-T605),
CD45RA-Alexa Fluor 700 (clone HI100), CD127-APC-H7
(clone R3434), and CD3 Pacific Blue (clone UCRH1) (all
from BD Biosciences). Incubation was followed by cell
lysis with a solution of ammonium chloride and two washes

www.journals.viamedica.pl/folia_histochemica_cytobiologica
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Figure 1. Comparison of three dot plots for initial Treg gating. A. Presentation of initial gating based on the CD25 expression
and one of three negative Treg-associated markers (CD127 or CD26 or CD6); B. FoxP3 and CD39 expression of cells gated
on CD25-positivity and negative Treg-associated markers (CD127 or CD26 or CD6)

before cell resuspension. Specimens with membrane stain-
ing proceeded to the acquisition step. Samples requiring
intracellular staining were fixed and permeabilized with
Fix/Perm Buffer and washed with the Perm Buffer from
a FoxP3 staining kit (eBioscience). Staining with FoxP3-PE
(clone PCH101; eBioscience) was performed in Perm Buffer
before cytometer acquisition.

For the data obtained at the University of Toulouse
(Toulouse, France), cells were acquired on 10-color Navios
(Beckman Coulter). For the data obtained at the Medical
University of Gdansk (Gdansk, Poland), cell acquisition was
performed on a Becton Dickinson 12-color BD FACSLyric™.
Data were analyzed with the use of Kaluza software (ver-
sion 2.1).

Statistical analysis. Statistical data (absolute counts and
percentages of gated cells within the quadrants) obtained
from Kaluza software were copied into spreadsheets. De-
scriptive statistics, medians, and ranges were calculated using
Statistica version 13.1 (StatSoft).

Results

One positive marker (CD25) and one negative
selection marker (CD127 or CD26 or CD6) enable
comparable initial gating

As the first step, we gated potential Tregs using
combinations of one positive marker CD25* and
one of the tested negative markers, CD26"% or
CD127%% or CD6""-, within the CD45*CD3+CD4*

©Polish Society for Histochemistry and Cytochemistry
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cells (Fig. 1A). The median percentage of gated
cellswas 5.6% (range 2.7-11%). The level of expres-
sion of FoxP3 and CD39 was used to test different
initial gating strategies. The rates of FoxP3* and/
Jor CD39* cells were 80.8%, 87.5% and 85.2% in
gates CD127"%-, CD26""- and CD6'""", respective-
ly (Fig. 1B). The differences were not significant.
Therefore, we decided to use a backbone panel
based on the expression of CD25 and CD127, which
has been already validated and approved in many
laboratories.

Almost overlapping high fluorescence intensity

of FoxP3 and CD39 within the subpopulation
CD45RA

In the next analysis, we compared the fluorescence
intensities of FoxP3 and CD39 within the gated poten-
tial Tregs with the positive or negative expression of
CD45RA. Treg gating was based on the three tested
initial gating strategies described above. We found
a high percentage of FoxP3* (50.3%; range 34.2-
57.4%) and CD39* cells (53.1%; range 45.9-58.9%)
within gated CD45RA" cells. A low percentage
of CD45RA* cells demonstrated the expression
of FoxP3 or CD39 (3%; range 0.3-10.6%). The rates
differed depending on the gating strategy but the
differences were not statistically significant (data
not shown graphically). This finding was additional
proof that a panel based on the expression of CD25
and CD127 was a suitable backbone for further tests.

www.journals.viamedica.pl/folia_histochemica_cytobiologica
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The CD26™"¢" population is more suitable

than the CD6™"¢" population for the exclusion

of contamination with Tcons

As the next step, we performed a comparison of ad-
ditional membrane staining with anti-CD26 and an-
ti-CD6 antibodies to eliminate cells with the CD26hish
or CD6"ieh phenotype, representing the Tcons, from
the final enumeration. The CD26™"ieh population
appeared to be more evident to exclude undesired
cells than the CD6™"ig" population owing to a clear
cut-off of Tcons from the final count. Moreover, the
percentage of FoxP3-CD39- cells was higher (26% vs.
16%) in gating based on CD26 membrane expression
suggesting more adequate elimination of Tcons. The
graphical presentation of this comparative gating is
presented in Figure 2.

CD39 is a valuable marker to replace FoxP3

In most analyses, we compared the expression of
CD39 with FoxP3. Among the gated highly suppres-
sive cells (CD25*CD127"°"-CD26""CD45RA") ex-
pressing CD39%, 90.9% were also FoxP3*. Moreover,
92.3% of the cells were either CD39* or FoxP3*. In
contrast, CD45RA* cells were a small subset within
the gated CD25*CD127°%-CD26""" cells character-
ized by low expression of FoxP3* and/or CD39. One
example of the histograms is presented in Figure 3.

CD31 is a valuable marker of thymus-derived Tregs
(tTregs)

The next step was to define the origin of Tregs by the
membrane expression of CD31* (tTregs vs. peripheral
Tregs with extrathymic origin; pTregs) and to check
the state of activation.

A higher number of CD31* Tregs was detected
within the compartment of the naive immunopheno-
type identified by the positive expression of antigen
CD45RA. Among the naive CD45RA* Tregs, CD31*
cells were predominantly represented by a subgroup
lacking the expression of CD39 (median 39.1%).
CD31+*CD39* cells were detected in 1.4% of gated
CD45RA™ Tregs. However, the median rates of
CD31*CD39-and CD31*CD39* within the CD45RA-
cells were comparable: 9.2 and 8.7%, respectively.

The expression of the activation marker CD71
was weak in unstimulated lymphocytes. Therefore,
we decided to proceed with HLA-DR (the late ac-
tivation marker) staining. This staining was more
apparent within the effector CD45RA" Tregs. Among
CD4*CD25*CD127°%-CD45RA'HLA-DR* effector
Tregs, 95% were CD39* cells and none were CD31+
cells, in contrast to naive CD4+*CD25"hishCD-
127°¥-CD45RA* Tregs, which were all HLA-DR
negative, with 95% of cells being CD39- and 41%

©Polish Society for Histochemistry and Cytochemistry
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being CD31*. The graphical presentation is shown in
Figure 4. Anti-HLA-DR staining was used to check
the activation status of gated Treg subsets but was
not used for the final enumeration panel to simplify
the analysis.

Gating strategy to enumerate circulating Tregs

Using a gating strategy based on lymphocytes,
CD25*CD127"°% versus CD25*CD26'%-, we captured
a similar number of cells within CD45*CD3*CD4*
cells: 5.4% (range 3.2-10.7%) and 5.6% (range
3.1-11%), respectively. Moreover, the numbers of
cells that were CD45RA*, CD45RA-, CD39* and
CD31* within the gated population were comparable.
However, the final strategy to count the whole com-
partment of Tregs uses the CD26" population within
CD25*CD127*", from the gated CD45*CD3*CD4*
cells, to exclude accidental contamination with
activated Tcons more precisely. Lymphocytes are
gated on a CD45/SS dot plot, then CD4* T cells
(CD3*CD4* cells) are gated on a CD3/CD4 dot plot.
Tregs are initially identified as CD25*CD127"°" on
a CD25/CD127 dot plot. The next step is to exclude
cells with intermediate or high expression of CD26
that is very obvious on a CD45RA/CD26 dot plot
(among CD25*CD127"°). The cells detected after
the elimination of CD26* cells are taken to calculate
the total number of Tregs. This gate is also a first step
to identify different Treg subsets: two quadratic gates
should be placed to discriminate effector/memory
(CD45RACD26""") and naive Treg (CD45RA*CD-
26'") cells on a CD45RA/CD26 dot plot. The next
step to better characterize Treg subsets is to check
CD31 and CD39 expression within these two gates.
The graphical presentation of the gating strategy for
the enumeration panel is presented in Figure 5.

The presented rates of total Tregs and Treg subsets
were calculated from CD4* T cells. The numbers of
total Tregs and Treg subsets are expressed as the
percentage of the lymphocyte gate from the CD45/SS
cytogram. Absolute values were calculated by mul-
tiplying these percentages by the number of lym-
phocytes in a microliter of blood, determined on
a hematology analyzer.

With the use of our gating protocol, the median
absolute count was 66.4 (range 22.8-162.7) cells/ul.
The median rate within CD4* and the median abso-
lute count of Tregs expressing CD39 was 2.4% (range
1-8.7%) and 18.5 (1.7-84.5) cells/ul, respectively.

A trial analysis of the panel performed in 10
patients with a moderate or severe form of chronic
GVHD (¢cGVHD) showed a lower median percentage
within CD4* cells and absolute values of Tregs: 5.1%
(range 2.1-15.8%) and 33.6 (range 15.3-91.5) cells/ul,
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Figure 2. Comparison of two gating strategies based on the exclusion of CD26* or CD6* T-cells from the final Treg enumeration
protocol. Lymphocytes are gated on a CD45/SS dot plot, then CD4* T cells (CD3*CD4+ cells) are gated on a CD3/CD4 dot plot.
Tregs are initially identified as CD25+*CD127°% on a CD25/CD127 dot plot. The next step is to exclude cells with intermediate or high
expression of CD26 (A) on a CD45RA/CD26 dot plot (among CD25*CD127°%") or with intermediate or high expression of CD6 (B) on
a CD45RA/CD6 dot plot (among CD25*CD127°%"). The three quadratic gates represent the following: the upper gate includes Tcons
by either high/intermediate expression of CD26 or CD6; the lower left includes memory/effector Tregs; and the lower right includes
naive Tregs. The comparative expression of CD31 and CD39 within_these quadratic gates of two gating protocols is also provided.
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Figure 3. Comparison of FoxP3 and CD39 expression. A. Histograms showing comparable count of cells expressing FoxP3
and CD39 within a compartment of CD25*CD127°%-CD26'*CD45RA" (26-RA-) Tregs with a compartment of CD25*C-
D127°%-CD26his"CD45RA™* (26+) T cons; B. Histograms showing comparable count of cells expressing FoxP3 and CD39
within a compartment of CD25*CD127°%-CD26"* CD45RA" (26-RA-) cells (memory/effector Tregs) with a compartment
of CD25*CD127°%-CD26°*-CD45RA* (RA+) cells (naive Tregs).
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Figure 4. Expression of HLA-DR (the late activation marker) on Treg subsets. A left CD45RA/HLA-DR dot plot represents
Tregs subsets gated from lymphocytes by the CD3*CD4+*CD25*CD127°% immunophenotype. The three dot plots on the
right present a comparison of CD31 and CD39 expression among naive Tregs (CD45RA*HLA-DR") and among effector/
/memory Tregs (CD45RA") with a positive late activation marker (HLA-DR*) and with negative HLA-DR expression.

respectively. Differences between volunteers and the
GVHD patients were especially visible in absolute
values of Treg subsets. The summarized results for
Tregs in healthy donors and patients with chronic
GVHD are presented in Table 1.
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Discussion
Tregs are a small subset of CD4* T lymphocytes but

they play a crucial role in maintaining the balance of
the immune system. In transplant medicine, Tregs
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Figure 5. The enumeration panel and the final gating strategy. Lymphocytes are gated on a CD45/SS dot plot, then CD4+
T cells (CD3*CD4* cells) are gated on a CD3/CD4 dot plot. Tregs are initially identified as CD25*CD127°¥ on a CD25/
/CD127 dot plot. The next step is to exclude cells with intermediate or high expression of CD26 on a CD45RA/CD26 dot
plot (among CD25*CD127"*). The cells detected after the elimination of CD26" cells are taken to obtain the total num-
ber of Tregs. In the CD45RA/CD26 dot plot, the lower two quadratic gates are placed to discriminate effector/memory
(CD45RA-CD26"*) and naive Tregs (CD45RA*CD26"*"). The next step to characterize Treg subsets is to check CD31 and
CD39 expression within these two gates.

©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2021

10.5603/FHC.a2021.0014

ISSN 0239-8508, e-ISSN 1897-5631

www.journals.viamedica.pl/folia_histochemica_cytobiologica



82

Agnieszka Piekarska et al.

Table 1. Comparison of percentages and absolute values of Tregs in healthy donors and patients with chronic GVHD

T regulatory cells Phenotype within Healthy donors Patients with cGVHD | Normal range Units
CD45+*CD3*CD4* Median (range) Median (range)

Total CD25*CD127"" 5.4 (3.2-10.7) 5.1(2.1-15.8) 4-10.7 % (in CD4+)
CD267v 66.4 (22.8-162.7) 33.6 (15.3-91.5) 20-126.3 cells/ul

Effector/ CD25+CD127/v 3.8 (1.3-10.3) 4.6 (2.1-14.7) 2.4-8.7 % (in CD4+)
/Memory CD267>¥ CD45RA 43 (15.6-81.4) 25.8 (15-63.6) 14.3-88.3 cells/ul

Naive CD25*CD127¥ 1.4 (0.4-5.0) 0.8 (0.04-2.0) 0.4-4.5 % (in CD4+)
CD267> CD45RA* 16.9 (2.2-103.5) 4.4 (0.2-28.0) 2.3-54.0 cells/ul

Highly suppressive CD25*CD127/ov 2.4 (1-8.7) 2.7 (0.8-4.7) % (in CD4+)
CD267 CD39* 18.5 (1.7-84.5) 15.7 (7.3-45.2) cells/ul

Thymus emigrants CD25+CD127/v 1.5 (0.8-4.2) 1.4 (0.3-4.2) % (in CD4+)
CD267v CD31* 16.3 (4.6-88) 8.6 (1.2-29.5) cells/ul

are responsible for the induction of the immuno-
tolerance that preserves the transplanted organ or
tissue. This T-cell subset prevents GVHD develop-
ment after HCT [1, 30]. The identification of Tregs
is beneficial for clinical purposes, e.g., to monitor
immune responses to immunomodulating therapies
after HCT, to isolate and to sort viable regulatory
cells for tolerance-inducing therapies or to eliminate
tumor-infiltrating Tregs and activate anti-tumor im-
mune responses. A growing need to find a reliable
and accurate method to identify a Treg compartment
inspired us to design a simple protocol that could
be used in flow cytometry laboratories as a routine
analytical procedure [13].

Tregs in humans are heterogeneous in both immu-
nophenotype and function. They consist of subsets of
highly suppressive, terminally differentiated effector
or activated Tregs and naive or resting Tregs with
hidden suppressive potential [22, 31]. This population
is also diversified according to its origin into natural
tTregs and induced Tregs that differentiate upon
exposure to an antigen under tolerogenic conditions
in peripheral tissues (pTregs) [32-34]. There are also
Tcons deprived of suppressive activity that secrete
pro-inflammatory cytokines but, upon activation, they
are able transiently to upregulate FoxP3 [17]. The
nuclear localization of FoxP3 makes the permeabi-
lization of cellular and nuclear membranes necessary
for FoxP3 detection, and this may lead to inaccurate
enumeration due to cell loss and the omission of cells
with low FoxP3 fluorescence intensity [14]. During
the last decade, several Treg-associated membrane
markers have been identified, and their ability to
isolate functional Tregs has been tested primarily in
the context of cell sorting. Following these studies,
some of the well-known surface antigens were chosen
and tested by us in various combinations.
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The CD25 antigen (alpha-chain for the interleukin
(IL)-2 receptor) is a primary cell-surface marker for
Tregs, but its high expression on CD4" cells means
that it cannot be used as the sole criterion to capture
Tregs because even a pure CD4*+*CD25"¢" population
contains substantial contamination with proinflam-
matory T cells [35, 36]. Therefore, additional selective
markers are needed. Tregs exhibit consistently low
expression of CD127- alpha chain for the IL-7 recep-
tor. The low/negative expression of CD127 antigen
has been tested in combination with CD4 and CD25,
showing high levels of FoxP3 and a strong correlation
with T cells expressing CD4*CD25*FoxP3* [16, 20,
24]. Moreover, CD4*CD25*CD127"¥" cells express-
ing a low level of FoxP3 remain strongly suppressive
[19]. Similarly, the low/negative CD6 expression is
indicated to be another Treg-associated marker. Cells
sorted by the CD4+*CD25"e:CD127*"-CD6'- immu-
nophenotype showed high enrichment of FoxP3+
cells and high in vitro suppression activity [26]. The
use of CD6 as a negative Treg marker was tested in
our study in comparison with CD26 and gave com-
parable results. However, for the sake of simplicity,
in the final enumeration strategy, the elimination
of CD26" cells appeared to be more apparent than
that of CD6* cells. In turn, the CD26 antigen is an
extracellular peptidase that is upregulated in CD4*
effector T cells, in contrast to CD127, which is not
upregulated upon activation [27]. Following this
path, because negative/low CD26 expression enables
distinction between activated Tcons and Tregs, CD26
was chosen for the final gating strategy. Another
tested marker, the CD39 antigen, is ectonucleoside
triphosphate diphosphohydrolase 1, which hydro-
lyzes extracellular ATP and ADP to AMP. CD39 is
presented in the literature as defining a Treg subset
with a frequency and expression level that correlate
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with those of FoxP3 in CD4* T cells [25]. A compar-
ison performed in our analyses confirmed the almost
overlapping expression of FoxP3 and CD39 in cells se-
lected by other cell-surface Treg-associated markers.

We found high expression of FoxP3 and CD39
within the CD45RA- subpopulation and low expres-
sion within the CD45RA* subpopulation, which is in
agreement with data from the literature [22]. Howev-
er, low expression of suppressive markers FoxP3 and
CD39 did not deprive a naive CD45RA* subset of the
Treg compartment in our study. It was demonstrated
that CD4+CD127"°%-CD25*CD45RA" cells have
a stable TSDR (T-cell specific demethylation re-
gion) demethylated phenotype [22, 31]. Naive Tregs
express CD127 antigen at reduced levels and CD25
antigen at lower levels than memory Tregs express,
which is why cells with intermediate expression of
CD25 and low expression of CD127 were captured
in our analyses [37].

Taking into account the expression of CD31
antigen, we intended to identify a Treg subpop-
ulation that is especially interesting in the HCT
setting. CD31 (platelet endothelial cell adhesion
molecule; PECAM-1) was included as a marker
to identify CD4* recent thymus emigrants (RTEs)
that may persist in circulation expressing CD31. In
a study by Douaisi et al., most egress-capable mature
CD45RA* single-positive (SP) CD4* thymocytes
express CD31; however, FoxP3-expressing cells in
the thymus are overrepresented within the CD31-
semimature CD45RACD4 SP subset displaying
enhanced levels of activation markers, while among
mature CD45RA*CD4 SP thymocytes, the frequency
of the FoxP3" cells is similar in CD31- and CD31*
subsets [28]. It is hypothesized that CD31- semi-
mature CD45RACD4 SP thymocytes re-express
CD31 upon the completion of their maturation
and the acquisition of CD45RA, egressing from the
thymus as RTEs. However, it cannot be excluded
that a subset of CD31-CD45RA*CD4* thymocytes
can egress from the thymus and become difficult to
distinguish from the naive peripheral CD31-CD4*
T cells. Generally, the expression of CD31 is down-
regulated upon T-cell receptor activation and cell
division. To distinguish highly suppressive Tregs
(effector/memory Tregs) from naive or resting cells
with suppressive potential, we used the membrane
markers CD45RA, CD31, and CD39. Within cells
with the naive immunophenotype CD45RA* (ba-
sically CD39°HLA-DR") we could identify CD31*
tTregs that are RTEs and CD31- that would be
extrathymic pTregs, but according to the data cited
above, the thymic origin cannot be excluded. In
turn, within CD4*CD25*CD127"°%-CD26"%" cells,
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we identified effector highly suppressive Tregs
defined as having the CD45RA-'CD31-CD39* im-
munophenotype, and activated tTregs after the
transition to CD45RA-CD31*CD39+* effector cells,
while cells with the CD45RA-CD31-CD39 phenotype
could be a memory resting pool of pTregs or tTregs
with a transiently downregulated suppressive marker.
A deeper insight into the Treg subpopulation is espe-
cially exciting for transplantation physicians because
highly activated CD45RA-CD39*FoxP3* Tregs
traffic into tissues involved in cGVHD-related pro-
cesses, where they play a suppressive function while
naive CD45RA™* Tregs control cGVHD effectors
[38]. Another interesting issue refers to a hypothesis
that the maintenance of the naive Treg compart-
ment may be predominantly thymic-independent,
with a strong role of IL-7 dependent signaling
[39]. Clinical improvement following ECP or other
Treg-enhancing immunomodulatory therapies in
patients with GVHD supports this thesis. There are
data showing that clinical amelioration correlates
with increasing levels of Tregs, despite the debili-
tating alloimmune processes involving the thymus
that occur in the course of GVHD [6-8, 12]. On
a laboratory basis, shifts within the CD4* and Treg
compartments could be efficiently evaluated with
the use of our protocol in patients suffering from
c¢GVHD who undergo immunomodulatory treat-
ment. Eight of the 10 patients had been treated with
ECP for more than 1 year, with partial remission of
skin manifestations of GVHD at the time of our Treg
analyses. Their results vary, but the median values are
generally lower when compared with those of healthy
volunteers, especially the naive Tregs compartment.
However, further tests in patients with cGVHD are
required to record the shifts of Treg subsets upon
treatment on the timeline.

The final results of Treg enumeration were pre-
sented as both a percentage of CD4" cells and an
absolute count per microliter in whole blood. The
literature suggests that it is essential to provide both
values to show real differences [13]. After HCT, the
Treg/CD4 ratio is reported to be altered in patients
with severe GVHD and in cases of relapse, while the
reconstitution of Tregs achieves the highest absolute
numbers in patients without GVHD [40].

In summary, the final panel we propose gives the
possibility of obtaining reproducible and comparable
results when capturing an entire Treg compartment
in whole blood. Moreover, it enables insight into Treg
subsets. With the use of the additional cell-surface
markers CD45RA and CD31, the panel gives addi-
tional information about the functionality, maturity
and origin of Tregs.
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Abstract

Introduction. Ghrelin, originally isolated from the endocrine cells of the gastric mucosa, is also expressed in
many peripheral tissues, including normal adrenals and adrenocortical tumors. It was shown that ghrelin stim-
ulates proliferation and inhibits apoptosis of adrenocortical cells. In the current study, we compared ghrelin
expression at the protein level in various adrenal tumors. We analyzed whether immunoreactive ghrelin could
be considered as a potential marker for different types of adrenal tumors.

Material and methods. Study was carried out on 200 adrenal specimens arranged on microscope slide in tissue
microarray format. We performed standardized immunohistochemical reactions with semiquantitative reaction
intensity measurements.

Results. At the protein level, the expression of ghrelin was significantly reduced in adrenocortical adenocarcino-
ma in relation to the control group and pheochromocytoma as well as cancer-adjacent normal adrenal tissue. In
contrast, a relatively high ghrelin expression was found in pheochromocytoma compared to all analyzed groups,
with the exception of cancer-adjacent normal adrenal tissue.

Conclusions. The ghrelin expression profile at the protein level may be associated with the type of adrenal tumor.
In this context, our results suggest that adrenal immunoreactive ghrelin may be considered as a sensitive and
specific marker for differentiating adrenocortical carcinoma from adrenocortical adenoma and pheochromo-
cytoma. (Folia Histochemica et Cytobiologica 2021, Vol. 59, No. 2, 8§6-94)

Key words: ghrelin; immunohistochemistry; adrenal tumors; adrenal cortex; adrenal medulla

for adrenocortical carcinoma (ACC). In patients with-
out premortem suspicion of adrenal disease, the prev-
alence of adrenal tumors at autopsy is found to be as
high as 32%. The occurrence of adrenal incidentaloma
(Al) in computed tomography series is approximately
5% [1], whereas about 80% of cases are benign ade-
nomas. More complex lesions such as adrenocortical
carcinoma (ACC) or pheochromocytoma are rarely

Introduction

The management of adrenal tumors is quite challeng-
ing, mainly due to their growing frequency, diagnostic
complexity, and limited availability of treatment option
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diagnosed at a rate of about 5% each, while 2% of Al
turns out to be metastases [1, 2]. Other lesions including
ganglioneuroma, neuroblastoma, myelolipoma, cysts,
or inflammatory tumors are detected occasionally.
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Ghrelin expression in adrenal tumors

Most of the adrenal tumors remain hormonally in-
active. However, depending on the level of hormonal
activity, these tumors may cause various symptoms.
Patients with active adrenal tumors or suspected ma-
lignancies are usually referred for adrenalectomy [1].

ACC is a rare, highly aggressive cancer. It has an
incidence of about 0.7-2 new cases per million per year.
ACC is more frequently detected in 40-60 years old
people [3]. The diameter of this tumor usually ranges
from 5 to 20 cm [3]. ACC is diagnosed using Weiss
criteria with Aubert’s modifications [4]. Pathological
assessment is crucial for the correct diagnosis of ACC,
but it is difficult to perform. Moreover, the frequency
of misdiagnoses is relatively high. For instance, in
a large consecutive series consisting of 300 cases tested
in Italy, 26 (13%) were misdiagnosed. The most com-
mon problem encountered in the diagnosis of ACC
is the differentiation pheochromocytoma from ACC.
Other diagnostic pitfalls include metastases from
other primary cancers, primary tumors of adrenal
soft tissue, and adrenal adenomas [5-7]. Due to these
reasons, there is a high demand for the identification
of ACC markers.

Ghrelin is the ligand of growth hormone secre-
tagogue receptor type 1 (GHS-R1) [8]. It was first
identified by Kojima et al. as a 28-amino acid peptide,
having an n-octanoyl moiety in serine 3 position [§].
Ghrelin is generated from the preproghrelin precursor
during post-translational cleavage. Ghrelin is pre-
dominantly secreted by endocrine cells of the gastric
mucosa, but its expression was also found in many
other organs, including the small and large intestine,
hypothalamus, pituitary, adrenal glands, testes, ova-
ries, thyroid gland, liver or lungs [8-14]. The main
role of ghrelin is to regulate energy homeostasis and
secretion of growth hormone. Thus far, many studies
have confirmed the physiological and pathological
effects of ghrelin on various organs [15-18]. Ghrelin
and its receptors (GHS-R1a and GHS-R1b) were
found in human adrenal glands [19]. Ghrelin does not
influence the secretion of adrenal steroid hormones
[20]. However, it increases the proliferation and de-
creases the apoptosis of adrenocortical cells [21, 22].
The ghrelin mRNA level in the human adrenal glands
was evaluated in previous studies, using mainly the
gqPCR technique [9, 10, 23].

Currently, 13 alternative splice transcript variants
of the ghrelin gene are described in the NCBI data-
base; however, not all of them are translated into pro-
tein. Individual variants of the ghrelin gene also differ
in the length of the 3' and 5' untranslated regions,
which determine the stability of these transcripts [24,
25]. Therefore, it can be assumed that the expression
of ghrelin at the mRNA level may not correlate with
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that at the protein level. Due to the aforementioned
facts, our study aimed to compare the expression of
ghrelin at the protein level in various adrenal tumors
using the immunohistochemical (IHC) technique with
a tissue microarray (TMA) containing 200 human
adrenal samples. We also analyzed whether immu-
noreactive ghrelin can be considered as a potential
marker for different types of adrenal tumors. To the
best of our knowledge, this study is the first to evaluate
the ghrelin protein level in a relatively large group of
tissues derived from various adrenal tumors.

Materials and methods

Tissue material. The unstained adrenal gland disease
spectrum (adrenal cancer progression) tissue microarray
(TMA) slide (AD2081) was purchased from US Biomax,
Inc. (Rockville, MD, USA). This histological slide contained
200 cores of adrenal gland tissue specimens, which included
20 samples of adrenocortical adenocarcinoma, 6 neuroblas-
toma, 2 ganglioneuroma, 60 pheochromocytoma, and 84
adrenocortical adenoma (ACA), in addition to 12 samples
of normal tissue adjacent to ACC and 16 biopsy samples
of normal adrenal tissue. Since we used the commercially
available TMA slide, our study did not require the approval
of local bioethics commission. Research complies with the
Declaration of Helsinki.

Immunohistochemical analyses. For the IHC analyses, we
employed the StreptABComplex/HRP method modified by
biotinylated tyramine (Dako Catalysed Signal Amplification
System, Peroxidase, K1500; Dako, Copenhagen, Denmark).
Briefly, after deparaffinization, the sections were rehydrat-
ed in decreasing concentrations of ethanol and rinsed in
phosphate-buffered saline (PBS). Antigen expression was
enhanced by heat-induced epitope retrieval (HIER) treat-
ment of tissue samples. The slides were placed in Target
Retrieval Solution, Citrate pH 6.1 (S2369; Dako), steamed
for 5 min, and then allowed to cool to room temperature
(RT) in the buffer for 20 min. After rinsing in PBS, the
endogenous activity of peroxidase was blocked by treating
the sections with 10% hydrogen peroxide for 10 min, while
the nonspecific-binding sites were blocked by incubating
with 10%t normal goat serum in PBS for 30 min at RT
(ab7481: Abcam). Following this step, the sections were
incubated with a mouse monoclonal anti-ghrelin antibody
(1:100, ab57222; Abcam) overnight at 4°C. Then, the tissue
samples were rinsed and incubated with a biotinylated
goat anti-mouse antibody (1:300; Dako) for 60 min at RT
before incubation with streptavidin-horse radish peroxidase
conjugate. The peroxidase reaction was developed using
diaminobenzidine (S3000; Dako). Then, the specimens were
lightly counterstained with Mayer’s hematoxylin, dehydrat-
ed, and mounted. The sections incubated with nonimmune
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IgG1 (X 0931; Dako) as well as those in which the primary
or secondary antibody was omitted were treated as negative
controls. To determine the consistency of antibodies reac-
tivity, commercially available serial sections obtained from
the human gastric fundus (NBP2-30204; Novus Biologicals,
Centennial, CO, USA) were used as external positive con-
trols. The whole slide was digitalized with a Mirax-Midi
slide scanner (Zeiss, Jena, Germany). The ITHC staining
was analyzed and documented at a high magnification using
CaseViewer 2.3 (64-bit version) for Windows (3D Histech
Ltd., Budapest, Hungary).

Semiquantitative evaluation of ghrelin protein expression.
The expression of ghrelin protein was analyzed using the
densitometric method. First, the blue-violet stain produced
by hematoxylin was removed from the scanned slide, retain-
ing only the brown stain of the appropriate IHC reaction,
using Adobe Photoshop ver. 21.1.0 (Adobe Inc., San Jose,
CA, USA). The image thus prepared was subjected to
densitometric analysis using ImagelJ software (ImagelJ 1.5q,
Wayne Rasband, National Institutes of Health, Bethesda,
MD, USA) according to The Open Lab Book protocol
(https://theolb.readthedocs.io/en/latest/imaging/measur-
ing-cell-fluorescence-using-imagej.html) adapted to the
TMA format. Using this software, the integrated density
from each of the TMA specimens was calculated, with the
fixed diameter covering 8800 pixels/specimen. The signal of
the background was also determined and subtracted from
that of the measured specimens.

Statistical analysis. All the statistical analyses were per-
formed using the R programming language environment
supported by the “ggplot2” library for graph drawing.
Densitometric values determined from each of the studied
groups were presented as a boxplot, with the values of me-
dian and interquartile range (IQR), and the densitometric
data from individual patients were superimposed on the
appropriate boxplots and displayed as dots. Comparisons
between the groups were carried out using Kruskal-Wallis
test followed by Dunn post hoc test. The differences between
the groups were indicated using the letter annotation, where
different letters indicate significant (p < 0.05) differences
between the compared groups. To evaluate the applicability
of ghrelin as a potential biomarker for the differentiation
of different types of adrenal tumors, we used the receiver
operating characteristic (ROC) curve plot generated in the
“pROC?” library [26].

Results

To investigate the ghrelin’s expression in various
types of adrenal tumors and normal adrenal gland
tissues, we used the commercially available adrenal
gland disease spectrum (adrenal cancer progression)
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tissue array. The same experimental conditions were
applied to all the samples, allowing for standardized
IHC reactions and more reliable semiquantitative
measurements. The expression analysis was carried
out on 200 adrenal specimens described in the Mate-
rial and Methods section. The general profile of the
stained specimens is presented in Figure 1. Within
the entire tissue array, the anti-ghrelin IHC staining
of different intensities, ranging from relatively weak
to strong, was observed.

To assess semiquantitatively expression of ghrelin
at the protein level, we performed densitometric
analysis using ImageJ software. The integrated density
values obtained for individual patients assigned to
appropriate groups are presented in Figure 2. Sta-
tistical analysis performed using the nonparametric
Kruskal-Wallis test revealed a very low p-value (p =
6.48e 13), indicating significant differences between
the compared groups. The subsequent Dunn post
hoc test showed that the expression of ghrelin at
the protein level was significantly lower by 30% in
adrenocortical adenocarcinoma (median [IQR] =
78.56 [80.2-65.1]) in relation to the control group
(median [IQR] = 110.87 [118.45-99.44]) as well as
both pheochromocytoma (median [IQR] = 133.4
[147.56-109.77]) and cancer-adjacent normal adre-
nal tissue (median [IQR] = 118.26 [126.35-97.93]).
A relatively low level of ghrelin expression was also
observed in neuroblastoma (median [IQR] = 90.36
[98-82.92]), compared to ACC, pheochromocytoma,
and cancer-adjacent normal adrenal tissue. By con-
trast, a relatively high level of ghrelin expression was
found in pheochromocytoma, in which the expression
was significantly higher by 20% in relation to the
control group. The expression of ghrelin in the phe-
ochromocytoma was also significantly higher than all
the other analyzed groups, except for cancer-adjacent
normal adrenal tissue. Due to its small number, the
ganglioneuroblastoma group was excluded from the
statistical analyses.

Although no statistically significant difference was
observed in ghrelin expression between the normal
adrenal and cancer-adjacent normal adrenal tissue,
it should be noted that there was a markedly strong-
er anti-ghrelin reaction in tumor-adjacent normal
adrenal tissue with respect to tumor cells (Figs. 3G
and 3H), which confirmed the previously reported
results. In the detailed analysis of ghrelin expression at
high magnification, we observed a strong cytoplasmic
expression of ghrelin within the adrenal cortex and
chromaffin parenchymal cells compared to the rela-
tively weakly stained connective tissue and vascular
endothelium. Strong nuclear staining was observed in
several ACA and pheochromocytoma samples.
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Figure 1. Analysis of ghrelin expression in adrenal gland disease spectrum (adrenal cancer progression) tissue microarray
(TMA) slide. This histological slide contained 200 cores of adrenal gland tissue specimens, which included 20 samples of
adrenocortical adenocarcinoma (ACC), 6 neuroblastoma, 2 ganglioneuroma, 60 pheochromocytoma, and 84 adrenocortical
adenoma (ACA), and 12 samples of normal tissue adjacent to ACC and 16 biopsy samples of normal adrenal tissue. A. The
general profile of the stained specimens. B. TMA map showing the relevant groups marked in appropriate colors.

The ROC curve analysis showed that ghrelin ex-
pression could be considered as a potential biomarker
for differentiating ACC from normal adrenal tissue,
and ACC from other adrenal tumors. The cut-off inte-
grated density values used for differentiating between
the compared groups were as follows: ACCyvs. normal
adrenal tissue = 91.7 (specificity 95% and sensitivity
81.2%), ACC vs. ACA = 82.4 (specificity 85% and
sensitivity 92.9%), and ACC vs. pheochromocytoma
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= 91.7 (specificity 95% and sensitivity 90%). All the
compared groups were also characterized by a high
area-under-curve (AUC) value as shown in Figure 4.

Discussion
Thus far, only a few studies have examined the expres-

sion of ghrelin in adrenal tumors [23, 27, 28]. In the
study of Barzon et al., as well as our previous study [27,
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Normal adrenal

Cancer adjacent normal adrenal
Adrenal cortical adenocarcinoma
Adrenal cortical adenoma
Pheochromocytoma
Neuroblastoma

Ganglioneuroma

Figure 2. Densitometric analysis of ghrelin expression in adrenal gland disease spectrum (adrenal cancer progression) tissue
array slide. Each of the groups was presented as a boxplot, with the values of median and IQR. Densitometric data from
individual patients were superimposed on the appropriate boxplots and displayed as dots. Comparisons between the groups
were carried out using Kruskal-Wallis followed by Dunn post hoc test. The differences between the groups were indicated
using the letter annotation, where different letters indicate significant (p < 0.05) differences between the compared groups.

Figure 3. Representative images of ghrelin immunohistochemical reactivity in (A-C) ACC, (D-F) normal adrenal tissue,
(G-I) tumor-adjacent normal tissue, (J-L) ACA, (M-O) pheochromocytoma, and (P-R) neuroblastoma. The left column
shows the weakest expression from each group; the middle column presents the medium expression of the analyzed protein,
and the right column shows the strongest expression. Abbreviations as for Figure 1. Scale bar: 20 um.
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Figure 4. ROC analysis of the use of ghrelin immunoreactivity as a biomarker for differentiating ACC from normal adrenal
tissue, ACC from ACA, and ACA from pheochromocytoma. The cut-off values used for differentiation, specificity, sensitivity,
and the AUC values are shown in each of the graphs. Abbreviations as for Figure 1.

28], ghrelin expression was tested only at the mRNA
level. Ueberberget al. [23] investigated the expression
of ghrelin at the level of both mRNA and protein in
adrenal adenoma, pheochromocytoma, and healthy
adrenal tissue, while Raghay er al. [10] studied its
expression in the adrenal medulla and pheochromocy-
toma. To our knowledge, our present study is the first in
which the expression of ghrelin at the protein level was
evaluated in ACC compared with other tumors derived
from the adrenal cortex or medulla. Ghrelin is synthe-
sized in normal human adrenal glands [23]. This result
was also confirmed in our current study; however, we
found low immunoreactivity of ghrelin protein in ACC
compared with normal adrenals, ACA, and pheochro-
mocytoma. Based on the ROC curves, we suggest that
ghrelin may serve as a potential immunohistochemical
marker of ACC due to its high sensitivity and specificity.
It should be noted that during the histopathological
examination, the diagnosis of ACC can be very diffi-
cult. In such a scenario, ghrelin immunostaining may
form a valuable prognostic marker for distinguishing
malignant and aggressive ACC from benign ACA and
pheochromocytoma.

Various hypotheses can be proposed to explain
the low expression of ghrelin in ACC. First, there may
be a mutation in the ghrelin gene that would cause
disturbances in the protein expression. If the high
immunoreactivity of ghrelin is assumed to be due to
the presence of binding sites (i.e. ghrelin receptors)
in the examined tissues, then the low immunoreac-
tivity could be linked to a decrease in the number
of receptors — negative feedback-based defense
downregulation.

Furthermore, ghrelin acts as a stimulatory factor
for adrenocortical proliferation [20-23, 28]. There-
fore, it can be assumed that locally produced ghrelin
could stimulate adrenal tumor cell proliferation via
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auto or paracrine way. However, due to the low ex-
pression of ghrelin in ACC this mechanism appears
unlikely.

The role of ghrelin splice variants in carcinogen-
esis was also previously described [29]. Different
posttranslational cleavage sites of ghrelin precursor
may lead to the formation of new peptides with other
functions. Thus, one of the splice variants that our
IHC method has not identified might be involved in
the etiopathogenesis of ACC.

In our previous work [28], we evaluated the
mRNA expression of ghrelin in adrenal tumors.
However, our current results are quite surprising
— the mRNA expression of ghrelin was the highest
and the protein expression was the lowest in ACC.
Furthermore, in pheochromocytomas, we found
low mRNA expression, whereas the highest protein
expression. Nonetheless, our results were not un-
predictable. Ghelardoni et al. compared the gene
and protein expression of ghrelin in different human
tissues and observed that the protein expression was
discordant with the gene expression. The authors
suggested that different tissues may significantly
differ in their rate of ghrelin mRNA translation
or posttranslational events [11]. The regulation of
posttranscriptional and translational processes and
protein degradation can contribute as much to var-
iations in protein concentration as transcription and
transcript degradation [30].

Perhaps, the low expression of ghrelin protein
results from the epigenetic regulation of gene expres-
sion by circulating microRNAs (miRNAs). miRNAs
are small (30-32)-nucleotide noncoding RNA that
act as regulators of posttranscriptional stability and/
Jor translation of RNA (mRNA) [31]. Certain types
of miRNAs are more expressed in ACC tissues than
in ACA [31-33]. It is assumed that miRNAs might
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interfere with translation or enhance the degradation
of ghrelin.

Alternative splicing of preproghrelin mRNA is
complicated and can lead to the formation of many
variants of mRNA and, consequently, proteins. Over a
dozen transcript variants of the human preproghrelin
gene exist, but it is not known if they are all transcribed
into protein. The lack of relationship between RNA
expression and protein formation may be due to
changes in processing during translation, post-trans-
lation, and protein degradation. New peptides result-
ing from alternative splicing may perform different
functions than ghrelin. For instance, in breast cancer,
the ghrelin variant Inl-ghrelin was reported to be
overexpressed and to promote basal proliferation in
the breast cancer cell line [32]. In addition, an increase
in the risk of breast cancer was associated with the
polymorphisms of ghrelin gene [29].

Ghrelin gene-derived splice variants are over-
expressed in breast cancer, which suggests that an
imbalance in the ghrelin system’s regulation may
be associated with the pathogenesis of breast tumor
[33]. Perhaps, a similar mechanism is involved in the
development of adrenal tumors.

We can also assume that if low mRNA expression
is associated with high protein levels, we are dealing
with a very stable transcript, which implies that a small
amount of transcripts will give us a large amount of
protein. On the other hand, if there are many unsta-
ble, easily degraded transcripts, the protein level will
remain low.

An additional interesting observation is the nucle-
ar ghrelin immunostaining in ACC. Similar reactions
have previously been observed in human normal
and polycystic ovaries and in the rat testes [12, 34].
The authors conclude that the nuclear expression of
ghrelin suggests its particular role in the intracellular
regulation, where ghrelin could control the expres-
sion of other genes, acting as a specific transcription
factor [35].

Thus far, no data have been published regarding
the IHC analysis of ghrelin in ACC, but our observa-
tions are in line with the studies on different cancer
types. Aydin et al. evaluated the immunoreactivity of
ghrelin in gastric adenocarcinoma and mucoepider-
moid carcinoma of the salivary glands. They found
that negative ghrelin immunostaining can differenti-
ate tumors from normal tissues [36]. Similarly, in renal
cell carcinoma and oral squamous cell carcinoma, the
ghrelin protein expression was frequently lower than
that in normal tissues or was even absent [37, 38].
Ghrelin expression has also been associated with bet-
ter outcomes in various malignancies. For example,
patients with breast cancer expressing ghrelin have
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a lower risk of death compared to those lacking gh-
relin expression in tumors [33]. It seems that reduced
ghrelin immunoexpression is associated with an in-
creased risk of malignancy of some lesion.

Data on the expression of ghrelin protein in phe-
ochromocytoma are scared. In the present study, we
showed that ghrelin expression was significantly lower
in ACC than pheochromocytoma. Ueberberg et al.
investigated ghrelin expression in 43 ACA (17 func-
tional and 16 nonfunctional) and 13 pheochromocy-
tomas. They found that ghrelin protein was expressed
in 54-87% of ACA and 0% of pheochromocytoma
samples tested [23]. In turn, Raghay et al. evaluated
the expression of ghrelin protein using two types of an-
tibodies — goat and rabbit [10]. The authors used goat
antibody to evaluate ghrelin immunoexpression in
both human normal medulla and pheochromocyto-
mas. Ghrelin immunoexpression was observed in the
medulla. Chromaffin cells were immunostained with
ghrelin, whereas the neurons were negative. The
five human pheochromocytomas studied showed
positivity for goat anti-ghrelin with focal or diffuse
immunostaining patterns. The intensity of immuno-
reactivity varied between different tumors and also
between different cells of the same tumor. However,
when rabbit antibodies were used, no reaction was
found in the normal medulla and pheochromocy-
tomas. The authors suggested that the difference
could be due to the fact that rabbit antibody can
recognize only the mature peptide form having 28
amino acids, whereas goat antibody can detect all
ghrelin forms — precursors, proghrelin, and mature
form [10]. Ueberberg et al. used rabbit antibody
while we performed tests with a goat antibody,
which may be the reason for the different results
observed in the case of pheochromocytomas. Both
results suggest that in pheochromocytoma, mature
ghrelin is not produced or is rapidly degraded. Phe-
ochromocytoma is the only adrenal tumor in which
the effect of ghrelin on the secretory activity of the
tumor has been confirmed [39, 40]. Nanmoku ef al.
observed stimulatory ghrelin’s effect on dopamine
secretion in rat pheochromocytoma PC 12 cells [40].
It is unlikely that ghrelin directly affects the produc-
tion and secretion of adrenocortical hormones [20],
but some reports suggest that ghrelin stimulates
dopamine secretion in pheochromocytomas [40].
The difference associated with protein expression
in pheochromocytomas, may be related to its effect
on dopamine secretion.

In our study, the lowest immunoexpression of
ghrelin protein was noted in ganglioneuroblastoma,
which might be attributed to the origin of this tumor.
However, due to the small size of this group, the data
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obtained are difficult to be discussed. There no data
on this subject in the available literature.

In conclusion, the histopathological diagnosis of
ACC is often difficult. Our research suggests that
ghrelin immunoreactivity may be considered as
a sensitive and specific marker for differentiating
ACC from ACA and pheochromocytoma. However,
further research is required to determine the causes
of differential ghrelin expression in adrenal tumors.
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Abstract

Introduction. Worldwide, nanoparticles especially gold-nanoparticles (Au-NPs) are widely used in medicine,
cancer treatment and cosmetic industry. They are easily conjugated with different biomedical and biological
agents and effortlessly absorbed with few side effects. The pars distalis of the pituitary gland is considered
as the maestro of the endocrine peripheral glands since it secrets trophic hormones that controls their
functions. 5-10% of the non-granular pars distalis cells are folliculo-stellate cells (FSCs) that support the
granular cells’ functions. The aim of the study was to explore the histological and the biochemical effects
of repeated exposure to Au-NPs on the pars distalis in adult male albino rats with highlighting the impact
on FSCs.

Material and methods. Thirty-six adult male albino rats were divided equally into control group and Au-NPs
group (received 40 ug/kg/day of 11 = 2 nm spherical Au-NPs orally for 2 weeks). Then, rats were euthanized
and deposition of Au-NPs in pars distalis was investigated. Biochemical investigations and histological studies
including hematoxylin and eosin staining, periodic acid Schiff’s reaction, immunohistochemistry (IHC) for S-100,
connexin 43 (Cx43) and Cytochrome-C (Cyt-C) as well as electron-microscopic and morphometric studies were
carried out.

Results. The Au-NPs group demonstrated structural disorganization in the pars distalis, inflammation, congestion
and increased extracellular PAS-positive colloid deposition due to the accumulation of Au-NPs. A significant
increase in the immunoreactivity of S-100, Cx43 and Cyt-c, along with a significant increase in TNF-a, MDA,
and bFGF content in the pituitary homogenates, was noted as compared to the control group. Ultrastructurally,
degenerative changes were observed in the secretory cells. FSCs showed proliferation and increased phagocytic
activity.

Conclusions. Repetitive exposure of adult male albino rats to Au-NPs prompted the accumulation of these na-
noparticles in the pars distalis that was accompanied by cellular degeneration and dysfunction of the secretory
cell and proliferation of FSCs. Thus, monitoring of the pars distalis hormonal levels might be useful for early
detection of some hazardous effects possibly associated with the use of gold-nanoparticles. (Folia Histochemica
et Cytobiologica 2021, Vol. 59, No. 2, 95-107)

Key words: gold-nanoparticles; rat; pars distalis; folliculo-stellate cells; connexin 43; cytochrome-c; IHC;
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area to volume ratio. Such unique minute size gives
them physical, electrical and optical properties. So,
they are widely used in different industries like cos-
metics, beverages and food packaging [1]. Moreover,
their ability to enter the mammalian body through
inhalation, ingestion or cutaneous absorption was
proved [2]. As well, they are capable of modifying
the drugs’ pharmacokinetics and pharmacodynamics
affecting the distribution of the drugs in different
tissues [3].

Among the nanoparticles, gold nanoparticles
(Au-NPs) are widely used for labelling, imaging
(pacemakers and stents), implants and delivery in
medicine, pharmacy and cosmetic industry [4, 5]. In
addition, Au-NPs are promisingly used as a vehicle
for the chemotherapeutic agents in the treatment of
cancers for better targeting of the cancer cells and
use of smaller chemotherapies’ doses with fewer
side effects [6]. Moreover, Au-NPs are used in pho-
tothermolysis of cancer cells [7]. Furthermore, they
can be utilized to spot and limit growth of certain
microorganisms [8] and to be formulated in vaccines
for certain diseases depending on their adjuvant
characteristics and induction of a humoral immune
response [9]. The wide use of Au-NPs depends on
their unique ability to be conjugated with various
types of biological, biophysical and biomedical
agents such as drugs, vaccines, proteins, DNA, RNA
and others [2]. Additionally, they can be absorbed
easily with fewer hazardous effects than other nano-
particles [10] and can control the drug release inside
the target cells [11].

It was previously documented that single and re-
peated systemic administration of the nanoparticles
is followed by their presence in large amounts in liver
and spleen and in small quantities in other organs such
as brain, heart, lungs, and kidneys [12, 13]. As well,
repeated oral intake and intraperitoneal injections of
Au-NPswas recorded to be followed by its appearance
in numerous mice tissues [12]. Of note, the matter of
safety of these nanoparticles becomes an important
health issue that can should be first resolved based
on in vivo experiments.

The pituitary gland, the master endocrine gland,
is considered as an intermediate body between hy-
pothalamus and peripheral endocrine organs [14]. It
is divided into two parts, the adenohypophysis that
comprises the pars distalis, pars intermedia and pars
tuberalis and the neurohypophysis that includes the
pars nervosa, infundibular stem and median emi-
nence. The pars distalis occupies the major part of the
gland (70%) where it synthesizes and secretes trophic
hormones that control the function of peripheral
endocrine glands and other cell types [15].
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The pars distalis cells are divided into hormonal
(granular) and non-hormonal (agranular) cells, each
representing about 50% of the total cell number. The
hormonal cells, also called chromophils, are classified
into acidophils and basophils (40% and 10% of the
pars distalis cells, respectively) [16]. The acidophils
are of two types: somatotrophs secrete growth hor-
mone (GH) and mammotrophs secrete prolactin
(PRL). The basophils comprise thyrotrophs secreting
thyrotropin-stimulating hormone (TSH), gonado-
trophs secreting follicle-stimulating hormone (FSH)
and luteinizing hormone (LH) and corticotrophs
secreting mainly adrenocorticotropin (ACTH) and
to lesser extent melanotropin (MSH) and lipotropin
(LPH) [17].

The non-hormonal cells, also called chromo-
phobes, include the recently degranulated cells, the
actively hormone-secreting cells or folliculo-stellate
cells (FSCs) which represent 5-10% of all anterior pitu-
itary cells [18]. FSCs are star-shaped cells that surround
colloid-filled follicles representing cellular debris. Their
processes interdigitate with the hormonal cells contact-
ing them and the other FSCs via gap junctions [19].
Thus, they were proved to support the endocrine cells
and are thought to maintain their functions through
paracrine secretion of interleukin-6 (IL-6) and growth
factors: vascular endothelial growth factor (VEGF) and
basic fibroblast growth factor (bFGF). Moreover, they
probably participate in the control of the transport of
the hypothalamic stimulatory and inhibitory factors to
the pituitary secretory cells and the conveyance of the
hormonal products of these cells to the peripheral tis-
sues. The FSCs have phagocytic ability for the cellular
debris and apoptotic bodies of the endocrine cells and
can act as stem cells for these cells [14, 18].

Most of the studies tracked the effect of systemic
administration and distribution of NPs in liver, spleen,
lung, kidney, heart, and brain after repeated doses
[4, 12]. However, for our knowledge, the distribution
and the potential consequences associated with the
Au-NPs on the pars distalis of the pituitary gland
during their clinical application and drug-delivery
have not been examined before despite its major
role in the control of endocrine homeostasis. Thus,
this work was carried out to explore the histological
and the biochemical effects of repeated oral Au-NPs
administration on the pars distalis of the pituitary
gland (the endocrine regulator) in adult male albino
rats with special emphasis on FSCs.

Materials and methods

Materials. Citrate capped-gold nanoparticles (Au-NPs) was
purchased from Nano Tech Egypt for Photo-Electronics (6
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October City, Egypt) as a purple solution of 200 ug Au-NPs/ml
of sodium citrate. The following primary rabbit polyclonal
antibodies were used: anti- S-100 (Cat. No. ab11428, Abcam,
Branford, CT, USA), anti-connexin43 (anti-Cx43) (Cat. No.
bs-0651R, Bioss Antibodies Inc., Woburn, MA, USA), an-
ti-Cytochrome-C (anti-Cyt-C) (Cat. No. ab90529, Abcam).

Animals. Thirty-six adult male Wistar albino rats (~200 g)
were used in this study. They were housed in the lab-
oratory animal house unit, Faculty of Medicine, Cairo
University, Cairo, Egypt, and treated according to the
guidelines granted by the Institutional Animal Care and
Use Committee (IACAUC), Cairo University, Cairo,
Egypt (Approval No. CU-III-F-48-20). The rats were kept
under the same environmental conditions (ordinary rat
chow and water ad libitum, 24 *= 1°C and normal light/
/dark cycle) for 48 hours before starting the experiment
to acclimatize to the new environmental conditions and
relief any kind of stress.

Experimental design. The rats were equally divided into two
groups, 18 rats each:

Group I (control group): the animals were subdivided into
two subgroups (9 rats each): group Ia: received no treatment
(control group) and group Ib: each rat received a single oral
daily dose of 1 ml sodium citrate via a gastric tube for two
weeks (sham-operated group).

Group II (Au-NPs group): each rat was given a daily oral
dose of Au-NPs (40 ug/kg/day) from the purchased solution
in 1 ml sodium citrate, via a gastric tube for two weeks [20].

Citrate capped-gold nanoparticles preparation. Au-NPs
were prepared according to previously described method-
ology [21]. This occurred by citrate reduction of Au** ions
in chloroauric acid (HAuCl,) to neutral citrate capped gold
atoms. By the increase in gold atoms formation, the solution
came to be supersaturated and the gold atoms were increas-
ingly precipitated in the form of sub-nanometer particles.
Filtration of the citrate capped Au-NPs colloidal solution
was done through 0.45 um Millipore syringe filters and the
filtrate was kept at pH 7 using NaOH diluted solution (107 M)
and then stored at 4°C.

Tenmlofaprepared 1 nM of citrate-capped Au-NPsin 1L
of NaOH solution were centrifuged at 13,500 rpm for 10 min.
The resultant pellet was then re-suspended in 1.2 mM sodium
citrate to prepare a solution of 200 ug Au-NPs/ml.
Spectrophotometry and transmission electron microscopy
(TEM) were used to identify the Au-NPs. By spectrophotom-
etry, the Au-NPs revealed strong light absorption in the visible
region of the optical spectrum with a maximum absorbance at
520 nm [4]. JEOL JEM-2100 microscope (Jeol, Tokyo, Japan)
was utilized at high resolution at 200 kV to clarify the shape
and the size of Au-NPs (Fig. 1A, B).
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Figure 1 A, B. Ultrahigh magnification of TEM images of
citrate capped gold nanoparticles (NanoTech Egypt for Pho-
to-Electronics, Egypt) (Scale bars 100 and 50 nm).

Statistical analysis of the Au-NPs size was done by measur-
ing the core diameter of 200 particles from different micro-
graphs at high magnification, mainly at 50000 x. The mean
size (£ SD) of the synthesized Au-NPs were 11 = 2 nm
spherical particles.

Sample collection. After 2 weeks in the animal house,
blood samples were collected from tail veins and deliv-
ered to centrifuge tubes to be centrifuged for 20 min. The
serum was separated from the samples and stored at 4°C
for further use.

All rats were euthanized using intraperitoneal injection
of ketamine (90 mg/kg)/xylazine (15 mg/kg). Then, the
animals of each control group (Ia and Ib) and Au-NPs
group were equally divided into 3 sets (i.e. each set had
3 rats from each control subgroup and 6 rats from Au-
NPs group). The rats of the first and the second sets were
perfused intracardially by 10% formol saline while the rats
of the third set were perfused by 2.5% glutaraldehyde at
4°C. The skulls were opened and the pituitary glands were
dissected. The pituitary glands of the 1% set were used for
measuring the accumulated Au-NPs and the biochemical
investigations, those of the 2" set were used for the prepa-
ration of paraffin blocks and those of the 3" set were used
for the preparation of resin blocks for TEM.

Measurement of Au-NPs accumulation by Inductively Cou-
pled Plasma Mass Spectrometry (ICP-MS). Measurements
of the content of Au-NPs in the pituitary glands were done
at the National Institute of Laser Enhanced Sciences, Cairo
University, Cairo, Egypt, using ICP-MS technique [22]. Con-
cisely, the whole collected wet gland was heated at 50°C in
75% HNO, overnight (the volume of the acid was 10 times
the volume occupied by the gland). Dilution of the digested
product (200 times) with deionized water followed by its
overnight storage at 50°C was done. Filtration using a 0.45 um
filter was accomplished before analysis in ICP-MS (Perkin
Elmer: Elan 6100, PerkinElmer Inc., Wellesley, MA, USA).
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Biochemical investigations. Serum hormones levels. At the
Biochemistry Department, Faculty of Medicine, Cairo
University, Cairo, Egypt, prolactin (PRL), LH and FSH
were measured in the serum using rat-specific ELISA kits
(MBS727546, MBS2509833, and MBS2021901, respectively;
MyBioSource, San Diego, CA, USA). Values were expressed
as mlU/mL and ng/mL.

Pituitary homogenates and Enzyme-Linked ImmunoSorbent
Assay (ELISA). Homogenates of the pituitary glands were
prepared in a following way. The whole glands of each group
were divided into segments, which were homogenized in
10% ice-cold phosphate-buffered saline (PBS, pH 7.4) for
10 min in a glass manual homogenizer. The homogenate
was centrifuged at 10,000 g for 20 min at 4°C. The resulting
supernatant was used for ELISA according to the manu-
facturer’s instructions of each kit data sheet to measure the
content of (i) Tumor necrosis factor-a (TNF-«) and (ii) B
cell lymphoma-2 (Bcl-2) using ELISA kits supplied by Ab-
cam (ab100785 & ab227899, respectively). The content of
malondialdehyde (MDA), catalase, and bFGF was measured
using ELISA kits supplied by MyBioSource (MBS738685,
MBS765803 & MBS2509327, respectively). Values were
expressed per mg protein.

Histological studies. Light microscopic studies. The paraffin
blocks of the pituitary glands in the 2" set of animals were
cut in 6 um-thick sections and stained with hematoxylin
and eosin (H&E) and by Periodic Acid Schiff’s (PAS)
reaction [23].

Immunohistochemistry. The immunohistochemical stainings
were performed to detect: (i) S-100 protein, a marker for
FSCs that appears as a cytoplasmic and/or a nuclear reaction;
(if) Connexin 43 (Cx43), a marker for FSCs gap junctions
that appears at the site of connexin43 protein, and (iii) Cy-
tochrom-C (Cyt-C), a marker for apoptosis that appears as
a cytoplasmic reaction in the apoptotic cells.

Immunostaining using avidin-biotin technique was
carried out as described previously [24]. In short, anti-
gen was retrieved by boiling slides for 10 min in 10 mM
citrate buffer pH 6 (Cat. No. 005000, Thermo Fisher
Scientific, Waltham, MA, USA). Sections were left
to cool for 20 min at room temperature, then they
were incubated overnight with the primary antibodies
in a humidity chamber using the following dilutions:
1:50 for anti-S100, 1:200 for anti-Cx43; and 1 ug/ml
for anti-Cyt-C. Immunostaining was completed using Ul-
travision One Detection System (Cat. No. TL-060-HLJ,
Thermo Fisher Scientific). Counterstaining was carried
out using Lab Vision Mayer’s hematoxylin (Cat. No. TA-
060-MH, Thermo Fisher Scientific). Negative control
sections were prepared by the same process after omitting
the primary antibodies.
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Electron microscopy. The sectioning, staining and exam-
ination of the ultrathin sections were carried out at the
Electron Microscopy Unit, Faculty of Agriculture, Cairo
University, Cairo, Egypt. The pituitary glands of the 3
set of rats were cut into small fragments (0.5-1.0 mm?),
prefixed in 2.5% glutaraldehyde for 2 h then post-fixed
in 1% osmium tetroxide in 0.1 M phosphate buffer at pH
7.4 and left at 4°C for 2 h. Dehydration in ascending grade
of ethanol then propylene oxide, as a solvent for resin
infiltration, were used. The gradual introduction of the
liquid resin was followed by embedding in epoxy resin to
obtain resin blocks. Ultrathin (60-90 nm) sections were
cut using a Leica Ultracut ultramicrotome (Glienicker,
Berlin, Germany). They were stained with uranyl acetate
followed by lead citrate and examined by TEM JEOL
JEM-1400 (Jeol).

FSCs and their processes were digitally colored blue,
using Adobe Creative Cloud Photoshop CC 2020 (Adobe
Inc., San Jose, CA, USA), for their proper recognition.

Morphometry. Serial non-overlapping fields, at a magni-
fication of 200, from each group were used to measure
the mean area percent (%) of PAS positive reaction and
S-100, Cx43 and Cyt-C immunoreactivity. Leica Qwin-500
LTD-software image analysis computer system (Leica,
Cambridge, UK) was used for image analysis.

Statistical analysis. The morphometric and biochemical
measurements were expressed as mean * standard devi-
ation (SD) and were analyzed with Statistics for Windows
SPSS version 21 software (IBM Corp., New York, NY,
USA) using ¢-test for independent-samples. The results
were considered statistically significant when the P-value
was < 0.05.

Results

No deaths or abnormal behaviors were observed in
any of the experimental animals. Since similar his-
tological and biochemical results were found in the
two control subgroups, they were collectively called
control group (group I).

Content of Au-NPs in the pituitary

The ICP-MS revealed complete absence of Au-NPsin
the pituitary glands of control group; however, in the
Au-NPs group, their mean content was 0.17 = 0.02
mg/L of the solution prepared for ICP-MS.

Biochemical results

Serum hormones levels. Group II revealed a signifi-
cant decrease in the mean values of serum PRL, LH,
FSH, and the tissue Bcl-2 when compared to control
group (Table 1).
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Table 1. The serum levels of LH, FSH, PRL, TNF-«,
Bcl-2, MDA, bFGF and catalase measured by ELISA
(mean * SD)

Parameters/Groups Control Au-NPs
LH [mIU/mL] 193 = 1.1 10.1 = 0.9*
FSH [ng/mL] 524 %35 39.8 £ 1.8*
PRL [ng/mL] 82=+09 S+1*
TNF-a [pg/mg protein] 141+13 68.7 = 3.6*
Bcl-2 [pg/mg protein] 192.5 = 6.6 101.9 = 5.7*
MDA [nmol/mg protein] 263 £ 1.4 113.9 £ 4.2*
Catalase [mlU/mg protein] 108.2 =3 1154 2.8
bFGF [pg/mg protein] 385 2.1 92.7 £ 2.9*

*Significantly different from the control group, p < 0.05,n =6

Pituitary homogenate ELISA results revealed
a significant increase in the mean content of TNF-«,
MDA, and bFGF and no change in the mean value
of catalase versus group I (Table 1).

Morphological changes and cellular apoptosis

in the pars distalis of Au-NPs group

Examination of the H&E-stained control pituitary
sections revealed normal histological architecture
where the gland showed pars distalis, pars intermedia
and pars nervosa (Fig. 2A). The hypophyseal cleft
was present between the pars distalis on one side
and the pars intermedia and nervosa on the other
side (Fig. 2B).

The pars distalis parenchyma was made of irregular
cords of cells with capillaries in-between. These cells
include chromophobes or chromophils. The chromo-
phobes were pale polyhedral cells with central rounded
vesicular nuclei. The basophils seemed fewer than
acidophils and had basophilic cytoplasm and rounded
vesicular nuclei whereas the acidophils were more
abundant and smaller in size than basophils. They had
acidophilic cytoplasm and rounded vesicular nuclei
(Fig. 2C).

In the Au-NPs group, the pars distalis H&E-stained
sections revealed structural disorganization and in-
tensive cellular damage (Fig. 2D). Most of the cells
were shrunken with deeply eosinophilic cytoplasm.
Additionally, the nuclei appeared shrunken, darkly
stained and some of them demonstrated chromatin
margination or fragmentation (Fig. 2E). Moreover,
there were mononuclear inflammatory cell infiltration
and dilated congested blood vessels with extra-vascu-
lar exudation (Fig. 2F).
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Decreased PAS-reactivity in basophils

and increased extracellular colloid PAS-reactivity
in Au-NPs-treated rats

There was positive intracellular PAS reaction in the
control group sections demonstrating the basophils
(Fig. 2G). Moreover, extracellular positive PAS reac-
tion was detected in rounded or oval masses (colloid)
between the cells (Fig. 2G). In group Il sections, the in-
tracellular reaction was severely diminished while the
extracellular reaction became more obvious (Fig. 2H).
However, there was no change in the mean area per-
cent of PAS reaction in Au-NPs group in comparison
to the control group (Fig. 21).

Increased proliferation of FSCs in Au-NPs group
Sections of the pars distalis control group showed
S-100 positive immunoreaction in the FSCs and their
processes. These cells appeared encircling follicles
which were faintly immunoreactive. In addition,
their processes extended in-between the surrounding
secretory cells (Fig. 3A). Such positive reaction was
radically increased in group II with statistically signif-
icant increase in its mean area percent as compared
to the control rats (Fig. 3B, C).

Increased distribution of gap junctions

in the anterior pituitary of Au-NPs group

The Cx43 positive immunoreactivity detected in the
control sections (Fig. 3D) became widely spread in
the sections of Au-NPs treated rats with significantly
increase mean area percent (Fig. 3E, F).

Increased apoptosis in adenohypohysis

of rats treated with Au-NPs

Cellswith Cyt-C positive immunoreactivity were few in the
control sections (Fig. 3G). However, in Au-NPs sections,
Cyt-C immunoreaction was abundantly widespread with
statistically significant increase in its mean area percent
in Au-NPs group versus the control group (Figs. 3H, I).

Increased immunoreactivity

of connexin 43 in Au-NPs group

The Cx43 positive immunoreaction detected in the control
sections (Fig. 3D) became widely spread in the sections
of part distalis of Au-NPs treated rats with a statistically
significant increased mean area percent (Fig. 3E, F).

Increased number of apoptotic cells in Au-NPs group
Cells with Cyt-C immunoreactivity were few in the
anterior pituitary of control rats (Fig. 3G). Howev-
er, in rats treated with Au-NPs sections, the Cyt-c
immunereaction was abundantly widespread with
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Figure 2. Photomicrographs of H&E stained pituitary sections. The pituitary glands in the control group (A, B, C) pre-
sented with the normal tissue architecture demonstrating pars distalis (PD) on the left and right sides and pars intermedia
(PI) & pars nervosa (PV) in the middle (A), and at the higher magnification the hypophyseal cleft (HC) between PD and
PI (B). At (C) the pars distalis shows blood capillaries (BC) between cellular cords of chromophobes (P), acidophils (A)
and basophils (B). All the cell types reveal rounded vesicular nuclei (v). The pituitary of rats in the Au-NP group (D, E, F)
demonstrates disturbed architecture (D). In (E) there are visible shrunken cells with deeply eosinophilic cytoplasm (curved
arrow) as well as cells with shrunken nuclei (n). In (F) inflammatory cell infiltration (In) and dilated congested vein (cv)
with extra-vascular exudation (E) are noticed. Photomicrographs of PAS reaction in the pars distalis are shown in (G) and
(H). In the control group (G), numerous positive intracellular reaction products (bifid arrow) are present in the basophils
and extracellular reaction (arrowheads) are visible in the colloid. The cells of pars distalis of the Au-NP group (H) show
diminished intracellular reaction (bifid arrow) and increment of the extracellular reaction (arrowhead). (I) The mean area
percent of PAS reaction in pars distalis of the pituitary glands. Data are presented as mean = SD (n = 6 for each group).
Magnifications: (A) 40%; (B, D) 100x; (C, E, F, G, H) 400x.

statistically significant increased mean area percent
versus the control group (Figs. 3H, I).

Ultrastructure the of the pars distalis cells

of control rats

Control group sections (Fig. 4A-F) revealed the pres-
ence of secretory and non-secretory cells presenting
euchromatic nuclei with prominent nucleoli. Mammo-
trophs contained relatively large secretory granules
of variable size (Fig. 4B). The somatotrophs (Figs.
4C and 4D) showed cisternae of rough endoplasmic
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reticulum (rER), multiple mitochondria and relatively
abundant large scattered dense secretory granules.
The corticotrophs (Fig. 4E) appeared as low electron
dense stellate-shaped cells with the cytoplasm demon-
strating few rER cisternae, mitochondria and small
granules alongside the cell membrane. Furthermore,
the gonadotrophs (Fig. 4E) were shown with rounded
secretory granules of variable size and density located
at the pole of the cells. Thyrotrophs (Fig. 4F) dis-
played rER, mitochondria and the smallest secretory
granules among all secretory cells.
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Figure 3. Photomicrographs of immunohistochemistry in the pars distalis sections for S-100, Cx43 and Cyt-C. Anti-S-100
immunohistochemistry: The pituitary glands of rats in the control group (A) show some cells demonstrating positive im-
munoreaction (arrow) in the cytoplasm, the nuclei and the processes of FSCs which surround cell follicles. A faint positive
immunoreaction is noted in the follicular colloid (arrowhead). The right up inset: a higher magnification of the boxed area
illustrates a follicle, FSCs (arrow) and their processes extended between the secretory cells (sc). The pituitary glands of rats
in the Au-NP group (B) reveal marked increase in the positive FSCs (arrow) and colloid (arrowhead) immunoreaction.
Anti-Cx-43 immunohistochemistry: The control group (D) displays some FSCs and their processes illustrate positive immu-
noreaction (arrow). The right inset: a higher magnification of the boxed area illustrates the reaction in the FSCs processes
in-between the secretory cells. The Au-NP group (E) shows widely spread positive immunoreaction (arrow). Anti-Cyt-c
immunohistochemistry: The control group (G) shows few cells with positive cytoplasmic immunoreaction (arrow). The upper
right inset: a higher magnification of the boxed area illustrating the cytoplasmic reaction (arrow) in a hormonal cell. The
Au-NP group (H) displays abundant positive immunoreaction (arrow). (C, F, I) The mean area percent of S-100, Cx43 and
Cyt-C immunoreactivity, respectively. Data are presented as mean + SD (n = 6, for each group). *significantly different
from control, p < 0.05. Magnifications: A, B, D, E, G and H: 400X ; Insets: 1000X.

The FSCs in the control group (Figs. 4A-C) the FSCs and between them and the secretory cells
were demonstrated as star-shaped cells with ovoid (Fig. 4D and 4F).
euchromatic nuclei, non-granular cytoplasm with elec-
tron-dense bodies (assumed to be lysosomes). They Ultrastructural degenerative changes in the
lined small follicles. The lumens of these follicles were  secretory cells of pars distalis in rats treated with
surrounded by junctional complexes (Fig. 4D). These Au-NPs are accompanied by increased activity
follicular lumens were filled with electron-lucent of FSCs
colloid. The processes of these cells were stretched In the pars distalis of rats treated with AU-NPs (Figs.
between the secretory cells and extended to the blood  5A-F), it was difficult to differentiate between various
capillaries. Gap junctions were visualized between types of secretory cells as they all revealed features
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Figure 4. TEM photomicrographs of pars distalis in the rat pituitary glands of the control group. In (A) normal ultra-
structure of endocrine cells and blue-labeled FSCs (FS) are noted. In (B) mammotrophs (Ma), illustrate abundant
variable sized granules. In (C and D) somatotrophs (S) display abundant large dense granules. In (E) gonadotrophs
(Go) show rounded granules of variable size and density mainly at the pole of the cell, while corticotrophs (C) with
the fewest granules that are small and peripherally located immediately under the plasmalemma. In (F) thyrotrophs
(Th) show many peripheral small granules. All secretory cells reveal euchromatic nuclei (n), prominent nucleoli (ne),
rER (short arrow) and mitochondria (arrow). FSCs (FS) are visualized with euchromatic nuclei (n), and lysosomes
(L). They line follicles filled with colloid (*) and surrounded by junctional complexes (wavy arrow). Their processes
are stretched between the secretory cells and extend to the blood capillaries (bc). Gap junctions (curved arrow) are
noted between FSCs and between them and the secretory cells. Magnifications: A: 5000x; B: 6000x; C, D and E:

8000x; F: 1000x; (B) is a higher magnification of (A).

of cellular damage. The cells appeared fused with
rarified vacuolated cytoplasm, swollen degenerated
mitochondria with ruptured cristae, dilated disrupted
rER and reduced number of secretory granules. In
addition, the nuclei revealed signs of apoptosis such as
nuclear irregularity, shrunken dense nuclei, multiple
large chromatin clumps and chromatin margination.

On the contrary, the FSCs (Figs. SA-G) demon-
strated apparently normal ultrastructure with multiple
electron-dense particles within the colloid. Addi-
tionally, FSCs contained multiple cytoplasmic elec-
tron-dense bodies (lysosomes), multiple mitochondria
and vesicles filled with colloid material.
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Discussion

The current work aimed at investigating the histologi-
cal and biochemical influences of repeated oral intake
of small-sized (11 = 2 nm) Au-NPs on the pars distalis
of the pituitary gland of adult male albino rats, with
special reference to their effects on FSCs.

In this study, small-sized Au-NPs were chosen be-
cause it was demonstrated that nanoparticles’ diagnos-
tic and therapeutic features such as plasma half-life
[25], uptake by the cells [26] and tumor infiltration
[27], are affected by their sizes. It has been assumed
that for effective biological effects of NPs their size
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Figure 5. TEM photomicrographs of pars distalis in the rat pituitary glands of the Au-NP group. EM photographs A-D
show marked degeneration of different endocrine cells illustrating fused cells with cytoplasmic vacuolations (va) and rarefi-
cation (Cr) dilated disrupted rER (short arrow), swollen mitochondria with ruptured cristae (m) and few secretory granules
(g)- The nuclei are either irregular (in), shrunken dense (dn), with multiple chromatin clumps (wavy arrow) or chromatin
margination (ma). The FSCs (FS) appear almost normal and contain multiple lysosomes (L) and colloid-filled vesicles (v).
(A-F) The FSCs’ processes (P) embrace the hormonal cells and/or the colloid materials (*). The large-sized colloid (**)
display multiple electron-dense particles. (G) A group of FSCs (FS) surrounding large-sized colloid (**) and they display
multiple mitochondria (arrow) in their cytoplasm. Magnifications: A: 4000 ; B, C and E: 6000 ; D and F: 8000x; G: 5000 X.
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has to range between 10-200 nm since NPs smaller
than 10 nm can be filtered by the kidneys and NPs
larger than 200 nm could activate the immune system
resulting in their elimination from blood [28]. So, the
optimum size was recognized to be 50 nm [26] but the
size of 10-20 nm adds more therapeutic benefits like
the tumor penetration ability [27]. Additionally, male
rats were used to avoid the changes that occur in the
density of the somatotrophs and the mammotrophs
in females due to the trans-differentiation between
them [29].

In the current work, the rats which received oral-
ly Au-NPs for 2 weeks were found to accumulate
Au-NPs in the pituitary gland detected by ICP-MS.
This is concomitant with formerly reported results
where Au-NPs were accumulated in different mice
organs following single and repeated intravenous
administrations, repeated intraperitoneal injections
and oral intake [12]. In rodents, such deposition
could be explained by the distribution of Au-NPs
throughout the body by blood, with the liver and the
spleen (mononuclear phagocytic system) being the
first organs to show Au-NPs accumulation, followed
by the lungs [30]. Once the nanoparticles reached the
systemic circulation, they were distributed via blood to
all other organs including kidneys [31]. Additionally,
20 nm-sized Au-NPs can cross the blood-retina barrier
resulting in their deposition in the retina [32].

In various organs, Au-NPs were taken up by the
cells mainly through clathrin-mediated endocytosis
[33]. This occurs via two stages; the first one is a rapid
phase that lasts for 6 h where the Au-NPs are free
and easily taken-up by the cells and the second one
is a plateau stage where the particles are conjugated
with serum proteins forming more stable Au-NPs/
/protein complexes [34]. Such cellular uptake occurred
deoebdent on Au-NPs size where the smaller ones
(10 nm) were more widely deposited in the organs
than larger ones (50 nm) [35].

The main finding of our study was the demonstra-
tion that the deposition of Au-NPs in the pars distalis
of young adult male rats resulted in its disorganization
and cellular damage. Our study adds important data to
the research on the distribution of gold nanoparticles
in other organs of rat [31] and mouse [30]. In the pres-
ent study we present novel findings indicating deterio-
ration of the histomorphology of the adenohypohysis
as aresult of the repeated Au-NPs treatment of male
Wistar rats. We also showed that the ultrastructural
changes induced by Au-NPs administration resulted
in functional damage since the serum concentration
of FSH, LH and PRL was reduced in the rats treated
with gold nanoparticles. One explanation of such
a damaging effect of Au-NPS may be related to the
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oxidative stress as a result of the production of high
levels of reactive oxygen species (ROS) [36].

In the present study, tendency to increased cat-
alase level, a key antioxidant enzyme, was noted in
Au-NPs rats versus the control rats. Although daily
oral administration of (5 and 10 mg/kg) Au-NPs in rats
for 3 weeks increased the production of antioxidants,
this increase was not statistically significant [31]. In
this previous study [31], the antioxidant level was not
enough to compensate for the increased ROS leading
to imbalance of the redox system [37]. Besides, it was
proved that intraperitoneal injection of 20 nm sized
nanoparticles to rats for 3 days reduced the activity
of the antioxidant, reduced glutathione peroxidase
[38]. This explanation is similar to that proposed by
Elbakary et al. to explain lung tissue damage induced
by Au-NPs [20].

The high ROS levels lead to DNA damage, protein
oxidation and lipid peroxidation [37]. The release of
lipid peroxidation products such as MDA and 4-hy-
droxy-2-nonenal (4-HNE) induces inflammation and
apoptotic cell death [39]. This was enforced in the
current work by the significant increase in the mean
level of MDA in Au-NPs rats as compared to the con-
trol rats. Further support came from the presence of
inflammatory signs (congestion and dilatation of the
blood vessels, extra-vascular exudate and inflammato-
ry cell infiltration) and evidently increased apoptosis
expressed in highly increased relative area of Cyt-c
immunoreactivity.

These inflammatory signs were previously report-
ed in the lung tissue following Au-NPs administration.
Besides, prominent population of Kupffer cells was
demonstrated in the liver for more phagocytic activity
and nanoparticles elimination [31]. Au-PNs have been
shown to induce the release of the pro-inflammatory
cytokines, as a sequel of nanoparticles-induced ROS
production and oxidative stress where interleukin
(IL)-1a and TNF-¢ were detected in mice brain fol-
lowing nanoparticles' administration [38]. Additional-
ly, other cytokines induced neutrophil chemoattract-
ant and macrophage inflammatory protein-la were
reported to recruit neutrophils and macrophages to
engulf the Au-NPs deposited in the lungs [40]. Such
inflammatory reaction explanation was supported in
the current study by the significant increase in the
serum level of TNF-¢ in Au-NPs rats as compared
to the control rats.

Prolonged inflammation leads to the release of
more ROS, more cellular damage and apoptotic
cell death [20]. In the adenohypophyseal sections
of AU-NPs-treated rats, the detected cellular death
was presumed to be due to mitochondrial (intrinsic)
pathway of apoptosis, as it resulted from cellular

www.journals.viamedica.pl/folia_histochemica_cytobiologica



Gold nanoparticles effect on pars distalis of the pituitary

stresses (oxidative and inflammatory) [31]. These
stresses ensue consequently production of ROS and
lipid peroxidation leading to mitochondrial dysfunc-
tion [39]. Additionally, it was reported in vitro that
Au-NPs overexpress Bax (pro-apoptotic protein)
that forms heterodimer with Bcl-2 (anti-apoptotic
protein) [41]. This successively results into release
of mitochondrial Cyt-c (pro-apoptotic protein) [41]
and inevitable apoptotic cell death through increased
expression of caspase-3 [31].

Such assumption was enforced by the data present-
ed in this study through the appearance of the mito-
chondrial degeneration signs in ultrathin sections and
the significant increase in the mean area % of Cyt-c
immunoreactivity in Au-NPs group versus the control
group. Further reinforcement came from the signifi-
cant decrease in the level of Bcl-2 in the pars distalis
homogenates of group II compared to group L. In the
same way, other study [42] stated that accumulated
Au-NPs provoke a significant increase in the mRNA
expression of Bax, P53, caspase-3 and caspase-9. This,
in turn, suggests the intrinsic pathway of apoptosis.

Cellular damage displayed in the pars distalis of
group II was furtherly reinforced by the significant
decrease in the serum levels of PRL secreted by
acidophils, and FSH and LH secreted by basophils.
Moreover, there was diminished intracellular PAS
positive reaction that indicated reduced basophils
content. In the same way, other study denoted de-
creased GH immunoexpression following cellular
apoptosis induced by oral malathion [17].

Interestingly, Au-NPs can cross the blood brain
barrier and accumulate in the brain [43]. There, they
can induce apoptosis of neurons of the cerebral cortex
and the hippocampus [4]. By the same token, they
could induce apoptosis in the hypothalamus and their
secretory cells. This was supported previously [44, 45]
by reporting the negative effect of nanoparticles on
the ovarian and testicular functions via acting on the
hypothalamic-pituitary-gonadal axis.

On the contrary to the secretory cells of the pars
distalis, FSCs were shown in Au-NPs-treated rats to be
intact and probably proliferated. This was supported
by the increase in the mean area percent of the S-100
immunoreactivity in this group versus the control
group. This could be explained by the fact that FSCs
are considered as the stem cells to the pars distalis
endocrine cells [46]. Additionally, they are believed to
be their nursing cells via their processes that extend to
the blood capillaries and are localized between endo-
crine cells [47]. Moreover, the gap junctions present
between FSCs and between them and the endocrine
cells allow rapid spread of the signals and the trophic
factors secreted by FSCs to the other FSCs and the
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endocrine cells which they support, controlling their
secretion and promoting their proliferation [48]. Thus,
the significant increase in the mean area percent of
Cx43 immunoreactivity in Au-NPs rats as compared
with the control rats ensured the nursing potential
of FSCs.

One of these trophic growth factors is bFGF that
is a potent angiogenic factor in the anterior pituitary
and it has a paracrine action promoting cell prolifer-
ation and differentiation and autocrine action that
increases its own secretion. Besides, it increases the
gap junctions between FSCs and between FSCs and
endocrine cells [48]. In the adenohypophysis it is se-
creted mainly by FSCs [49]. The significant increase
of its serum level in group II was suggested to be due
to its augmented secretion by FSCs.

Moreover, FSCs are supposed to be phagocytic
cells that engulf the apoptotic pars distalis cells,
degrade them within their lysosomes and secrete
the residual cellular debris into the colloid in the
middle of FSCs clusters [50]. Since the apoptotic cell
death was documented in Au-NPs-treated rats to be
more intense than in the control rats, the phagocytic
capability of FSCs was assumed to be augmented.
This was supported by the presence of numerous
electron-dense lysosomes and electron-dense particles
within the colloid. Further support came from the
enlarged colloid size detected in ultrathin sections
and the increased extracellular positive PAS reac-
tion. Such increase in this PAS reaction product was
identified to probably compensate for its intracellular
decrease in basophils due to their apoptosis.

In summary, we demonstrated that in rat repetitive
oral administration of small-sized gold nanoparticles
resulted in their deposition in the pituitary gland with
subsequent degeneration of endocrine cells together
with biochemical and functional alterations. However,
FSCs proliferated and displayed increased growth
factors production, as bFGF. This proliferation could
be suggested to remove cell degeneration wastes and
to support the endocrine cells via paracrine secretions
of these growth factors.
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Abstract

Introduction. Endothelial dysfunction is a critical part of heart failure (HF) pathophysiology. It is not clear,
however, whether it is present at the similar level in the early and late HF stages.

Material and methods. von Willebrand factor (vWF) and its mRNA levels in biopsies of non-ischemic patients
with HF secondary to dilated cardiomyopathy were studied. Consecutive patients with HF were divided into two
groups: group A with disease duration < 12 months (n = 59) and group B with disease duration > 12 months
(n = 68). The immunoreactivity of the VWF was compared with autopsy sections of 19 control cases. Tissue VWF
gene expression was analyzed at the mRNA level by RT-PCR.

Results. In the group A, there was lower vWF immunoreactivity in the coronary microvessels compared to the
group B [1.5 (1.0-2.0) vs. 2.0 (1.5-2.4), P = 0.001]. In the control group, only weak vWF expression was observed.
Protein expression was not accompanied by vWF mRNA whose levels were significantly higher in the Group A
as compared to the Group B [14671 (4932-51561) vs. 3643 (185.3-9030.8), P = 0.005]. Protein vWF expression
was inversely associated with its mRNA levels (r = -0.34, P = 0.04).

Conclusions. High myocardial protein expression of vWF in patients with long-lasting HF symptoms may
highlight the persistent nature of endothelial dysfunction in such a cohort of patients. (Folia Histochemica et
Cytobiologica 2021, Vol. 59, No. 2, 108-113)

Key words: heart failure; dilated cardiomyopathy; endomyocardial biopsy; endothelial dysfunction;
von Willebrand factor; qPCR; IHC

Introduction

Heart failure is defined as a complex clinical syn-
drome of impaired heart functions and is a leading
cause of morbidity and mortality in developed coun-
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tries. The prevalence of heart failure (HF) worldwide
continues to increase, maintaining high rates of
morbidity and mortality despite the use of multiple
evidence-based therapeutic strategies [1]. The main
characteristic of HF is its multifaceted clinical pres-
entation and its progressive nature [2].

For along time disturbances in the coronary micro-
circulation have been postulated to contribute to HF
development and progression [3, 4]. It is believed to
be a consequence of endothelial dysfunction through
loss of its multifaceted regulatory properties [5, 6]. As
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Von Willebrand factor in heart failure

a result, an abnormal coronary microcirculatory flow
may cause impairment of myocardial perfusion and
metabolic changes compatible with local myocardial
ischemia [7, 8]. More recently it has been reported that
endothelial dysfunction in HF independently predicts
morbidity and mortality in this cohort of patients [9, 10].
The exact mechanisms for endothelial dysfunction
in HF are unclear. However, it is believed to be the
result of lost nitric oxide-dependent vasodilatation,
a proinflammatory state, and its prothrombotic prop-
erties [11, 12].

Von Willebrand factor (vWF) is a large mul-
timeric glycoprotein produced by endothelial and
megakaryocytes that is present in endothelial cells
(Weibel-Palade bodies), the subendothelial matrix,
platelets and blood plasma [13]. Its main function
is mediation of platelet aggregation at the site of
vascular injury and thrombus growth. Thus, given
the ubiquitous involvement of vWF in local vascular
homeostasis, it is not surprising that this factor plays
an important role in HF pathogenesis [14]. As vVWF
release is increased when endothelial cells are injured,
it has been proposed as a marker of endothelial dys-
function [15-17]. It is not clear, however, whether
endothelial dysfunction is present to the same extent
in the HF of short or long duration.

Accordingly, the aim of this study was to clarify
this issue by examining biopsy specimens of patients
with short and long-standing HF duration by immu-
nohistochemistry (IHC) and RT-qPCR.

Materials and methods

Patients and material collection. Patients. One hundred
and twenty-seven patients with stable, non-ischemic HF
(NYHA I to III, LVEF < 40%), attributable to dilated
cardiomyopathy were prospectively studied. Right ventricu-
lar endomyocardial biopsy was carried out in all patients.
Patients were divided into two groups: Group A with HF
duration < 12 months (n = 59; 50 men and 9 women), and
Group B with HF duration > 12 months (n = 68; 63 men and
5women). In addition, we used the cardiac autopsy sections
of 19 young cases that suddenly died in car crashes (11 men,
8 women, mean age of 33.5 + 6.8 years). This group served as
a control for immunohistochemical staining of vVWF protein.

All the HF patients had selective coronary angiography
to exclude ischemic etiology of HF. In addition, none of the
studied patients had other potential causes of HF, including
valvular (except relative mitral and/or tricuspid regurgita-
tion), endocrine disease (except impaired glucose tolerance),
advanced renal disease, and reported drug or alcohol abuse.
All of them were on typical therapeutic regimens for HF
including loop diuretics (torasemide and/or furosemide),
ACE inhibitors or ATII blockers, -blockers, and spironol-

©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2021
10.5603/FHC.a2021.0012

ISSN 0239-8508, e-ISSN 1897-5631

109

actone for at least 6 months prior to the biopsy. Apart from
standard HF therapy, none of the patients was treated with
oral anticoagulants, statins and antiarrhythmic drugs or had
an electrical device implanted before the biopsy was done.

Four to five endomyocardial biopsies were obtained
from each patient. All biopsies except one specimen dedi-
cated for molecular biology, were fixed for 20 min in cold ac-
etone, immersed in embedding medium (OCT Compound,
Miles Inc., Sakura Finetek, USA) and cryo-preserved in
liquid nitrogen until tested.

This study was carried out in accordance with the Hel-
sinki Declaration, and the study design was approved by the
Institutional Ethics Committee (NN-6501-7/07). All patients
gave their informed consent.

Immunohistochemistry. For IHC, specimens were cut se-
rially into 5 mm thick slices on a Cryotome FSE® Thermo
Shandon (Thermo Scientific-Shandon, Lipshaw, PA, USA),
air-dried at room temperature and incubated with murine
monoclonal anti-vWF antibodies (clone F8/86); dilution
1:300; DAKO). In addition, to exclude myocarditis, frozen
sections were incubated with murine monoclonal antihuman
antibodies (Abs): ant-HLA-class II (DR antigens), Alpha
chain (clone TAL.1B5), anti-HLA-class I (ABC antigens)
(clone W6/32), anti-CD3 for T lymphocytes (Clone T3-
4BS5), and anti-CD68 (clone EBM11). All antibodies were
from DAKO A/S, Glostrup, Denmark. The dilution of the
primary antibody was verified in our laboratory in a series
of pilot experiments.

The En-Vision method (DAKO En-Vision Kit®/Alkaline
Phosphatase detection system) was used according to the
manufacturer’s instructions. The bound primary antibody
was detected using New Fuchsin Substrate System (DAKO
A/S). The primary antibody was omitted from negative
control slides. To suppress nonspecific staining due to
endogenous alkaline phosphatase activity, Levamisole was
used at a final concentration of 0.2 mM. The sections were
counterstained with Mayer’s hematoxylin.

For the semiquantitative assessment of the intensity of
vWF microvascular staining, the score index at 200 X magni-
fication was as follows: (1+) weak staining in a few vessels;
(2+) moderate staining in most microvessels and (3+)
strong staining in all microvessels. All IHC analyses were
performed by two investigators independently, blinded to
clinical features. The inter-observer variability of immuno-
histological examinations for VWF was < 3%. Histological
results were obtained with the use of Nikon Eclipse 80i
microscope with DS-Fil digital camera and NIS Elements
software from Nikon (Tokyo, Japan).

Quantitative real-time PCR (qPCR). For the real-time
PCR examination of the vVWF RNA, total RN A was extract-
ed from myocardial specimens by the Trizol® reagent (In-
vitrogen, Thermo Fisher Scientific, Waltham, MA, USA)
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Table 1. Baseline characteristics of the patients

Edyta Reichman-Warmusz et al.

All patients Group A Group B P
n = 127 n=2>59 n = 68

Age [y] 442 = 11.7 40.7 £ 10.7 424 £09 NS
Sex, male/female 113/14 50/9 63/5 NS
Time of HF duration [mth] 29.5 =389 7.6 =27 521 %219 -
Atrial fibrillation, n [%] 21 (16.5) 9(15.3) 12 (17.6) NS
BMI [kg/m?] 263 £ 4.6 255+44 262 52 NS
NYHA class, n, I/II/II 4/110/13 3/51/5 1/59/8 NS
LVEF [%] 28170 292+ 6.4 27.6 £175 NS
LVEDD [mm] 68.6 = 10.3 67.5 113 69.6 £ 0.1 NS
Serum vWF [%] 156.3 = 63.5 162.8 £67.3 149.4 = 60.3 NS
Fibrinogen [mg/dL] 367.2£953 376.0 = 107.1 3579 £ 81.5 NS
CRP [mg/dL] -) 1.42 (0.14-30.2) 1.64 (0.17-21.5) NS
UA [umol/L] 4369 = 111.9 4405 = 1144 439.0 = 114.6 NS
NT-proBNP [pg/mL], median [1%-3" quartile] 898.9 (356.5-2338) 886.8 (365-3004) 838.3 (248.1-2757) NS

Values are expressed as mean = SD or as indicated, NS — non-significant. Group A — HF duration < 12 mo, group B— HF duration > 12 mo. Abbre-
viations: BMI — body mass index; CRP — C-reactive protein; HF — heart failure; LVEF — left ventricle ejection fraction; LVEDD — left ventricle
end diastolic dimension; NYHA — New York Heart Association; NT-proBNP — amino-terminal pro-B-type natriuretic peptide; UA — uric acid

according to the manufacturer’s protocol. The quality
of the RNA was assessed by gel electrophoresis and the
quantitative analysis of RNA extracts was performed
spectrophotometrically using a GeneQuant™ pro RNA/
/DNA Calculator (Amersham Biosciences, Little Chal-
font, United Kingdom). The quantitative analysis was
carried out with the use of an Opticon™ DNA Engine
Continuous Fluorescence detector (MJ Research, Reno,
NV, United States). The expression of the mRNA for
vWF was determined by quantitative real-time PCR (for-
ward sequence: CCTTGAATCCCAGTGACCCTGA,
reverse sequence: GGTTCCGAGATGTCCTCCACAT).
The PCRs of RNA extracted from biopsy specimens
were carried out in 25 cycles. All PCR reactions were
terminated by a final elongation step of 10 min at 72°C.
All samples were tested in triplicate. The PCR ampli-
cons was determined after each round of amplification,
using the fluorescent dye SYBR-Green (Sybr Green
Quantitect RT-PCR Kit; Qiagen, Venlo, Netherlands).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and f-actin (TagMan® DNA template reagents kit; PE
Applied Biosystems) were included to monitor RT-PCR.
To assess vVWF gene expression in the studied groups
we used the standard curve method to determine the
absolute mRNA quantity in the samples. PCR products
were separated on 6% polyacrylamide gel and visual-
ized using silver staining. The length of the amplified
fragments was assessed by analysis with Quantity One
4.6.9 software (Molecular Imager ChemiDOC XRS+,
BIO-RAD, Hercules, CA, USA).
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Statistical analysis. The statistical analysis was made with
the SPSS version 16.0 software package (SPSS, Inc., Chi-
cago, IL, USA). Data were analyzed by the Shapiro-Wilk
test to determine distribution. Normally distributed data
were analyzed using ¢-test (based on normal distribution
tested by the Kolmogorov-Smirnov test) and expressed as
mean * SD. Not normally distributed data are presented
as median with interquartile range (IQR; 25™ and 75%
percentiles). To compare not normally distributed data of
vWF immunoreactivity in all studied groups, Kruskal-Wallis
analysis of ranks and post hoc test of the Mann-Whitney U
test were used. Associations between them were done by the
Kendall’s fau test. Differences were considered statistically
significant at P < 0.05.

Results

Clinical and demographic details of the study patients
are shown in Table 1. Except for the HF duration, there
was no difference in age, gender, etiology of HF, and
medications used between the study groups. For the
overall group of patients, the average time of symptoms
was 19 months (ranging from 0.6 months to 8 years),
and all the patients were in NYHA class L, II or I11.
In the control cryostat sections, only weak and
focally distributed expression of vWF was observed
(Fig. 1A and 1B). The cryostat sections taken from
HF patients presented both basal and strong immu-
noreactivity of vWF (Fig. 1C and 1D). In group A
(HF duration < 12 months), there was lower pheno-
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Figure 1. Representative examples of vVWF immunostaining in the study groups: Group A — heart failure duration < 12 mths,
Group B — heart failure duration > 12 mths. The basal expression of vWF on sparse microvessels (arrows) in the control
subjects (original magnification 100x). (C and D) The strong up-regulation of vVWF on microvascular endothelium in two
HF subjects from the Group B (red color; original magnification x 100).

type vVWF expression in the coronary microvessels in
comparison with group B (HF duration > 12 months)
[1.5 (1.0-2.0) vs. 2.0 (1.5-2.4), P < 0.001] (Fig. 2).
Unexpectedly, the [HC data was not collaborated with
the vWF mRNA copy quantity which were present in
awide range in both study groups and were significant-
ly lower in patients with long-standing disease [median
14671 (range 4932-51561) vs. 3643 (185.3-9030.8),
P = 0.005] (Fig. 3). In addition, vWF protein immu-
noreactivity was inversely associated with vVWF mRNA
levels (r = —0.34, P = 0.04).

Discussion

To the best of our knowledge, we have for the first
time observed a relationship between up-regulation
of vWF protein immunoreactivity in the myocardium
of patients with non-ischemic HF secondary to dilated
cardiomyopathy and the disease duration.
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Figure 2. Comparison of the immunoreactivity index (0-3+)
for vWF between the Group A (HF duration < 12 mths) and
Group B (HF duration > 12 mths). Values are medians with
IQRs. *P < 0.001. The Immunoreactivity index was calculated
as described in Methods.
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Figure 3. vWF gene expression in the Group A (HF duration
<12 months) versus Group B (HF duration > 12 months) by
RT-qPCR. Data presented show the mRNA quantity/ug for
vWF obtained by the use of standard curve method.

It was known that vWF, stored mainly in the
Weibel-Palade bodies of endothelial cells, can be
mobilized rapidly after endothelial cell activation [6].
In addition, among hemostatic mediators, vWF plays
a key role in platelet aggregation and stabilization of
circulating clotting factors [13].

Most previously published reports focused on
soluble vWF levels in plasma of HF patients [18, 19].
Following the observations by Lip et al., HF were
found to substantially increase plasma vWF concen-
trations and appeared to be highest among patients
with acute or recently decompensated HF [20]. Of
note, in this study the risk of stroke and thromboem-
bolism was substantially increased in patients with
congestive HF concomitant with atrial fibrillation. In
another study by Gibbs et al., patients with persistently
increased serum concentrations of vVWF and higher
degree of endothelial dysfunction had a higher risk of
thrombosis [21]. Studies by Kleber et al. have shown
that plasma vWF was an independent predictor of the
long-term outcome in these patients [18].

Little attention has been paid to tissue vVWF
expression in HF patients. Fukuchi et al. [22] have
provided evidence that stronger tissue immunore-
activity for vWF in the endocardial endothelium in
overloaded human atrial appendage may be a local
predisposing factor for intra-atrial thrombogenesis.
Our findings extend these results, revealing persistent
vWF expression on the coronary microvessels in HF
patients. Although hypothetical, this may reflect the
role of endothelial dysfunction in perpetuating myo-
cardial failure in such a cohort of patients.

The increased vWF protein immunoreactivity
together with diminished levels of mRNA in long-last-
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ing HF in our study seems to be only on the surface
discrepant. Taking into consideration the results of
previous study, it is likely that it may reflect lower
turnover of this protein rather than an increase in its
synthesis in the endothelium. Indeed, it was reported
that activity of plasma metalloprotease ADAMTS13
which cleaves vVWF was decreased in HF. Such low
ADAMTSI13 activities were accompanied with high
vWF serum levels of HF patients [14].

It has to be kept in mind that the size of sample
in our study is limited. Therefore this study may not
have been powered enough to verify negative rela-
tionship of phenotype protein expression and mRNA
levels found. Moreover, we did not perform follow-up
biopsies to better reflect time-related changes in pro-
tein and mRNA expressions. Our findings cannot be
extrapolated to patients with more severe disease or
unstable conditions.

Despite these limitations in the present study we
demonstrated for the first time the persistent nature of
vWEF protein expression in the coronary microvessels
of non-ischemic HF patients. Considering the results,
it may be hypothesized that some of these patients are
stranded on a self-perpetuating course of advancing
heart failure. Thus, persistent endothelial dysfunction
as reflected by the up-regulation of myocardial vWF
protein expression in patients with long-standing HF
might contribute to local hypercoagulability and hence
actively contributes to the disease progression.
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Repeated isoflurane exposures of neonatal rats
contribute to cognitive dysfunction in juvenile
animals: the role of miR-497 in isoflurane-induced
neurotoxicity
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Abstract

Introduction. Isoflurane anesthesia at the period of brain development can lead to neurotoxicity and long-term
cognitive impairment. This study aimed to investigate the role of miR-497 on isoflurane-induced neurotoxicity.
Material and methods. Neonatal rats (P7) were subject to isoflurane for 2 h at P7, P9, and P11. MiR-497 and
neuron apoptosis were evaluated in hippocampal tissue by qRT-PCR and western blot. Fear conditioning test and
Morris water maze were performed to determine cognitive function. The cell viability of isolated hippocampal
neuronal cells exposed to isoflurane was measured using MTT test. The regulation of phospholipase D1 (PLD1)
by miR-497 in isolated hippocampal neuronal cells was evaluated by luciferase reporter assays and western blot.
Immunohistochemistry and TUNEL staining were employed to examine the PLD1 expression and neuronal cell
apoptosis in hippocampus of neonatal rats, respectively.

Results. Repeated isoflurane anesthesia led to neurons’ apoptosis and long-term cognitive impairment. Isoflu-
rane exposure led to apoptosis and viability reduction in hippocampal neuronal cells. MiR-497 was observed
to be upregulated after isoflurane exposure both in vivo and in vitro. Knockdown of miR-497 attenuated iso-
flurane-induced neuronal cells apoptosis and viability reduction. Furthermore, PLD1 was predicted and then
validated as a novel target of miR-497. miR-497 could negatively regulate PLD1 by binding to its 3’-untranslated
region. Downregulation of PLD1 was also observed after isoflurane exposure in neonatal rat hippocampus and
hippocampal primary neuronal cell cultures.

Conclusions. Induction of miR-497 was involved in isoflurane anesthesia-induced cognitive impairment and
neuronal cell apoptosis by targeting PLD1. miR-497 may be a novel potential mechanism in isoflurane-induced
neurotoxicity so that our findings provide new insight into a better and understanding of the clinical application
of isoflurane. (Folia Histochemica et Cytobiologica 2021, Vol. 59, No. 2, 114-123)

Key words: isoflurane; neurotoxicity; rat pups; hippocampal neurons; miR-497; phospholipase D1;
cognitive impairment; qPCR; western blot

Introduction memory, this neurocognitive dysfunction will even

persist into later adulthood [1]. As millions of young
Early exposure to anesthetic agents is deleterious to  children are exposed to anesthesia every year for
nervous system development, impairs learning and various reasons, and there is raising concern about
risks that may result from anesthesia exposure. Studies
have shown that children who received multiple anes-
thesias are likely to develop a learning disability [2, 3].
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Isoflurane impairs cognitive function through miR-497/PLD1

brain development [4-6]. It was demonstrated that in
postnatal day 7 (P7) inhalation of anesthetic isoflu-
rane by rat pups increased neuronal cell apoptosis,
especially in thalamic nuclei [ 7], and inhibited the pro-
liferation of neural progenitor cells in hippocampus,
which ultimately led to poor learning and memory in
P7 rats; however, the same administration of isoflu-
rane to P60 rats seemed to play an opposite role [1].
Although a rising number of studies have focused on
anesthesia-induced detrimental effects on cognitive
function [8-10], it is still insufficient to understand
the underlying mechanisms.

MicroRNAs (miRNAs) are small non-coding
RNAs that complementarily bind to the 3’-untrans-
lated region (3’-UTR) of targets to regulate their
expression [11]. The highly multitudinous miRNAs
have been involved in the regulation of neurodevel-
opment, neuronal inflammation, neuronal degener-
ation and apoptosis, cognition, memory, and other
processes [12, 13]. For example, Mai et al. showed
that intranasal injection of miR-146a can reduce the
cognitive dysfunction in a murine Alzheimer’s disease
model, and that miR-146a exerts an inhibitory effect
on amyloid 3 (AB) precipitation, tau protein phospho-
rylation, and neuroinflammation in the hippocampus
[14]. Some recent studies have found that the use of
anesthetics has an effect on the expression of miRNAs
in the brain, and more in-depth studies have shown
a link between the expression of miRNAs and cogni-
tive impairment associated with anesthesia [15-18].

The highly conserved miR-195/497 cluster is lo-
cated on human chromosome 17p13.1 [19]. Yin et
al. found an increase of miR-497 expression in the
brain tissue of transient middle cerebral artery occlu-
sion (MCAOQO) mice. Further studies found that the
knocking down of miR-497 can reduce the neuronal
apoptosis caused by oxygen and glucose deprivation
[20]. Another study demonstrated that the expression
of miR-497 in neuroblastoma cell exposed to ethanol
was significantly increased, and miR-497 was subse-
quently proved to play an important regulatory role
in the nerve cells apoptosis induced by ethanol by
targeting anti-apoptosis protein BCL2 [21]. These
studies indicated that miR-497 may play an important
role in neuronal apoptosis.

In this study, we used neonatal rats and primary
neuronal cell cultures exposed to isoflurane to detect
the expression of miR-497, and the effects of miR-497
on neurotoxicity induced by isoflurane was investi-
gated by downregulating the expression of miR-497.
The present study aimed to investigate the potential
mechanism underlying the effect of miR-497 on learn-
ing and memory impairment in isoflurane-treated rats
and may provide a theoretical basis for the molecular
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mechanism of isoflurane in the clinical treatment of
neuronal damage.

Materials and methods

Experimental procedures were carried out in strict accordance
with the recommendations in the Guide for the Care and Use
of Laboratory Animals of the Guizhou Provincial People’s
Hospital and the protocol was approved by the Hospital.

Animals. Seven-day-old (P7) Sprague-Dawley male rat
pups were randomly assigned to two groups: the control
group (n = 20) and isoflurane group (n = 20). Rats in the
isoflurane group were exposed for 2 h to 2% isoflurane in
25% oxygen in a temperature-controlled chamber, and the
isoflurane exposure was conducted on postnatal (P) days
P7,P9, and P11. The time and concentration of isoflurane
exposure was selected according to previous research with
some modifications [22, 23]. Rats in the control group re-
ceived control gas (25% oxygen) in a similar chamber for
2 h. The chamber was kept in a homeothermic incubator
to maintain the temperature at 37°C. After 24 h of the
last exposure, half of the rat pups from each group were
euthanized by intraperitoneal injection of pentobarbital
sodium (150 mg/kg; Sigma-Aldrich, St. Louis, MO, USA)
overdose, the brains were dissected, and the hippocampus
of each brain was immediately frozen in liquid nitrogen and
stored at —80°C for western blot and qRT-PCR analysis.
The remaining animals were used for a behavioral study to
determine their cognitive function after 7 weeks (at P57).

TUNEL staining and immunohistochemistry. The dis-
sected hippocampus was immediately immersed in 4%
formaldehyde at 4°C for 24 h and then embedded in
paraffin. The embedded tissue was then sectioned into
5 um slides. As for TUNEL staining, a commercial TUNEL
Apoptosis Detection Kit (Millipore, Billerica, MA, USA)
was employed according to the manufacturer’s instruction.
Briefly, the sections were deparaffinized and dehydrated us-
ing xylene and ethanol. After rehydration, the sections were
rinsed with phosphate-buffered saline (PBS) and incubated
with proteinase K, followed by incubation with TUNEL
reaction mixture for 1 h at 37°C, then further stained using
DAPI. The sections were examined under a laser scanning
confocal microscope LSM710 (Carl Zeiss, Jena, Germany).

For immunohistochemistry, the paraffin-embedded
sections were deparaffinized and dehydrated as described
above, and then incubated with anti-PLD1 antibody (sc-
28314, 1:50, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) at 4°C for 12 h. After washing, the sections were
incubated with HRP-conjugated secondary antibody for
1.5 h at room temperature (RT) and then stained with
diaminobenzidine tetrachloride (DAB) and counterstained
with hematoxylin.
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Isolation and primary cultures of hippocampal neurons. The
brains of Sprague-Dawley rat embryos (E18) were dissected,
and primary cultures were isolated as reported previously
[24]. Briefly, the hippocampus was dissected from the brain,
followed by trituration dissociation and enzymatic digestion
(0.3% trypsin), and seeded in poly-D-lysine-precoated 6-well
plates (Corning, NY, USA). Cultures were maintained in
a humidified incubator with 5% CO, at 37°C in Neuroba-
sal medium (Gibco, Frederick, MD, USA) with 2 mM
glutamine, 2% B27, 100 units/mL penicillin, and 100 mg/mL
streptomycin. The density of neuronsin plateswas 10° cells/cm?.
Treatments were performed on the 6™ day in vitro.

Cell viability assays. Primary neurons were exposed to
normal air (control group), 2% (ISO-2 group), or 5%
(ISO-5 group) isoflurane for the indicated time. The cell
viability was measured using 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich,
Taufkirchen, Germany). After 24 h of the exposure to the
indicated doses of isoflurane, primary neuronal cells were
cultured at normal air for 1, 3 and 7 days, cell viability was
determined by incubation with 25 ul 0.5 mg/mL of MTT
reagent at 37°C for 4 h, followed by the addition of 150 ul
dimethyl sulphoxide (DMSO) to resolve the generated
formazan. The absorbance at a wavelength of 570 nm was
measured using a microplate reader. Data were collected
from 3 independent experiments.

RNA extraction and quantitative real-time PCR (qRT-PCR).
Total RNA was isolated from hippocampal tissue samples
and neurons cell by Trizol reagent (Invitrogen, Grand
Island, NY, USA). RNAs were reverse transcribed into
cDNA using miScript Reverse Transcription Kit (QIA-
GEN, Dusseldorf, Germany) following the manufacturer’s
protocol. qRT-PCR was performed with SYBR Premix
EX Taq TM 1II (Takara, Dalian, China) on the real time
PCR detection system ABI7900 (Thermo Fisher Scientific,
Waltham, MA, USA). GAPDH or U6 was used as the
internal reference, and relative expression was calculated
by 2744Ct method. The primer sequences were as follows:
miR-497-F: GTCGTATCCAGTGCAGGGTCCGAGGT;
R: ATTCGCACTGGATACGACTACAAACC;
GAPDH-F: GTGAACCATGAGAAGTATGACAACG;
R: CATGAGTCCTTCCACGATACC;

U6-F: GCTTCGGCAGCACATATACTAAAAT;
R: CGCTTCACGAATTTGCGTGTCAT.

Luciferase assay. The 3°-UTR of phospholipase D1 (PLD1)
harboring the seed sequence of the miR-497 wild-type
binding sites or mutant binding sites was inserted into
the pmirGLO dual-luciferase vector (pmirGLO Vector)
containing firefly and renilla luciferase genes (Promega,
Madison, WI, USA). The wild-type or the mutant dual-lu-
ciferase vectors were co-transfected with 20 nM miR-497
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mimic or inhibitor or their negative control into 293T cells
using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. After 48 h of transfection,
cells were harvested, and luciferase activity was detected
using the Dual-Luciferase Assay System (Promega). The
ratio of firefly activity to renilla activity was defined as the
relative reporter activity. All experiments were performed
in triplicate.

Transfection of neurons. The miR-497 mimic or inhibitor
or their negative control was transfected into the primary
neuron using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions. The final concentration of
small RNAs was 50 nM.

Western blot analysis. Ground tissue or neurons were
lysed with RIPA lysis buffer, and the protein concentra-
tion was quantified using BCA protein assay kit (Beyo-
time, Shanghai, China). Following the extraction of total
proteins, 20 ug of proteins were loaded and separated
on 10% sodium dodecyl sulfate polyacrylamide gels. The
separated proteins were transferred onto polyvinylidene
fluoride membrane (Millipore). After blocking with
nonfat dry milk (2.5%), the membranes were incubated
with primary antibodies overnight at 4°C. The next day,
membranes washed with TBST for every ten minutes
were incubated with secondary antibodies conjugated
with Horse Radish Peroxidase (HRP) for 1 h at RT.
Antibodies used were as followed: anti-cleaved caspase 3
(ab2302, 1:1000, Abcam, Cambridge, MA, USA), an-
ti-B-actin (ab8226, 1:1000, Abcam), anti-PLD1 (ab50695,
1:1000, Abcam). The membranes were subsequently in-
cubated with HRP-conjugated secondary antibodies and
detected with Pierce™ ECL Plus Western Blotting Sub-
strate (32134, Thermo Fisher Scientific). The images were
captured with SmartView Pro 2000 (UVCI-2100, Major
Science, Saratoga, CA, USA). The bands were analyzed
using Image J (version 1.8.0_112, National Institutes of
Health, Bethesda, MD, USA).

Morris water maze. To assess the learning and memory
functions of juvenile rats, animals from all the groups
were subjected to the Morris water maze test at P60.
A platform located at a fixed position in a circular water pool
(100 cm in diameter, 80 cm in height) was submerged 2 cm
below the water surface. The water temperature was set at
23°C. The training was conducted twice per day for seven
consecutive days. During the trials, the swimming animals
were forced to find the hidden platform within a maximum
of 60 s. If the rat failed to find the platform within 60 s, it
would be manually guided to the platform and allowed to
stay on it for 15 s. The time spent on locating the platform
(latency) was recorded and analyzed. The probe trials were
performed on the 8™ day, the platform was removed, then,
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Figure 1. Isoflurane (ISO) anesthesia-induced neurotoxicity and miR-497 expression level in neonatal rat hippocampus.
A. The expression of cleaved caspase 3 (western blot) and (B) miR-497 expression (RT-qPCR) in neonatal rat hippocampus
after exposure of rat pups to ISO at the postnatal (P) day 7, P9, and P11 (P7, P9, and P11) (n = 10). C. Place trial demonstrating
latency for rats to reach platform measuring spatial reference memory and learning as described in Methods. D. Probe trial
demonstrating the target platform crossing times of juvenile rats in Morris water maze. E. The freezing time to context and
the freezing time to cue in the fear conditioning test (n = 10). Fear conditioning test was performed at P57, Morris water

maze was performed at P60 on the same rat. *p < 0.05, **p < 0.01, compared with the control group.

the number of times the rats crossed the area where the
platform was located in the target quadrant was recorded.
The entire test was recorded and analyzed by an MS-type
Water Maze Video analysis system (Chengdu Instrument
Ltd., Chengdu, China).

Fear conditioning test. On P57, rats were subjected to fear
conditioning test. Each animal was placed in a conditioning
chamber with a stainless-steel shock grid floor. The rats
were allowed to explore the chamber for 3 min for adap-
tion, and then rats were given for 30 sec tone-foot shock
(80 dB, 1 kHz) followed by a 2-s foot shock (1.0 mA),
this process was repeated 3 times with an intertribal inter-
val of 60 s. Then, the animal was removed from the test
chamber 60 sec after conditioning training. The contextual
fear memory was measured 24 h after training for 5 min
by placing the rat back in the original training chamber
to monitor freezing behavior. The cued fear memory was
tested 24 h after training, and the rats were placed in a novel
chamber that had different context and smell with a contin-
uous 3-min training tone presentation to monitor freezing
behavior. Freezing behavior, defined as the absence of all
visible movement of the body except for respiration, was
recorded by a video camera with a high resolution on top
of the chamber.
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Statistical analysis. Statistical analyses were performed
using SPSS 19.0 software (IBM SPSS Inc., Chicago, IL,
USA) and Prism 7.0 software (GraphPad Software, La Jolla,
CA, USA). Behavioral studies were analyzed with two-way
ANOVA (treatment and time). Other data were analyzed
using Student’s ¢-test and one-way ANOVA. All the values
were presented as the mean + SD. P < 0.05 was considered
statistically significant.

Results

Expression of miR-497 was upregulated

in hippocampus of neonatal rats induced by isoflurane
After isoflurane exposure on P7, P9, and P11, the hip-
pocampus of the neonatal rat (n = 10) was sampled.
Isoflurane exposure increased cleaved caspase 3
as indicated in Figure 1A. To determine whether
miR-497 is associated with isoflurane exposure,
the expression level of miR-497 was detected using
gRT-PCR. The result suggested that miR-497 was
significantly upregulated nearly 2.7-fold after iso-
flurane exposure compared to the control (Fig. 1B).
These results may imply the involvement of miR-497
in isoflurane-induced neurotoxicity. The rest of the
rats (n = 10) were keeping feeding till P57. The

www.journals.viamedica.pl/folia_histochemica_cytobiologica



118

Yuanyuan Que et al.

= 15 O Con
5 O 1S0-2
> 1.0 #¥xx H 1SO-5
E
205
©
&
0.0
o Q
& & P
O Con
C 0 1S0-2
& ® I1SO-5
|
T
2
E S
28
B 5
L3
N ) &
& & P

Lo p (U ) W

FSELLFTFLLSE L

Cleaved —
caspase3 "- - - b

Fracin - - - - - - -

Day1 Day3 Day7

O Con
O 1SO-2
M 1SO-5

#
*%

Relative cleaved caspase 3
expression level

N o) Q
0'5\ 0’5\ 0@

Figure 2. Isoflurane-induced neurotoxicity and miR-497 expression in primary cultures of hippocampal neurons. Neurons
were cultured for 7 days and then exposed to two doses of isoflurane (ISO-2, 2% isoflurane; ISO-5, 5% isoflurane) for 24 h.
(A) Cell viability (MTT test), (B) cleaved caspase 3 (western blot), and (C) miR-497 expression (RT-qPCR) were detected on
the following days (D1, D3, D7). **p < 0.01, compared with control group, *p < 0.05, #**p < 0.01, compared with ISO-2 group.

long-term neurocognitive impairment induced by
isoflurane was evaluated by fear conditioning test
and Morris water maze. As indicated in Figure 1C,
rats exposed to isoflurane spent more time to find
a submerged platform than the sham group. In the
probe test, the number of platform crossing of rats
exposed to isoflurane was reduced compared to
the control group (Fig. 1D). In fear conditioning
test, the freezing time of rats exposed to isoflurane
decreased compared to that of the sham group (Fig.
1E). These results implied that multiple exposures
to isoflurane in newborns may lead to long-term
cognitive impairment.

Upregulation of miR-497 induced by isoflurane was
associated with apoptosis of neurons in primary culture
Primary neurons cells isolated from rat embryos were
exposed to 2% or 5% isoflurane for 24 h, the cell via-
bility was measured at 1, 3, and 7 days after isoflurane
exposure using MTT test. As indicated in Figure 2A,
isoflurane exposure impaired neurons’ viability, and
a higher concentration of isoflurane exerted higher
toxicity, moreover, the impaired viability of neurons
was observed even 7 days after isoflurane exposure.
The increased level of cleaved caspase 3, which is
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a marker of cell apoptosis, was also observed after
isoflurane exposure (Fig. 2B). The expression of
miR-497 was significantly increased after isoflu-
rane exposure, especially at 3 days after exposure
(Fig. 2C). These results suggest isoflurane impairs
neurons viability and induces apoptosis, and miR-497
may be involver in this process.

MiR-497 inhibition mitigated isoflurane-induced
apoptosis of hippocampal neurons in primary
culture

To examine the role of miR-497 in isoflurane-induced
neurotoxicity, miR-497 inhibitor, or its negative
control was transfected into primary neurons before
isoflurane exposure. The transfection efficiency of
miR-497 was confirmed by real-time PCR (Fig. 3A).
After 7 days of 2% isoflurane exposure, the impaired
cell viability of neurons cell induced by isoflurane
was significantly alleviated with miR-497 inhibitor
transfection (Fig. 3B). The miR-497 inhibition also
decreased the level of cleaved caspase 3, which
was dramatically induced by isoflurane exposure
(Fig. 3C). These results suggested the protective
role of miR-497 inhibition in neurotoxicity induced
by isoflurane.
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Figure 3. MiR-497 inhibitor ameliorated isoflurane-induced neurotoxicity in primary cultures of hippocampal neurons.
A. Relative expression levels of miR-497 (RT-qPCR) in neuronal cells transfected with miR-497 inhibitor or negative con-
trol. B. Viability of cells transfected with miR-497 inhibitor or negative control followed by 2% isoflurane exposure for 24 h.
C. Expression of cleaved caspase 3 (western blot) in primary neuronal cell transfected with miR-497 inhibitor or negative
control followed by 2% isoflurane exposure for 24 h. **p < 0.01.

MiR-497 suppressed PLD1 expression by direct
binding at the 3’ UTR

To explore the mechanism of miR-497 in isoflu-
rane-induced neurotoxicity, the TargetScan (http://
www.targetscan.org/vert_72/) was used for predicting
the target gene of miR-497, and PLD1 was predicted
to be a potential target of miR-497 (Fig. 4A). Lu-
ciferase reporter assay was carried out to validate
the direct interaction between miR-497 and PLD1.
The 3’UTR region of PLD1 containing wide-type
or mutant miR-497 binding sites was cloned into the
pmirGLO vector. HEK-293T cells were co-trans-
fected with reporter plasmids and miR-497 mimic or
inhibitor or their negative control. As shown in Figure
4B, the ectopic expression of miR-497 significantly
repressed luciferase activity, whereas miR-497 inhi-
bition enhanced the luciferase activity. In contrast, 3’
UTR mutations completely abrogated the effect of
miR-497 on luciferase activity. Besides, the protein
level of PLD1 was determined in neurons with miR-
497 overexpression or inhibition. Overexpression
of miR-497 repressed protein levels of PLD1, while
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miR-497 inhibition had the opposite effect (Fig. 4C).
Furthermore, PLD1 was also detected in neurons
treated with the indicated concentration of isoflurane
and rat hippocampus after isoflurane anesthesia. As
indicated in Fig. 4D, the protein level of PLD1 was
dramatically suppressed after isoflurane exposure.

Isoflurane exposure downregulated PLD1
expression and prompted neuronal cell death

in rat pup’s hippocampus

We next detected the expression of PLD1 in rat pup’s
hippocampus after isoflurane exposure at days P7, P9
and P11. After isoflurane exposure, the protein abun-
dance of PLD1 was reduced in hippocampus (Fig. 5A).
Our ITHC results demonstrated a dramatic reduction
of PLD1-positive cells in hippocampus (Fig. 5B). The
neuronal cell death in rat hippocampus was determined
using TUNEL staining, and the results indicated an
increasing portion of TUNEL-positive cells after iso-
flurane exposure (Fig. SC). These results indicated that
isoflurane exposure suppressed the expression of PLD1,
and led to neurons cells death in rat pup’s hippocampus.
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Figure 4. Phospholipase D1 (PLD1) is a novel target of miR-497. A. The predicted binding sites of miR-497 on 3’UTR of
PLD1 based on TargetScan. B. Luciferase reporter assay was performed in HEK-293T cells to detect luciferase activity after
co-transfection with miR-497 mimic, miR-497 inhibitor, or their negative control and dual-luciferase vector of 3’-UTR of
PLD1 harboring the seed sequence of the miR-497 wild-type binding sites (WT) or mutant binding sites (MUT). C. PLD1
protein expression (western blot) in primary neuronal cells transfected with miR-497 mimic, miR-497 inhibitor, or their
negative control for 48 h. **p < 0.01, compared with NC mimic or NC inhibitor group. D. PLD1 protein expression (western
blot) in primary neuronal cells subjected to 2% and 5% isoflurane for 24 h after the indicated days of culture. **p < 0.01,

compared with control group, #*p < 0.05, compared with ISO-2 group.

Discussion

In the present study, we showed that multiple iso-
flurane exposure of neonatal rats caused apoptosis
of hippocampal neurons and led to long-term im-
pairment of cognitive and learning functions. There
are numerous reports which showed that single or
multiple isoflurane exposure at neonatal period
will lead to cognitive impairment. For instance, rats
repeatedly exposed to isoflurane on P7 were found
to have a long-term impaired of cognitive function,
however, the cognitive impairments induced by
a single exposure to isoflurane varied by gender [22].
The long-term impairment induced by neonatal
isoflurane exposure perhaps largely results from neu-
ronal apoptosis in the developing brain. As indicated
in other study in which single isoflurane anesthesia
of rats from 1 to 14 postnatal day, the highest level
of apoptotic neuronal death was induced in neonatal

©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2021
10.5603/FHC.a2021.0011

ISSN 0239-8508, e-ISSN 1897-5631

rats at P7, the lowest neuronal apoptosis was seen
in P14 rats. This finding could be explained by the
fact that P7 rats are more vulnerable to be damaged
since at this age the peak of synaptogenesis takes
place [25]. Interestingly, some studies demonstrated
that adult and aged rodents exposed to isoflurane
also developed cognitive impairment [23, 26, 27].
Zhong et al. found that neonatal male mice exposed
repeatedly to isoflurane exhibited dysregulated
hippocampal H4K12 acetylation and decreased
c-Fos expression, and administration of a histone
deacetylase inhibitor could attenuate the impairment
[28]. An another report revealed the possibility of
the activation of hypoxia inducible factor-1a (HIF-1
«a) in isoflurane-induced neonatal neurotoxicity [29].
Additionally, TLR2/NF-xB pathway was proved to
be involved in isoflurane-induced neurotoxicity [30].
Although great efforts have been done in elucidating
the developmental neurotoxicity of isoflurane, the
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Figure 5. Isoflurane exposure downregulated PLD1 expression and prompted neuronal cell death in rat pup’s hippocampus.
After 3 independent isoflurane exposures at days P7, P9 and P11, the protein expression of PLD1 in rat pup’s hippocampus (24 h
after the last exposure) was examined by western blot (A) and immunohistochemistry (CA1) (B). C. Death of hippocampal
neurons was evaluated using TUNEL assay in hippocampal CA1 after isoflurane exposure. Magnification for (B) and (C): 200 X.

underlying mechanisms have not been completely
clarified so far.

The involvement of the crucial roles of miRNAs in
various human diseases has been widely demonstrat-
ed. Besides, some recent studies also indicated that
miRNAs may participate in neurotoxicity induced by
isoflurane. For instance, miR-142-5p was found to be
upregulated in neurological impairment caused by
isoflurane in neonatal rats, whereas the inhibition of
miR-142-5p exerted neuroprotective effects against
isoflurane, reflected by a better behavior performance
[31]. Moreover, isoflurane facilitated the expression of
miR-140-5p in diabetic rat hippocampus, which led to
the post-transcriptional suppression of sorting protein
nexin 12, and the depletion of sorting nexin 12 subse-
quently contributed to isoflurane neurotoxicity [32].

The main purpose of our study focuses on the role
of miR-497 in isoflurane-induced neurons apoptosis
and long-term cognitive impairment. Here, we showed
that neonatal rats and cultured hippocampal neurons
subjected to isoflurane displayed an obvious induction
of miR-497. To clarify the role of miR-497 in isoflu-
rane-induced neurotoxicity, miR-497 depletion using
miR-497 inhibitor was conducted in cultured neurons
and our results confirmed the neuroprotective effect
of miR-497, as assessed by increased cell viability and
decreased apoptosis. It was previously reported that
the induction of miR-497 in neuronal cells exposed to
ethanol and overexpression of miR-497 in the absence
of ethanol also leads to neuronal cell apoptosis [21].
miR-497 also plays a role in oxygen-glucose depri-
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vation-induced neuronal cell death [20], implying
the potential anti-apoptotic effect of miR-497 in the
central nervous system.

Most importantly, our results further established
PLD1 as a direct target of miR-497 in neuronal cells.
PLD1 is amember of phospholipase D lipid-signaling
enzyme superfamily and has been widely reported to
function in various neuronal processes. The deficiency
of PLD1 led in mice to defects in brain growth and
cognitive function, moreover, upon stimulation the
PLD-deficient mice released less acetylcholine than
wild-type ones [33]. In addition, PLD1 was found to
participate in BDNF-dependent nuclear recruitment
of phospho-ERK1/2 and phospho-CREB, which
may play role in neuronal development and induc-
tion of glutamatergic synapses, because it is known
that BDNF plays a role in hippocampal long-term
potentiations [34]. As synapses are responsible for
information transmission, processing, and signal in-
tegration in the nervous system, PLD1 was found to
promote the development of the dendritic spines by
regulating N-cadherin [35]. A similar conclusion was
drawn in another report: genetic or pharmacological
inhibition of PLD1 or its upstream RSK2 would lead
to the impairment of neuronal growth factor-induced
neurite outgrowth [36]. A recent study revealed that
PLD1 activation attenuates coflin-p53 pro-apoptotic
pathway induced by amyloid S, exerting its role in
anti-apoptosis of neuronal cells [37]. In our present
study, isoflurane anesthesia suppressed the expres-
sion of PLD1 both in neonatal rat hippocampus and
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primary neuronal cell cultures, which may be the
potential mechanism of isoflurane-induced neuro-
toxicity. Moreover, PLD1 was validated as a novel
target of miR-497 and was negatively regulated by
miR-497. Hence, we inferred that isoflurane-induced
the expression of miR-497 and consequently inhibited
PLD1 to contribute to the apoptosis of neuronal cells.
However, the effect of miR-497/PLD1 on cognitive
impairment induced by isoflurane in neonatal rats
need to be further investigated.

Taken together, our present research demon-
strated that the involvement of miR-497 in iso-
flurane-induced neurotoxicity and long-term
neurocognitive impairment, and clarified PLD1 as
the downstream target of miR-497. This work may
shed light on the underlying mechanisms of anes-
thetics-induced neurotoxicity and may contribute to
developing novel therapeutic ways for isoflurane-
-related application.
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Abstract

Introduction. In our previous study, it has been confirmed that formaldehyde (FA) not only inhibits the proliferative
activity, but also causes DNA-protein crosslinks (DPCs) formation in bone marrow mesenchymal stem cells (BMSCs).
The purpose of this study was to detect the protective effect of astragalus polysaccharide (APS) against the cytotoxicity
and genotoxicity of BMSCs exposed to FA, and to explore potential molecular mechanisms of APS activity.
Material and methods. Human BMSCs were cultured in vitro and randomly divided into control cells (Ctrl
group), FA-treated cells (FA group, 120 umol/L), and cells incubated with FA and increasing concentra-
tions (40, 100, or 400 wg/mL) of APS (FA + APS groups). Cytotoxicity was measured by MTT assay. DNA
strand breakage, DNA-protein crosslinks (DPCs), and micronucleus formation were respectively detected
by comet assay, KCI-SDS precipitation assay, and micronucleus assay. The mRNA and protein expression
level of xeroderma pigmentosum group A (XPA), xeroderma pigmentosum group C (XPC), excision repair
cross-complementation group 1 (ERCC1), replication protein A1 (RPA1), and replication protein A2 (RPA2)
were all detected by qRT-PCR and Western Blot.

Results. Compared with the FA group, the cytotoxicity, DNA strand breakage, DPCs, and micronucleus levels
were decreased significantly in FA + APS groups (P < 0.01). Meanwhile, the mRNA and protein expression
of XPA, XPC, ERCC1, RPA1, and RPA2 were up-regulated significantly in the FA + APS groups (P < 0.05)
with the most prominent effect of the 100 ug/mL APS.

Conclusions. Our results suggest that APS can protect the cytotoxicity and genotoxicity of human BMSCs
induced by FA. The mechanism may be associated with up-regulated expression of XPA, XPC, ERCCI1,
RPAL, and RPA2 in the nucleotide excision repair (NER) pathway which promotes DNA damage repair.
(Folia Histochemica et Cytobiologica 2021, Vol. 59, No. 2, 124-133)
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Introduction

As one component of bone marrow (BM), bone
marrow mesenchymal stem cells (BMSCs) not only
have multi-differentiation potential, but also can
regulate the normal proliferation and differentiation
of hematopoietic stem cells [1, 2]. Thus, if BMSCs
undergo toxic damage, BMSCs will lose their normal
control over hematopoietic stem cells which may lead
to myeloid leukemia.

Formaldehyde (FA), an environmental pollutant,
is widely present in pollution, tobacco smoke and
home accessories [3, 4]. The International Agency
for Research on Cancer (IARC) indicated that FA
may cause leukemia but the mechanisms remain un-
clear [4]. FA exhibits toxic effects in various types of
mammalian cells, including cultured human myeloid
progenitor cells and bone marrow blood progenitor
cells in vivo [5, 6]. In our previous study, it has been
confirmed that FA induced the excessive DNA-pro-
tein crosslinks (DPCs) in murine BMSCs [7].

The formation of DPCs is related to oxidative
damage caused by FA-induced excessive hydroxyl free
radicals [8-10]. DPCs are the primary DNA damage
products induced by FA, and the level of DPCs is
considered to be a good molecular dosimeter to assess
FA-related cancer risk [11]. When FA induces DNA
damage, such as DPCs, the cell activates repair mech-
anisms to reverse the damage to reestablish stability
of the genome. The nucleotide excision repair (NER)
pathway is an important way for DNA damage repair,
which mainly repairs the cyclobutane pyrimidine di-
mer, DNA adducts, and cross-linking between chains
[12, 13]. It was found that the repair of FA-induced
DPCs mainly depends on the NER pathway [14].

Astragalus membranaceus, belonging to the
Leguminosae family, is used as a Qi-tonifying herb
in traditional Chinese medicine [15]. Astragalus pol-
ysaccharide (APS), one of the active ingredients of
Astragalus, has been shown to possess antioxidant,
immunomodulatory, and tumor growth inhibitory
properties in modern studies [16-18]. Numerous
animal and anecdotal human data show that APS has
anticancer effects in preclinical studies [19], as well
as can improve myelosuppression induced by cyto-
toxic agents and chemopreventive effects [20]. APS
enhanced the secretion of granulocyte colony-stimu-
lating factor (G-CSF) and maintained the stability of
the bone marrow hematopoietic microenvironment
after chemotherapy [21]. In addition, APS could
inhibit ionizing radiation-induced bystander effects
in BMSC:s [22] as well as inhibit apoptosis and senes-
cence of BMSCs caused by ferric ammonium citrate
iron overload [23].
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The present study was performed to characterize
the protective effect of APS against the cytotoxicity
and genotoxicity of BMSCs exposed to FA. Subse-
quently, we used the qRT-PCR and Western Blot
to assess the expression of xeroderma pigmentosum
group A (XPA), xeroderma pigmentosum group C
(XPC), excision repair cross-complementation group
1 (ERCC1), replication protein A1 (RPA1), and repli-
cation protein A2 (RPA2) genes in the NER pathway
in FA- and APS-exposed BMSCs to explore potential
molecular mechanisms of APS’s activity.

Materials and methods

Cell culture. Human BMSCs (Cyagen Biosciences Inc,
Santa Clara, CA, US) were cultured in Dulbecco’s Modified
Eagel Media: Nutrient Mixture F-12 1:1 Mixture (D-MEM/
/F12) supplemented with 10% fetal bovine serum for stem
cells, 315 mg/L D-glucose and glutamine (all from Cyagen
Biosciences, Santa Clara, CA, USA) at 37°C in a humidified
incubator with 5% CO, (SANYO Electric CO., Ltd, Osaka,
Japan). During the logarithmic growth period, the cells were
detached with 0.25% trypsin-0.02% EDTA.

Preparation of astragalus polysaccharide (APS) and formal-
dehyde (FA). The mass fraction of APS (Solarbio Science &
Technology Co., Ltd., Beijing, China) was more than 98%.
APS was dissolved and diluted to the final concentration of
40, 100, 400 wg/mL with D-MEM/F12. FA’s (SigmaAldrich,
St. Louis, MO, USA) mass fraction was more than 37%. FA
was diluted with D-MEM/F12 to the final concentration of
120 pmol/L.

Groups. BMSCs were randomly divided into control group,
FA group, and FA + APS 40, 100 and 400 ug/mL groups. In
the control group, the cells were cultured with D-MEM/F-12.
The cells in the FA group were cultured with 120 umol/L
FA of D-MEM/F-12. BMSCs co-cultured with 120 wmol/L
FA and 40, 100, 400 ug/mL APS of D-MEM/F-12 served
as FA + APS 40, 100 and 400 ng/mL groups. FA and APS
were added at the same time and incubated together with
BMSC:s for 24 h.

MTT assay. Cell proliferation activity was measured by
MTT assay. The number of cells was adjusted to 4 x 10°
per well and inoculated on 96-well plates. Then MTT
(Biowest, Loire Valley, France) 20 uL was added into cells
and incubated for 4 h. The supernatant was discarded and
then DMSO was added before oscillation. The absorbance
(A) value was measured at 490 nm with the enzyme marker
(Bio-Rad, Hercules, CA, USA). The cell proliferation rate
of each experimental group was calculated according to
the formula: cell proliferation rate = (A experiment — A
blank)/(A control — A blank) x100%.
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Table 1. The sequence of each primer in qRT-PCR
mRNA Primer sequence Product length
XPA Forward primer 5-CTACTGGAGGCATGGCTAAT-3 132bp
Reverse primer 5-CCATAACAGGTCCTGGTTGA-3’
XPC Forward primer 5-ACTGCGCAGCCAGAAATCC-3’ 107bp
Reverse primer 5’-CTTTGGAGAGAAGGCTCTTC-3
ERCC1 Forward primer 5-ATGGACCCTGGGAAGGACA-3’ 133bp
Reverse primer 5-TCTGTGTAGATCGGAATAAGG-3’
RPA1 Forward primer 5-ATGCAGAAGGGGGATACAA-3 145bp
Reverse primer 5’-ACTGTGTCGCCAACATGAA-3’
RAP2 Forward primer 5-ATGACAGCTGCACCCATG-3 124bp
Reverse primer 5-TGTTCTGAAAAGATCTCAGG-3’

Comet assay. Comet assay was used to detect DNA strand
breakage. The normal 1% melting point agarose gel (Biow-
est) was prepared on frosted-glass slides. The cell suspension
was spread onto normal 1% melting point agarose gel after
it was mixed with 1% low melting point agarose (volume
ratio: 1:3) and then immersed in a lysis buffer containing
40% proteinase K (Promega, Madison, WI, USA) for lysis.
Then it was immersed into the electrophoresis buffer for
30 min at 4°C in the darkness under the voltage of 15 V,
the current of 300 mA. It was fixed with 1% H,O, and
stained with propidium iodide (PI) for 30 min. Cells were
observed under IX81 fluorescence microscope (Olympus,
Tokyo, Japan) and photographed. Twenty cells were ran-
domly selected from each treatment group and the collected
images were analyzed with comet experiment professional
analysis software CASP (version 1.2.3; Bio-Rad). Olive tail
moment (OTM), an internationally recognized value, was
used to evaluate DNA strand breakage. The OTM value is
equal to the distance between the center of mass and the
density of the comet head and tail X the DNA content of
the comet tail.

DNA-protein crosslinks formation assay. DPCs formation
was detected by KCI-SDS precipitation (KCI-SDS) precip-
itation assay. 2% SDS solution was added to cells that in
the logarithmic growth stage, and the cells were lysed in
the water bath at 65°C. Then 1 mol/L of KCI was added to
the cells for fully mixing and an ice bath was used for 5 min
to form SDS-K* precipitation. The pellet and supernatant
containing free DNA were collected after centrifugation.
The collected precipitate was added with 40% protease
K and digested in a water bath at 50°C. The supernatant
containing DNA in DPCs was collected after centrifugation.
1 mL of the supernatant containing free DNA and cross-
linked DNA was taken and Hoechst33258 (Biyuntian Biotech-
nology Co., Ltd., Shanghai, China) was added to it for staining
for 30 min. The standard curve was based on calf thymus
DNA. Fluorescence values of each group were measured by
RF-5301PC fluorescence spectrometer (Shimadzu, Tokyo,
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Japan) under excitation light at 353 nm and emission light
at 455 nm. The concentrations of free DNA and cross-linked
DNA were quantified according to the standard curve. The
DPCs level was calculated by the following formula: DPCs
= cross-linked DNA concentration/(cross-linked DNA
concentration + free DNA concentration) X100%.

Micronucleus assay. Cells were digested by trypsin and
collected. Then hypotonic KCI solution was used for
3 min. Finally, the cells were fixed, dripped, and stained
by Giemsa (Solarbio). One thousand cells were randomly
observed on each slide. Most of the micronucleus contained
in the cells were round with smooth, neat edges. Their
diameter was 1/16-1/3 of the main nucleus, without refrac-
tion, not connected with the main nucleus, and consistent
with chromophile, purplish or blue-purple. One or more
micronucleus could appear in a cell. The number of cells
with micronuclei is counted. Micronucleus cell rate (%o)
= total number of cells with micronucleus/total number of
observed cells x 1000%oc.

Quantitative real time polymerase chain reaction (qRT-
-PCR) assay. The expression of mRNA XPA, XPC,
ERCC1, RPA1, and RPA2 were detected by qRT-PCR.
Cells in the logarithmic growth phase were taken. Total
RNA was extracted using TRIzol Reagent (Invitrogen,
Carlsbad, CA, USA) and reverse transcribed to cDNA
using the RT? First Strand Kit according to the manu-
facturer’s instructions (Qiagen, Duesseldorf, Germany).
Gene expression level was detected according to the
instructions of the RT> SYBR® Green qPCR Mastermix
(Qiagen). qRT-PCR was performed in CFX96™ Ther-
mal Cycler (Bio-Rad). The formula A Ct = Ct average
— average Ct of housekeeping genes, AA Ct = A Ct
(experimental group) — A Ct (control group), was used
to calculate A Ct and AA Ct value of the gene expression.
2-AACt was used to calculate the relative gene expression
level of the experiment group. The primer details of XPA,
XPC, ERCC1, RAP1, and RAP2 were shown in Table 1.
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Western blot analysis. Western blot detected the expression
of XPA, XPC, ERCC1, RPA1, and RPA2 proteins. Cells
in the logarithmic growth stage were taken and 200 uL
lysate solution (Biyuntian Biotechnology) was added. Cells
were scraped with a cell scraper, collected, and centrifuged.
Then the supernatant was collected and the loading buffer, at
aratio of 1:3, was added into supernatant before boiling it at
98°C and setting aside in the refrigerator at —20°C. The pro-
tein was separated by electrophoresis with 12% polyacryla-
mide gel. After membrane transfer with PVDF (Millipore
Corporation, Burlington, MA, USA), the protein was sealed
for 2 h by skimmed milk. The XPA, XPC, ERCC1, RAP1,
and RAP2 antibody (1:1000, all from Ruiying Biological Co.,
Ltd.) was incubated at 4°C overnight and the goat anti-rabbit
antibody (1:4000, Ruiying Biological Co., Ltd.) was incubat-
ed at room temperature for 2 h. The image was developed
with ECL light agent (Cyagen Biosciences). The grayscale
ratio of each target band and corresponding GAPDH was
analyzed by Quantity One image analysis software (Bio-Rad)
to represent the relative expression level of each protein.

Statistical analysis. Homogeneity test of variance and one-
way ANOVA were used for comparison between groups.
The statistical analysis of data obtained from each experi-
ment used SPSS 26.0 for Windows software (Microsoft Cor-
poration, Redmond, WA, USA). Values represented mean
+ standard deviation. The vakues *, # [upper index) = zk]
and **, #*denote P < 0.05 and P < 0.01, respectively which
were considered to be statistically significant.

Results

Protective effect of APS against cytotoxicity

in BMSCs exposed to FA

MTT assay was used to determine the cytotoxicity by
calculating the proliferation rate of human BMSCs.
MTT results (Fig. 1) showed that the cytotoxicity
in FA-treated BMSCs increased significantly com-
pared with control cells (P < 0.01) and cytotoxic-
ity decreased significantly in cells incubated with
FA plus APS at 40, 100 and 400 pwg/mL compared
with FA-treated BMSCs (P < 0.01). Among them,
100 wg/mL APS had the highest protective effect
against cytotoxicity in BMSCs exposed to FA.

Protective effect of APS against DNA breakage

in BMSCs exposed to FA

We used comet assay to identify DNA breakage in
human BMSCs and DNA breakage was quantified
as the OTM. The results (Fig. 2) showed that DNA
breakage in BMSCs induced by FA was remarkably
higher than that in control cells (P < 0.01). Compared
with the FA-treated BMSCs, DNA breakage was
significantly reduced in cells incubated with FA plus
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Figure 1. Astragalus polysaccharide (APS) reduced cytotoxic-
ity in bone marrow mesenchymal stem cells (BMSCs) exposed
to formaldehyde (FA). Human BMSCs were incubated in the
D-MEM/F12 medium for 24 h in the presence of FA (120
umol/L) and FA + APS at the concentrations of 40, 100 or
400 wg/mL as described in Methods. Cytotoxicity to BMSCs
was determined by MTT test that assessed proliferation ac-
tivity. Proliferation activity in human BMSCs exposed to FA
decreased significantly compared with control (Ctrl) group.
Cell proliferation activity increased significantly compared
with that in FA + APS groups. *P < 0.05, **P < 0.01 vs. Ctrl
group. *P < 0.05, ##P < 0.01 vs. FA group.

APS at 40, 100 and 400 pug/mL (P < 0.01). Among
them, DNA breakage of cells treated with FA and
100 wg/mL was the least, and there was no significant
difference compared with Ctrl group.

Protective effect of APS against DPCs

in BMSCs exposed to FA

In order to determine DPCs formation in human
BMSCs, KCI-SDS precipitation assay was used. The
results (Fig. 3) showed that FA could significantly
induce DPCs formation in BMSCs compared with
Ctrl group (P < 0.01). Compared with the FA group,
DPCs level was significantly reduced in cells incubated
with FA plus APS at 40, 100 ug/mL (P < 0.01). How-
ever, when 400 ug/mL APS was used, the DPCs level
increased but it was still significantly lower than that
in the FA group (P < 0.01).

Protective effect of APS against micronucleus

in BMSCs exposed to FA

The micronucleus assay results (Fig. 4) showed that
the micronucleus frequency of FA-treated BMSCs
was significantly increased compared with control
cells (P < 0.01), and the micronucleus frequency was
significantly decreased by the incubation of the cells
with FA plus APS at the concentrations of 40, 100, and
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Figure 2. Astragalus polysaccharide (APS) reduced DNA breakage in BMSCs exposed to formaldehyde (FA). The comet
assay was used to identify DNA breakage in human BMSCs. DNA breakage effect in human BMSCs exposed to FA was
significantly higher than that in Ctrl group. Compared with FA group, DNA breakage in cells was significantly reduced in
FA + APS groups. *P < 0.05, **P < 0.01 vs. control (Ctrl) group. #P < 0.05, ##P < 0.01 vs. FA group. Magnification: 400X.
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Figure 3. Astragalus polysaccharide (APS) reduced
DNA-protein crosslinks (DPCs) in BMSCs exposed to formal-
dehyde (FA). DPCs was measured by KCI-SDS precipitation
assay as described in Methods. FA significantly increased the
formation of DPCs in human BMSCs compared with that in
control (Ctrl) group. Compared with FA group, DPCs in cells
was significantly decreased in FA + APS groups. *P < 0.05,
#+P < 0.01vs. Ctrl group. #*P < 0.05, ##P < 0.01 vs. FA group.

400 wg/mL (P < 0.01). The micronucleus frequency
of cells treated with FA and 100 wg/mL APS was the
lowest among the FA plus APS groups at different
concentrations.
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Effect of APS on the expression of XPA, XPC,
ERCC1, RPAI and RPA?2 genes in NER pathway
of BMSCs exposed to FA

The results of qRT-PCR and Western blotting results
(Fig. 5) showed that compared with the control cells,
the expression of XPA protein, RPA1, RPA2 mRNA
and protein were significantly down-regulated (P <
0.01), and XPA mRNA, XPC, ERCC1 mRNA and
protein were significantly up-regulated in FA-treat-
ed BMSCs (P < 0.01, 0.05). Compared with the FA
group, the mRNA and protein expression of XPA,
XPC, ERCC1, RPA1, and RPA2 were all remarkably
up-regulated in BMSCs incubated with FA plus each
concentration of APS (P < 0.01, 0.05). Of note, the
gene expression reached a peak in BMSCs treated
with FA plus 100 ug/mL APS.

Discussion

Our previous studies have confirmed that formalde-
hyde (FA) could inhibit the proliferative activity and
enhance DNA-protein crosslinks (DPCs) formation in
mice bone marrow mesenchymalstem cells (BMSCs)|[7].
Therefore, the main purpose of this study was to
investigate the protective effect of Astragalus poly-
saccharide (APS) against cytotoxicity and genotoxicity
in human BMSCs exposed to FA and its potential
mechanisms. In the present study, we found that the
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Figure 4. Astragalus polysaccharide (APS) decreased the micronucleus frequency in BMSCs exposed to formaldehyde (FA).
The micronucleus frequency of human BMSCs was significantly increased in FA group compared with control (Ctrl) group.
Compared with FA group, micronucleus frequency in cells was significantly decreased in FA + APS groups. *P < 0.05,

*#P < (.01 vs. Ctrl group. #*P < 0.05, ##P < 0.01 vs. FA group. Magnification: 400X.

proliferation activity decreased in BMSCs exposed
to FA, but the proliferation activity significantly in-
creased after the cells were incubated with FA plus
APS. These indicated that APS could reduce the
cytotoxicity induced by FA in human BMSCs.

DNA breakage and DPCs formation are consid-
ered to be the main forms of DNA damage caused
by FA [24]. It has even been reported that DPCs is
amolecular marker of FA-related cancer risk [11, 25].
DPCs are necessary for DNA replication, transcrip-
tion, and cell growth in normal cells; however, exces-
sive DPCs produced by endogenous and exogenous
agents block DNA replication resulting in genomic
instability and tumorigenesis [26-28]. In this study,
the degree of genotoxicity in BMSCs exposed to FA
was studied by detecting the levels of DNA breakage,
DPCs, and micronucleus formation. It was found that
DNA breakage, DPCs and micronucleus formation in
BMSC:s exposed to FA were increased compared with
control cells, however, after treatment with APS, they
were decreased. This indicates that APS may protect
against genotoxicity in BMSCs exposed to FA. This is
consistent with study showing that APS can maintain
genomic stability and reduce DNA damage in BMSCs
incubated with the irradiated A549 cells [22, 29].

When external factors induce DNA damage, the
cells can mobilize relevant repair mechanisms to re-
verse these damages in order to maintain genetic sta-
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bility. The nucleotide excision repair (NER) pathway,
the major mechanism in the process of DNA repair,
primarily eliminates bulky adducts arising from ex-
posure to environmental agents [30-32]. Xeroderma
pigmentosum group A (XPA) and xeroderma pig-
mentosum group C (XPC) are the initial recognizing
proteins responsible for the recruitment of relevant
repair apparatus components to the DNA damage
site [33-35]. Excision repair cross-complementation
group 1 (ERCCI1) has a global function in cellular
DNA damage repair [36]. ERCC1 binds to XPF to
form the ERCC1-XPF complex, which is responsible
for cutting the damage-containing oligonucleotide
[37, 38]. These core proteins involved in the NER
reaction play a key role in the maintaining of genomic
stability. Our study shows that the mRNA and protein
expression levels of XPC and ERCC1 in FA-treated
BMSCs were significantly higher than those in the
control cells, indicating that XPC and ERCC1 may
be involved in the repair of human BMSCs DNA
damage caused by FA. This is in accordance with
previous studies [7, 39]. The mRNA and protein
expression levels of XPA, XPC, and ERCC1 in cells
incubated with FA plus APS groups at different
concentrations were significantly higher than those
in the FA-treated cells. These findings demonstrate
that APS promoted the repair of DNA damage by
upregulating the mRNA and protein expressions of
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Figure 5. A. Astragalus polysaccharide (APS) up-regulated the mRNA expression of XPA, XPC, ERCC1, RPA1 and RPA2
in BMSCs exposed to formaldehyde. B. Astragalus polysaccharide (APS) up-regulated the protein expression of XPA,
XPC, ERCC1, RPAL1 and RPA2 in BMSCs exposed to formaldehyde. Relative levels of mRNA and protein content in the
homogenates of BMSCs were measured by qRT-PCR and Western blotting as described in Methods. *P < 0.05, **P < 0.01

vs. control (Ctrl) group. P < 0.05, ##P < 0.01 vs. FA group.

XPA, XPC, and ERCCI1, which was consistent with
the results that APS significantly reduced the DNA
breakage, DPCs, and micronucleus formation in
human BMSCs exposed to FA. A similar mechanism
of was demonstrated in other reports [40, 41]. In ad-
dition, the study also found that the expression level
of XPA mRNA in BMSCs treated by FA was higher
than that in Ctrl group, while the expression level of
XPA protein was decreased, which may be related to
protein degradation, or may be affected by miRNA,
progressive regulation from the translation level so
that the protein was not expressed or XPA mRNA
was directly degraded.

Replication protein A (RPA), a eukaryotic sin-
gle-stranded DNA binding protein, is composed
of three related subunits: RPA1 (RPA70), RPA2
(RPA32), and RPA3 (RPA14). Much progress has
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been made to elucidate the critical roles for RPA
in DNA metabolic pathways that help promote
genomic stability [42]. RPA is not only involved
in the initiation, extension of DNA replication,
and the organization of Okazaki fragments but is
also involved in NER repair. RPA can protect sin-
gle-stranded DNA from nuclear degradation and
hairpin formation after DNA damage [43]. At the
same time, RPA1 and RPA2 can bind to XPA to
form the RPA-XPA complex, which is involved in
the recognition of DNA damage [44]. In this study,
we found that the mRNA and protein expression
of RPA1, RPA2 decreased in FA-treated cells
compared with control cells, indicating that RPA1,
RPAZ2 did not participate in the repair of DNA
damage caused by FA. On the other hand, DNA
damage caused by FA blocks the cell cycle and DNA
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replication, so the mRNA and protein expression
of replication-related genes RPA1 and RPA2 were
decreased in FA-treated cells. Compared with the
FA group, the mRNA and protein expressions of
RPA1, RPA2 in BMSCs incubated with FA plus each
concentration of APS were significantly increased,
suggesting that APS may promote the recognition
of RPA1, RPA2, and DNA damage, and help in the
formation of RPA-XPA complex, thus ensuring the
smooth progression of NER. A similar mechanism of
was demonstrated to be functional in study showing
that XPA combined with RPA might be involved in
damage-recognition in NER [40].

This study also found that the protective effect
of APS on BMSCs treated by FA reached the peak
when concentration of APS was 100 wg/mL. How-
ever, when APS mass concentration is greater than
100 pwg/mL, APS may have toxic effects on BM-
SCs and aggravate DNA damage. These findings
suggested that although APS may promote DNA
repair, there is still a certain safe range of the mass
concentration when it is used. However, the in vitro
experiments, have a limited relevance to the whole
body system. Drugs in the body have to go through
absorption, distribution, and first-pass effects, and
their functions are also affected by complex fac-
tors such as neuroendocrine and immune systems.
Therefore, experiments in vivo are needed to further
determine the effective concentration of APS or to
link the concentration that produces toxicity in vitro
with the corresponding dose in vivo.

In conclusion, APS has a significant protective effect
against FA-induced cytotoxicity and genotoxicity of
BMSCs, especially at the concentration of 100 ug/mL,
which may be related to the up-regulation of gene ex-
pression of XPA, XPC, ERCC1, RPA1, and RPA2in
the NER pathway and the promotion of DNA damage
repair. However, its specific safe dose range in vivo
remains to be further studied and defined.

Acknowledgment

This study was supported by the National Natural Sci-
ence Foundation of China (grant number 81560667),
the National Natural Science Foundation of Gansu
Province, China (grant number 1506RJZA045), the
Provincial-Level Key Laboratory of Molecular Med-
icine of Major Diseases and Study on Prevention and
Treatment of Traditional Chinese Medicine, Gansu
University of Chinese Medicine, China (grant num-
ber FZYX17-18-7) and Longyuan Youth Innovation
and Entrepreneurship Talent Project, Gansu Uni-
versity of Chinese Medicine, China (grant number
LYQN2021-2).

©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2021
10.5603/FHC.a2021.0013

ISSN 0239-8508, e-ISSN 1897-5631

131

Conflict of interest

The authors hereby declare that they do not have any
conflicting interest.

References

1. Moore KA, Lemischka IR. Stem cells and their niches.
Science. 2006; 311(5769): 1880-1885, doi: 10.1126/sci-
ence.1110542, indexed in Pubmed: 16574858.

2. Méndez-Ferrer S, Michurina TV, Ferraro F, et al. Mesenchy-
mal and haematopoietic stem cells form a unique bone mar-
row niche. Nature. 2010; 466(7308): 829-834, doi: 10.1038/
nature(09262, indexed in Pubmed: 20703299.

3. Zhang L, Freeman LE, Nakamura J, et al. Formaldehyde
and leukemia: epidemiology, potential mechanisms, and im-
plications for risk assessment. Environ Mol Mutagen. 2010;
51(3): 181-191, doi: 10.1002/em.20534, indexed in Pubmed:
19790261.

4. Chemical agents and related occupations. IARC Monogr
Eval Carcinog Risks Hum. 2012; 100: 9-562, indexed in Pu-
bmed: 23189753.

5. ZhangL, Tang X, Rothman N, et al. Occupational exposure
to formaldehyde, hematotoxicity, and leukemia-specific
chromosome changes in cultured myeloid progenitor cells.
Cancer Epidemiol Biomarkers Prev. 2010; 19(1): 80-88,
doi: 10.1158/1055-9965.EPI-09-0762, indexed in Pubmed:
20056626.

6. Liang X, Zhang J, Song W, et al. Formaldehyde exposure in
indoor air from public places and its associated health risks
in Kunshan City, China. Asia Pac J Public Health. 2018;
30(6): 551-560, doi: 10.1177/1010539518800348, indexed in
Pubmed: 30221985.

7. She Y, Li Yi, Liu Y, et al. Formaldehyde induces toxic ef-
fects and regulates the expression of damage response genes
in BM-MSCs. Acta Biochim Biophys Sin (Shanghai). 2013;
45(12): 1011-1020, doi: 10.1093/abbs/gmt105, indexed in Pu-
bmed: 24077345.

8. Ortega-Atienza S, Wong VC, DeLoughery Z, et al. ATM
and KATS safeguard replicating chromatin against formalde-
hyde damage. Nucleic Acids Res. 2016; 44(1): 198-209, doi:
10.1093/nar/gkv957, indexed in Pubmed: 26420831.

9. ZhangS, Chen H, Zhang J, et al. The multiplex interactions
and molecular mechanism on genotoxicity induced by formal-
dehyde and acrolein mixtures on human bronchial epithelial
BEAS-2B cells. Environ Int. 2020; 143: 105943, doi: 10.1016/j.
envint.2020.105943, indexed in Pubmed: 32659531.

10. Liang FQ, Godley B. Oxidative stress-induced mitochondri-
al DNA damage in human retinal pigment epithelial cells:
a possible mechanism for RPE aging and age-related mac-
ular degeneration. Exp Eye Res. 2003; 76(4): 397-403, doi:
10.1016/s0014-4835(03)00023-x.

11. Hubal EA, Schlosser PM, Conolly RB, et al. Comparison of
inhaled formaldehyde dosimetry predictions with DNA-pro-
tein cross-link measurements in the rat nasal passages.
Toxicol Appl Pharmacol. 1997; 143(1): 47-55, doi: 10.1006/
taap.1996.8076, indexed in Pubmed: 9073591.

12. Latimer JJ, Johnson JM, Kelly CM, et al. Nucleotide excision
repair deficiency is intrinsic in sporadic stage I breast cancer.
Proc Natl Acad Sci U S A. 2010; 107(50): 21725-21730, doi:
10.1073/pnas.0914772107, indexed in Pubmed: 21118987.

13. Vrouwe MG, Pines A, Overmeer RM, et al. UV-induced pho-
tolesions elicit ATR-kinase-dependent signaling in non-cy-
cling cells through nucleotide excision repair-dependent and

www.journals.viamedica.pl/folia_histochemica_cytobiologica


http://dx.doi.org/10.1126/science.1110542
http://dx.doi.org/10.1126/science.1110542
https://www.ncbi.nlm.nih.gov/pubmed/16574858
http://dx.doi.org/10.1038/nature09262
http://dx.doi.org/10.1038/nature09262
https://www.ncbi.nlm.nih.gov/pubmed/20703299
http://dx.doi.org/10.1002/em.20534
https://www.ncbi.nlm.nih.gov/pubmed/19790261
https://www.ncbi.nlm.nih.gov/pubmed/23189753
http://dx.doi.org/10.1158/1055-9965.EPI-09-0762
https://www.ncbi.nlm.nih.gov/pubmed/20056626
http://dx.doi.org/10.1177/1010539518800348
https://www.ncbi.nlm.nih.gov/pubmed/30221985
http://dx.doi.org/10.1093/abbs/gmt105
https://www.ncbi.nlm.nih.gov/pubmed/24077345
http://dx.doi.org/10.1093/nar/gkv957
https://www.ncbi.nlm.nih.gov/pubmed/26420831
http://dx.doi.org/10.1016/j.envint.2020.105943
http://dx.doi.org/10.1016/j.envint.2020.105943
https://www.ncbi.nlm.nih.gov/pubmed/32659531
http://dx.doi.org/10.1016/s0014-4835(03)00023-x
http://dx.doi.org/10.1006/taap.1996.8076
http://dx.doi.org/10.1006/taap.1996.8076
https://www.ncbi.nlm.nih.gov/pubmed/9073591
http://dx.doi.org/10.1073/pnas.0914772107
https://www.ncbi.nlm.nih.gov/pubmed/21118987

132

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

-independent pathways. J Cell Sci. 2011; 124(Pt 3): 435-446,
doi: 10.1242/jcs.075325, indexed in Pubmed: 21224401.
Salem AMH, Nakano T, Takuwa M, et al. Genetic analysis
of repair and damage tolerance mechanisms for DNA-pro-
tein cross-links in Escherichia coli. J Bacteriol. 2009; 191(18):
5657-5668, doi: 10.1128/JB.00417-09, indexed in Pubmed:
19617358.

Yeung K, Gubili J, Cassileth B. An evidence-based review of
Astragalus membranaceus (Astragalus) for cancer patients.
Evidence-based Anticancer Materia Medica. 2011: 65-84,
doi: 10.1007/978-94-007-0526-5_3.

Jung Y, Jerng U, Lee S. A systematic review of anticancer
effects of radix astragali. Chin J Integr Med. 2016; 22(3):
225-236, doi: 10.1007/s11655-015-2324-x, indexed in Pu-
bmed: 26643507.

Wul, YulJ, WangJ, et al. Astragalus polysaccharide enhanced
antitumor effects of Apatinib in gastric cancer AGS cells by
inhibiting AKT signalling pathway. Biomed Pharmacother.
2018; 100: 176-183, doi: 10.1016/j.biopha.2018.01.140, indexed
in Pubmed: 29428665.

Liu T, Zhang M, Niu H, et al. Astragalus polysaccharide
from Astragalus Melittin ameliorates inflammation via sup-
pressing the activation of TLR-4/NF-«kB p65 signal pathway
and protects mice from CVB3-induced virus myocarditis.
Int J Biol Macromol. 2019; 126: 179-186, doi: 10.1016/j.ijbi-
omac.2018.12.207, indexed in Pubmed: 30586589.

Zheng Y, Ren W, Zhang L, et al. A review of the pharmaco-
logical action of Astragalus polysaccharide. Front Pharma-
col. 2020; 11: 349, doi: 10.3389/fphar.2020.00349, indexed in
Pubmed: 32265719.

Chen M, May BH, Zhou IW, et al. Oxaliplatin-based chemo-
therapy combined with traditional medicines for neutropenia
in colorectal cancer: A meta-analysis of the contributions of
specific plants. Crit Rev Oncol Hematol. 2016; 105: 18-34,
doi: 10.1016/j.critrevonc.2016.07.002, indexed in Pubmed:
27497028.

Zhang PP, Meng ZT, Wang LC, et al. Astragalus polysaccha-
ride promotes the release of mature granulocytes through the
L-selectin signaling pathway. Chin Med. 2015; 10: 17, doi:
10.1186/513020-015-0043-z, indexed in Pubmed: 26161135.
Zhang LY, Yong WX, Wang L, et al. Astragalus polysaccha-
ride eases G1 phase-correlative bystander effects through
mediation of TGF- R/MAPK/ROS signal pathway after car-
bon ion irradiation in BMSCs. Am J Chin Med. 2019; 47(3):
595-612, doi: 10.1142/S0192415X19500319, indexed in Pu-
bmed: 31122040.

Yang F, Yan G, Li Y, et al. Astragalus polysaccharide atten-
uated iron overload-induced dysfunction of mesenchymal
stem cells via suppressing mitochondrial ROS. Cell Physiol
Biochem. 2016; 39(4): 1369-1379, doi: 10.1159/000447841,
indexed in Pubmed: 27607448.

LiuY, Li CM, Lu Z, et al. Studies on formation and repair of
formaldehyde-damaged DNA by detection of DNA-protein
crosslinks and DNA breaks. Front Biosci. 2006; 11: 991-997,
doi: 10.2741/1856, indexed in Pubmed: 16146790.
Formaldehyde, 2-butoxyethanol and 1-tert-butoxypro-
pan-2-ol. IARC Monogr Eval Carcinog Risks Hum. 2006;
88: 1-478, indexed in Pubmed: 17366697.

Ji S, Thomforde J, Rogers C, et al. Transcriptional Bypass
of DNA-Protein and DNA-Peptide Conjugates by T7 RNA
Polymerase. ACS Chem Biol. 2019; 14(12): 2564-2575, doi:
10.1021/acschembio.9b00365, indexed in Pubmed: 31573793.
Ji S, Fu I, Naldiga S, et al. 5-Formylcytosine mediated
DNA-protein cross-links block DNA replication and induce

©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2021
10.5603/FHC.a2021.0013

ISSN 0239-8508, e-ISSN 1897-5631

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

Yali She et al.

mutations in human cells. Nucleic Acids Res. 2018; 46(13):
6455-6469, doi: 10.1093/nar/gky444, indexed in Pubmed:
29905846.

Permana PA, Snapka RM. Aldehyde-induced protein-DNA
crosslinks disrupt specific stages of SV40 DNA replication.
Carcinogenesis. 1994; 15(5): 1031-1036, doi: 10.1093/car-
¢in/15.5.1031, indexed in Pubmed: 8200064.

Zhang L, Luo Y, Lu Z, et al. Astragalus polysaccharide in-
hibits ionizing radiation-induced bystander effects by regu-
lating MAPK/NF-kB signaling pathway in bone mesenchymal
stem cells (BMSCs). Med Sci Monit. 2018; 24: 4649-4658,
doi: 10.12659/MSM.909153, indexed in Pubmed: 29976920.
Zhu J, Fu W, Jia W, et al. Association between NER pathway
gene polymorphisms and wilms tumor risk. Mol Ther Nucle-
ic Acids. 2018; 12: 854-860, doi: 10.1016/j.0mtn.2018.08.002,
indexed in Pubmed: 30161024.

Kojima Y, Machida YJ. DNA-protein crosslinks from envi-
ronmental exposure: Mechanisms of formation and repair.
Environ Mol Mutagen. 2020; 61(7): 716-729, doi: 10.1002/
em.22381, indexed in Pubmed: 32329115.

Baker DJ, Wuenschell G, Xia L, et al. Nucleotide excision
repair eliminates unique DNA-protein cross-links from
mammalian cells. J Biol Chem. 2007; 282(31): 22592-22604,
doi: 10.1074/jbc.M 702856200, indexed in Pubmed: 17507378.
Buschta-Hedayat N, Buterin T, Hess MT, et al. Recognition
of nonhybridizing base pairs during nucleotide excision repair
of DNA. Proc Natl Acad Sci U S A. 1999; 96(11): 6090-6095,
doi: 10.1073/pnas.96.11.6090, indexed in Pubmed: 10339546.
Wood R. DNA damage recognition during nucleotide ex-
cision repair in mammalian cells. Biochimie. 1999; 81(1-2):
39-44, doi: 10.1016/s0300-9084(99)80036-4, indexed in Pu-
bmed: 10214908.

Yasuda G, Nishi R, Watanabe E, et al. In vivo destabiliza-
tion and functional defects of the xeroderma pigmentosum C
protein caused by a pathogenic missense mutation. Mol Cell
Biol. 2007; 27(19): 6606-6614, doi: 10.1128/MCB.02166-06,
indexed in Pubmed: 17682058.

Servant G, Streva VA, Derbes RS, et al. The nucleotide ex-
cision repair pathway limits L1 retrotransposition. Genetics.
2017; 205(1): 139-153, doi: 10.1534/genetics.116.188680, in-
dexed in Pubmed: 28049704.

Sijbers A, Laat Wde, Ariza R, et al. Xeroderma pigmentosum
group F caused by a defect in a structure-specific DNA repair
endonuclease. Cell. 1996; 86(5): 811-822, doi: 10.1016/s0092-
8674(00)80155-5, indexed in Pubmed: 8797827.

O’Donovan A, Davies AA, Moggs JG, et al. XPG endo-
nuclease makes the 3’ incision in human DNA nucleotide
excision repair. Nature. 1994; 371(6496): 432-435, doi:
10.1038/371432a0, indexed in Pubmed: 8090225.

Cassee FR, de Burbure CY, Rambali B, et al. Subchronic in-
halation of mixtures of cigarette smoke constituents in Xpa-
/-p53+/- knock-out mice: a comparison of intermittent with
semi-continuous exposure to acetaldehyde, formaldehyde,
and acrolein. Food Chem Toxicol. 2008; 46(2): 527-536, doi:
10.1016/j.£ct.2007.08.043, indexed in Pubmed: 17936466.
Saijo M, Kuraoka I, Masutani C, et al. Sequential binding
of DNA repair proteins RPA and ERCCI1 to XPA in vitro.
Nucleic Acids Res. 1996; 24(23): 4719-4724, doi: 10.1093/
nar/24.23.4719, indexed in Pubmed: 8972858.

Lindsey-Boltz LA, Kemp MG, Reardon JT, et al. Coupling
of human DNA excision repair and the DNA damage check-
point in a defined in vitro system. J Biol Chem. 2014; 289(8):
5074-5082, doi: 10.1074/jbc.M113.542787, indexed in Pu-
bmed: 24403078.

www.journals.viamedica.pl/folia_histochemica_cytobiologica


http://dx.doi.org/10.1242/jcs.075325
https://www.ncbi.nlm.nih.gov/pubmed/21224401
http://dx.doi.org/10.1128/JB.00417-09
https://www.ncbi.nlm.nih.gov/pubmed/19617358
http://dx.doi.org/10.1007/978-94-007-0526-5_3
http://dx.doi.org/10.1007/s11655-015-2324-x
https://www.ncbi.nlm.nih.gov/pubmed/26643507
http://dx.doi.org/10.1016/j.biopha.2018.01.140
https://www.ncbi.nlm.nih.gov/pubmed/29428665
http://dx.doi.org/10.1016/j.ijbiomac.2018.12.207
http://dx.doi.org/10.1016/j.ijbiomac.2018.12.207
https://www.ncbi.nlm.nih.gov/pubmed/30586589
http://dx.doi.org/10.3389/fphar.2020.00349
https://www.ncbi.nlm.nih.gov/pubmed/32265719
http://dx.doi.org/10.1016/j.critrevonc.2016.07.002
https://www.ncbi.nlm.nih.gov/pubmed/27497028
http://dx.doi.org/10.1186/s13020-015-0043-z
https://www.ncbi.nlm.nih.gov/pubmed/26161135
http://dx.doi.org/10.1142/S0192415X19500319
https://www.ncbi.nlm.nih.gov/pubmed/31122040
http://dx.doi.org/10.1159/000447841
https://www.ncbi.nlm.nih.gov/pubmed/27607448
http://dx.doi.org/10.2741/1856
https://www.ncbi.nlm.nih.gov/pubmed/16146790
https://www.ncbi.nlm.nih.gov/pubmed/17366697
http://dx.doi.org/10.1021/acschembio.9b00365
https://www.ncbi.nlm.nih.gov/pubmed/31573793
http://dx.doi.org/10.1093/nar/gky444
https://www.ncbi.nlm.nih.gov/pubmed/29905846
http://dx.doi.org/10.1093/carcin/15.5.1031
http://dx.doi.org/10.1093/carcin/15.5.1031
https://www.ncbi.nlm.nih.gov/pubmed/8200064
http://dx.doi.org/10.12659/MSM.909153
https://www.ncbi.nlm.nih.gov/pubmed/29976920
http://dx.doi.org/10.1016/j.omtn.2018.08.002
https://www.ncbi.nlm.nih.gov/pubmed/30161024
http://dx.doi.org/10.1002/em.22381
http://dx.doi.org/10.1002/em.22381
https://www.ncbi.nlm.nih.gov/pubmed/32329115
http://dx.doi.org/10.1074/jbc.M702856200
https://www.ncbi.nlm.nih.gov/pubmed/17507378
http://dx.doi.org/10.1073/pnas.96.11.6090
https://www.ncbi.nlm.nih.gov/pubmed/10339546
http://dx.doi.org/10.1016/s0300-9084(99)80036-4
https://www.ncbi.nlm.nih.gov/pubmed/10214908
http://dx.doi.org/10.1128/MCB.02166-06
https://www.ncbi.nlm.nih.gov/pubmed/17682058
http://dx.doi.org/10.1534/genetics.116.188680
https://www.ncbi.nlm.nih.gov/pubmed/28049704
http://dx.doi.org/10.1016/s0092-8674(00)80155-5
http://dx.doi.org/10.1016/s0092-8674(00)80155-5
https://www.ncbi.nlm.nih.gov/pubmed/8797827
http://dx.doi.org/10.1038/371432a0
https://www.ncbi.nlm.nih.gov/pubmed/8090225
http://dx.doi.org/10.1016/j.fct.2007.08.043
https://www.ncbi.nlm.nih.gov/pubmed/17936466
http://dx.doi.org/10.1093/nar/24.23.4719
http://dx.doi.org/10.1093/nar/24.23.4719
https://www.ncbi.nlm.nih.gov/pubmed/8972858
http://dx.doi.org/10.1074/jbc.M113.542787
https://www.ncbi.nlm.nih.gov/pubmed/24403078

Astragalus polysaccharide protects bone marrow mesenchymal stem cells

42.

43.

Byrne BM, Oakley GG. Replication protein A, the laxative
that keeps DNA regular: The importance of RPA phospho-
rylation in maintaining genome stability. Semin Cell Dev Biol.
2019; 86: 112-120, doi: 10.1016/j.semcdb.2018.04.005, indexed
in Pubmed: 29665433.

Krasikova YS, Rechkunova NI, Maltseva EA, et al. Lo-
calization of xeroderma pigmentosum group A protein
and replication protein A on damaged DNA in nucle-

©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2021
10.5603/FHC.a2021.0013

ISSN 0239-8508, e-ISSN 1897-5631

44,

133

otide excision repair. Nucleic Acids Res. 2010; 38(22):
8083-8094, doi: 10.1093/nar/gkq649, indexed in Pubmed:
20693538.

Krasikova YS, Rechkunova NI, Maltseva EA, et al. RPA and
XPA interaction with DNA structures mimicking intermedi-
ates of the late stages in nucleotide excision repair. PLoS One.
2018; 13(1): e0190782, doi: 10.1371/journal.pone.0190782,
indexed in Pubmed: 29320546.

Submitted: 26 January, 2021
Accepted after reviews: 10 May, 2021
Available as AoP: 19 May, 2021

www.journals.viamedica.pl/folia_histochemica_cytobiologica


http://dx.doi.org/10.1016/j.semcdb.2018.04.005
https://www.ncbi.nlm.nih.gov/pubmed/29665433
http://dx.doi.org/10.1093/nar/gkq649
https://www.ncbi.nlm.nih.gov/pubmed/20693538
http://dx.doi.org/10.1371/journal.pone.0190782
https://www.ncbi.nlm.nih.gov/pubmed/29320546

FOLIA HISTOCHEMICA ORIGINAL PAPER m
ET CYTOBIOLOGICA ——
Vol. 59, No. 2, 2021

pp- 134-143

VIA MEDICA

Golgi a-mannosidase II mediates the formation
of vascular smooth muscle foam cells under
inflammatory stress

Kelan Zha*, Qiang Ye*

Department of Cardiology, The Affiliated Hospital of Southwest Medical University, Luzhou, China
#Both authors contributed equally to the manuscript and thus share the first authorship.

Abstract

Introduction. Vascular smooth muscle cells (VSMCs)-based foam cell formation is a crucial factor in the ath-
erosclerosis process. We aimed to explore the mechanism of Golgi a-mannosidase II (GMII) effects on the
VSMCs-based foam cell formation.

Material and methods. VSMCs were exposed to different concentrations of low-density lipoproteins (LDLs),
lipopolysaccharide (LPS), and/or GMII inhibitor (swainsonine). The qRT-PCR and western blot were used for
expression analysis. Oil Red O staining was used to verify changes of lipid droplets in VSMCs. The translocation
of the SCAP from the endoplasmic reticulum (ER) to Golgi was detected by immunofluorescence (IF).
Results. LPS disrupted the LDLs-mediated regulation of LDL receptor (LDLr) and increased intracellular
cholesterol ester, which was inversely inhibited by swainsonine. The activity of a-mannosidase II and GMII
expression were decreased by LDLs but increased by the addition of LPS. Conversely, LPS-induced enhance-
ment was reversed by swainsonine. Additionally, swainsonine reversed the LPS-induced increase of intracellular
lipid droplets in the presence of LDLs. Expression analysis demonstrated that LDLr, SCAP, and SREBP2 were
up-regulated by LPS, but reversed by swainsonine in LDLs-treated cells. IF staining revealed that swainsonine
inhibited the translocation of SCAP to Golgi under inflammatory stress.

Conclusions. Collectively, swainsonine restrained LDLr expression to suppress the formation of VSMCs-based
foam cells by reducing SREBP2 and SCAP under inflammatory stress conditions, suggesting that GMII contributes
to the formation of VSMCs-based foam cells under inflammatory stress. (Folia Histochemica et Cytobiologica
2021, Vol. 59, No. 2, 134-143)

Key words: vascular smooth muscle cells; foam cells; LDLr; Golgi a-mannosidase

Introduction is characterized by intimal accumulation of lipids

(mainly cholesterol and cholesterol esters), the pro-
Atherosclerosis is a chronic progressive inflammato-  liferation of vascular smooth muscle cells (VSMCs),
ry disease with high incidence and mortality, which ~ and the infiltration of inflammatory cells in the wall
of arteries [1, 2]. Particularly, VSMCs play a key
role in atherogenesis by proliferating and migrating
excessively in response to repeated injuries [3]. Foam
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Mechanism of (VSMCs)-based foam cells formation

of atherosclerotic lesion development, from initial
lesions to advanced plaques [6]. In an early athero-
sclerotic lesion, the fatty streak appears on the arterial
wall. With the progress of atherosclerosis, foam cells
begin to release matrix-degrading enzymes, causing
plaque rupture and blood vessel occlusion [7]. In
pathological conditions, foam cells are derived from
different cell types, including VSMCs and macrophag-
es that originate from circulating monocytes [8].

Previous studies have focused on the accumulation
of lipids in macrophages and vascular endothelial
cells to form foam cells that deposit in the arterial
wall. However, a limited number of studies focused
on the role of VSMCs-based foam cells in the devel-
opment of atherosclerosis. Recently, VSMCs were
demonstrated to form foam cells after exposure to
cholesterol or lipoproteins [9]. Notably, VSMCs-
based foam cells account for about 45-90% of all foam
cells [6]. Nevertheless, the mechanisms underlying
the formation of VSMCs-based foam cells have not
been explained.

It is widely accepted that the formation of foam
cells is related to the dysregulation of intracellular
cholesterol metabolism. Golgi a-mannosidase 11
(GMII), sterol regulatory element-binding proteins
(SREBPs), and SREBP cleavage-activating protein
(SCAP) are important components of the intracellular
cholesterol regulation system. GMII is a key glyco-
syl-hydrolase in the N-linked glycosylation pathway
[10], which is required for SCAP glycosylation [11].
Additionally, SREBP?2 is a transcription factor for
the low-density lipoprotein (LDL) receptor (LDLr)
gene, which is involved in cholesterol uptake [12].
SCAP can regulate the activity of SREBPs by adjust-
ing their subcellular localization [13]. This feedback
mechanism consisting of SCAP and SREBP2 can
timely regulate intracellular cholesterol concentration
under physiological conditions [14].

Inflammation participates in the pathophysiolog-
ical process of atherosclerosis in many ways. Innate
immune cells can secrete inflammatory mediators
and promote the early stage of the atherosclerosis
process [15]. Studies have shown that based on the
pathophysiology of atherosclerosis, anti-inflammatory
treatments are highly likely to be used to prevent
atherosclerotic thrombosis [16].

Therefore, the present study aimed to investigate
whether GMII affecting the VSMCs-based foam cells
formation through the SCAP and SREBP2 pathway,
so as to provide a new direction for the diagnosis
and treatment of atherosclerosis. As consequence,
the study preliminarily demonstrated that under in
vitro conditions GMII contributes to the formation
of VSMCs-based foam cells under inflammatory
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stress by promoting the translocation of SCAP com-
plex from ER to Golgi, producing N-SREBP2 and
eventually activating LDLr and lipid accumulation
in VSMCs.

Materials and methods

Cell culture and treatments. Human VSMCs from the
coronary artery (TCS Cellworks, Buckingham, UK) were
a gift from Professor X.Z. Ruan, University College Lon-
don, London, England, UK. Human VSMCs were cultured
in DMEM/F-12 (1:1) medium (Hyclone, Beijing, China),
supplemented with 20% fetal bovine serum (FBS), 2 mmol/l
glutamine, 100 U/ml penicillin, 100 ug/ml streptomycin un-
der a humidified atmosphere at 37°C and 5% CO,.

LDLs were isolated from the plasma of healthy human
volunteers by sequential ultracentrifugation in the presence of
3 mmol/l EDTA, as previously described [17]. The plasma of
healthy human volunteers was purchased from Luzhou Blood
Center (Sichuan, China). After preparation of LDLs, cells were
exposed to different concentrations of LDLs (25, 50, 100 and
200 ug/ml), lipopolysaccharide (LPS; 50, 100, 200, 400 ng/ml)
and/or swainsonine (2.5, 5, and 7.5 ug/ml) according to the
study design. LPS (from Escherichia coli, Cat. No. L4391)
and swainsonine (Cat. No. 72741-87-8) were purchased from
Sigma-Aldrich Corp. (Saint Louis, MO, USA). Cells exposed
to DMEM/F-12 (1:1) medium were used as the control.

Total RNA isolation and real-time quantitative polymerase
chain reaction (QRT-PCR). Total RNA was isolated from
VSMCs using RNAiso kit (Takara, Dalian, China). Total RNA
(1 mg), was used as a template for reverse transcription using
Takara prime Script QRT-PCR Kit (Takara). qRT-PCR was
performed in an ABI 7000 Sequence Detection System (Ap-
plied Biosystems, Waltham, MA, USA) using SYBR Green
PCR Kit (Invitrogen, Carlsbad, CA, USA). GAPDH was used
as an endogenous control to calculate the mRNA relative ex-
pression [18]. All the PCR primers were designed by Primer
Express Software V2.0. PCR primer sequences were available
in Table 1. The relative amount of mRNA was calculated using
the comparative threshold cycle method.

Measurement of intracellular cholesterol. Treated cells were
washed twice in phosphate-buffered saline (PBS); intracel-
lular lipids were extracted in a chloroform/methanol (2:1)
mix and dried under a vacuum. The total cholesterol, free
cholesterol, and cholesterol ester content were measured
by an enzymatic assay, as described previously [19], and
normalized by total cell proteins determined by the Lowry
assay (KeyGEN, Nanjing, China).

Activity assay of a-mannosidase. The activity of a-man-

nosidase was determined using an Alpha-Mannosidase
Assay Kit (Cat: ab272519, Abcam, USA) according to the
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Table 1. Primers used for qRT-PCR analysis

Kelan Zha, Qiang Ye

Gene Primer sequence (Forward) Primer sequence (Reverse)

LDLr 5’-GTGTCACAGCGGCGAATG-3 5’-CGCACTCTTTGATGGGTTCA-3’
SREBP2 5’-CCGCCTGTTCCGATGTACAC-3 5’-TGCACATTCAGCCAGGTTCA-3’
SCAP 5’-GGGAACTTCTGGCAGAATGACT-3’ 5’-CTGGTGGATGGTCCCAATG-3
p-actin 5’-CCTGGCACCCAGCACAAT-¥ 5’-GCCGATCCACACACGGAGTACT-3

qRT-PCR — quantitative Reverse Transcription-Polymerase Chain Reaction

manufacturer’s instruction. Briefly, the supernatant was
firstly prepared from the homogenate of treated cells. Then,
standards (100 ul) and samples (10 ul) were added into
appropriate wells; subsequently, after adding the ¢-manno-
sidase substrate, reaction mixes were incubated for 10 min
at 25°C. The reaction was terminated with a stop reagent.
The absorbance was detected at 405 nm. The ¢-mannosidase
activity was calculated using the formula: @-mannosidase
activity = (OD_,_,. — OD, )/Slope (linear regression fit
of the standard data points) X Dilution factor.

Morphological examination by Oil Red O (ORO) staining.
Treated cells were firstly washed three times with PBS and
then fixed with 5% formalin solution in PBS for 30 min.
Subsequently, the fixed-cells were stained with ORO for
20 min and counterstained with hematoxylin for another
5 min. Finally, cell morphology was visualized under Olym-
pus BX43 light microscope (Olympus, Tokyo, Japan).

Protein isolation and Western blots analysis. The cells were
washed twice with PBS, placed at 4°C, and lysed for 10 min
in lysis buffer. The concentration of protein was measured
by bicinchoninic acid (BCA) (Solarbio, Beijing, China).
After denaturation, the protein was electrophoresed on 8%
SDS polyacrylamide gel in a Bio-Rad micro protein device
(Bio-Rad, Hercules, CA, USA), then the membrane was trans-
ferred (100 V, 350 mA). After blocking with 5% skim milk,
the following antibodies were diluted with antibody dilution
buffer, and the protein strips were incubated at 4°C: rabbit
anti-GMII antibody (Cat. No. ab224611, Abcam, Cambridge,
UK), rabbit anti-LDLr antibody (1:1500, Cat. No. A00076-2,
Boster, Wuhan, China), goat anti-SREBP2 antibody (1:1500,
R&D Systems, Minneapolis, MN, USA), mouse anti-SCAP
antibody (1:2000, Cat. No. sc-13553, Santa Cruz Biotechno-
logy, Santa Cruz, CA, USA), and mouse anti-3-actin antibody
(1:5000, Cat. No. A1978, SigmaAldrich). Rabbit anti-mouse
(1:5000, Cat. No. sc-358914, Santa Cruz Biotechnology) or
goat anti-rabbit HRP-labeled antibodies (1:5000, Cat. No. sc-
2357, Santa Cruz Biotechnology) were used as the secondary
antibodies correspondingly. Finally, detection procedures were
performed using an ECL Advance TM western blotting de-
tection kit, and autoradiography was performed on Hyperfilm
TM ECL (Amersham Bioscience, Bucks, UK).
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Immunofluorescence (IF) staining. The treated cells were
fixed with 4% paraformaldehyde for 10 min and washed with
PBS with 0.05% Tween-20 (SigmaAldrich) for 5 min. Then
cells were permeabilized with 0.02% TritonX-100 (Solarbio)
and blocked with goat serum (Solarbio) for 1 h. All the cells
were incubated with rabbit anti-human SCAP antibody
(1:100, Cat. No. ab190103, Abcam) and mouse anti-Golgi
antibody (1:100, Cat. No. A-21270, Invitrogen) for 12 h at
4°C. After washing three times using PBS/Tween-20 over
30 min, cells were dual-stained with goat anti-rabbit IgG
(H+L) highly cross-adsorbed secondary antibody, Alexa
Fluor 488 (green) for SCAP (1:100, Cat. No. A-11034, In-
vitrogen) and goat anti-mouse IgG (H+L) highly cross-ad-
sorbed secondary antibody, Alexa Fluor 594 (red) for Gol-
gin (1:100, Cat. No. A-11032, Invitrogen) for 1 h at room
temperature. Finally, cells were observed under a Leica
TCS SP8 confocal microscope (Leica, Wetzlar, Germany).

Statistical analysis. Statistical analysis was performed with
IBM SPSS statistics 17.0 (SPSS Inc., Chicago, IL, USA).
All data were expressed as means = standard deviation.
Comparison between groups was performed with repeat-
ed-measures analysis of variance (ANOVA) followed by
least-significant difference (LSD) post-hoc test. p < 0.05
was considered statistically significant.

Results

GMII inhibitor reverses the LPS-induced damage
of LDLs-related LDLr negative feedback regulation
We investigated the impact of LPS-simulated inflam-
mation on the negative feedback regulation of LDLr
and choose the suitable concentration for the following
experiments. We found that LDLs concentration at 25,
50, 100, 200 wg/ml significantly inhibited the expres-
sion of LDLr at the mRNA level (Fig. 1A, p < 0.05).
LDLs at 25 ug/ml were sufficient to trigger negative
feedback regulation, so the LDLs concentration used
in this experiment was 25 ug/ml (Fig. 1A). Then,
LPS was used to activate the inflammatory response.
In the presence of LDLs (25 ug/ml), LDLr mRNA
level was obviously up-regulated by LPS at 400 ng/ml
(p < 0.01, Fig. 1B).
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Figure 1. GMII inhibitor swainsonine reverses the LPS-induced damage of LDLs-related LDLr negative feedback regulation
in cultured Vascular Smooth Muscle Cells (VSMCs). A. The optimal concentration of LDL triggering negative feedback
regulation of LDLr. B. The optimal concentration of LPS that affected LDLr mRNA expression. C. The cholesterol ester
content at optimal LDL concentration was affected by different concentrations of LPS. D. The optimal concentration of
swainsonine that influenced LDLr mRNA expression. Data are expressed as means = SD. *p < 0.05, **p < 0.01, and
##%p < 0.001 vs. control; ##p < 0.01, #*##p < 0.001 vs. LDL, ***p < 0.001 vs. LDL + LPS.

Then, we further verified the cholesterol ester
content in VSMCs. Cholesterol ester content was
increased by LPS at 400 ng/ml (p < 0.001), as shown
in Figure 1C. Furthermore, in the presence of LDLs
(25 ng/ml), swainsonine at a concentration of 2.5 ug/ml
effectively reversed the up-regulation of LDLr
mRNA mediated by LPS (p < 0.001, Fig. 1D). Taken
together, based on the negative feedback regulation
of LDLr, swainsonine could decrease the expression
of LDLr under inflammatory stress conditions,
indicating that GMII may be involved in foam cell
formation. Moreover, the concentrations of LDLs,
LPS, and swainsonine selected in the following ex-
periments were 25 ug/ml, 400 ng/ml, and 2.5 pg/ml,
respectively.

Swainsonine inhibits the GMII up-regulation under
inflammatory stress conditions

To explore whether GMII participates in the regu-
lation of LDLr, we explored the expression of GMII
under inflammatory agent, LPS, stimulation. As
expected, LPS up-regulated the protein expression
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of GMII in the presence of LDLs (p < 0.01, Fig.
2A). Moreover, LDLs decreased a-mannosidase
activity (p < 0.05), but LPS reversed this effect and
increased the a¢-mannosidase activity (p < 0.01).
Meanwhile, the swainsonine decreased the activ-
ity of a-mannosidase (p < 0.001, Fig. 2B). Taken
together, inflammation stress induced the up-reg-
ulation of GMII protein and GMII activity which
was involved in the negative feedback regulation
of LDLr expression.

GMII inhibitor reduces cholesterol ester up-regula-
tion under inflammatory stress conditions

Swainsonine, as an inhibitor of GMII, was used to
further verify the relationship between the GMII and
intracellular cholesterol ester. As shown in Figure 3A,
compared with the control group, LDLs increased
the number of lipid droplets in the VSMCs, which
was further enhanced by LPS treatment. Moreover,
swainsonine inhibited LPS-induced lipid droplet ac-
cumulation in VSCMs (Fig. 3A). Figure 3B showed
that LDLs increased the cholesterol ester content
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(p < 0.05); after LPS treatment, the cholesterol ester
content was further increased (p < 0.01). After treat-
ment with swainsonine, the content of cholesterol
ester of VSMCs was decreased, despite LPS had
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augmented

<0.01vs. LDL,

its level (p < 0.001). Thus, swainsonine

reduced the level of intracellular cholesterol ester,
indicating that GMII was involved in the accumula-
tion of lipids.
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GMII inhibitor decreases the expression of LDLr,
SREBP2, and SCAP as well as the SCAP
translocation under inflammatory stress conditions
We measured the expression of the LDLr negative
feedback modulation-related proteins to explore
the molecular mechanism of GMII regulation in
VSMCs-based foam cells under inflammatory stress
conditions. By the use of qRT-PCR, we found that
LDLs inhibited the expression of LDLr, SCAP, and
SREBP2 mRNAs (p < 0.05, Fig. 4A). Intriguingly,
LPS increased mRNA levels of LDLr, SCAP, and
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SREBP2 in the presence of LDL (p < 0.01), over-
coming the suppression induced by LDLs (Fig. 4A).
Swainsonine reversed the LPS-induced up-regula-
tion of LDLr, SCAP, and SREBP2 mRNA levels
(p <0.001), as shown in Fig. 4A. Western blot analysis
demonstrated similar results to qRT-PCR measure-
ments since swainsonine reversed the elevated protein
levels of LDLr, SCAP, and SREBP2 induced by LPS
(p < 0.01, Fig. 4B).

Furthermore, IF staining showed that LDLs in-
hibited the translocation of SCAP from ER to Golgi
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in VSCMs; however, in the presence of LDLs, LPS
increased the translocation of SCAP from ER to
Golgi. It’s worth noting that swainsonine reduced
LPS-induced SCAP translocation (Fig. 4C). Taken
together, swainsonine inhibited the expression of
LDLr, SREBP2, and SCAP as well as the SCAP
translocation in LDLs- and LPS-treated VSMCs,
implying that GMII may contribute to the formation
of VSMCs-based foam cells under inflammatory stress
conditions, by up-regulating the SCAP expression,
promoting SCAP translocation from ER to Golgi,
activating SREBP2 and eventually activating LDLr
negative feedback.

Discussion

Studies over the past years demonstrated various
mechanisms of atherosclerosis [20, 21], particularly
the formation of foam cells due to an imbalance in
intracellular lipid regulation. Furthermore, mac-
rophage-derived foam cells have attracted extensive
scholars’ attention while VSMCs-derived foam cells
got less noticed. Our study found that with the par-
ticipation of inflammatory factors, GMII can activate
the LDLr and promote lipid accumulation by the
SREBP2-SCAP pathway to promote the formation
of foam cells.

It has been established that the aggregation of
LDLs is a primary cause of atherosclerosis [22]. LDLr
expression is usually controlled by strict metabolic
regulation in a negative feedback system that is de-
pendent on intracellular cholesterol concentration
[23]. When cells lack or contain more cholesterol than
physiological needs, the up-regulation or down-reg-
ulation of 3-hydroxy-3-methylglutaryl-coenzyme-A
reductase (HMGCoAR) and LDLr is respectively
mediated through a negative feedback mechanism. It
is closely controlled by two other proteins, SREBP2
and SREBP-SCAP, which are important for main-
taining the balance of cholesterol in cells [24, 25]. As
indicated in our study, the expression of LDLr mRNA
was restrained by LDLs, suggesting that LDLs trigger
negative feedback regulation of LDLr in VSMCs.

Inflammation is an all-important factor in the
atherosclerotic process [26]. Inflammatory media-
tors, secreted by the immune cells, can lead to the
early stage of the atherosclerotic process [27]. Some
studies have announced that inflammatory cytokines
can modify cholesterol-mediated LDLr regulation
in mesangial cells, allowing unmodified LDLs ac-
cumulation in cells and causing foam cell formation
[28, 29]. In our study, when LDLs were present, LPS
disrupted the negative feedback regulation of LDL.r.
LPS increased the expression of LDLr at the mRNA
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level and intracellular cholesterol ester content. Previ-
ously, studies have shown that intracellular cholesterol
accumulation could obstruct mitochondrial function
[30] and increase sensitivity to inflammation [31],
thus affecting negative feedback regulation of LDLr
[32, 33]. Ma et al. also reproted that inflammation
increased lipid accumulation in VSMCs by disrupting
LDLr feedback regulation [34], which further sup-
ports our present findings.

GMII, a key glycosyl-hydrolase in the N-linked
glycosylation pathway, is an attractive target for in-
hibition with anti-inflammatory outcomes [10, 36]. It
was reported to mediate the glycosylation of SCAP,
which regulates cholesterol homeostasis through its
interactions with SREBP-1 and -2 [14]. Accordingly,
we have investigated whether and how GMII regulates
the VSMCs-based foam cell formation by affecting
regulation of cholesterol homeostasis. Firstly, we
found that LDLs reduced the expression of GMII at
the protein level and inhibited the activity of GMII,
and that LPS reversed the effect caused by LDLs.
Consisting with our results, the exposure of THP-1
macrophages to inflammatory cytokines upregulated
the expression of GMII in the presence of LDLs [37].
This evidence implied the participation of GMII in
cholesterol metabolism.

Given that foam cell formation is directly related to
intracellular cholesterol accumulation [39], swainso-
nine, a potent inhibitor of GMII, was used for verifying
the role of GMII in cholesterol regulation. As expect-
ed, swainsonine reversed the LPS-induced increase of
intracellular cholesterol content and GMII activity,
which suggested that GMII was indeed involved in
cholesterol metabolism regulation in some way. In
addition, intracellular lipid droplets distribution is
an intuitive method to observe lipid accumulation.
We found that LDLs increased the number of lipid
droplets in VSMCs, which was further enhanced by
the LPS treatment. Moreover, swainsonine inhibited
LPS-induced lipid droplet accumulation in VSCMs.
Therefore, we concluded that GMII may participate
in the process of foam cell formation by affecting lipid
accumulation.

Subsequently, we investigated the possible mech-
anisms of GMII regulating foam cell formation by
detecting the expression of proteins related to the
feedback regulation of cholesterol metabolism.
Results of both PCR and western blot showed that
swainsonine inhibited the expression of LDLr, SRE-
BP2, and SCAP proteins under inflammatory stress
conditions. Mechanically, the feedback regulation of
cholesterol metabolism is maintained by the release
of SREBPs from cell membranes [42]. As previous-
ly reported, the SCAP-SREBP2 complex not only
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controls cholesterol biosynthesis but also serves as
a signaling hub integrating cholesterol metabolism with
pro-inflammatory activity of macrophages [43]. When
cells are deprived of intracellular cholesterol, SCAP
transfers SREBP2 from the ER to the Golgi, where
it is cleaved by two membrane-bound proteases [44].
At the same time, SCAP is glycosylated by the contin-
uous action of GMI, GMII, and GlcNAc transferase
I, and then recycled to ER [37]. Then, the N-terminal
fragment of SREBP2 (N-SREBP2) is released from
Golgi to the nucleus, and binds to sterol regulatory
elements in HMGCoAR and LDLr promoters, even-
tually activating the transcription of genes required
for lipid synthesis and uptake [37, 42, 44]. In states
of intracellular cholesterol overload, the SCAP-SRE-
BP2 complex remains in ER, and SREBP-2 cannot
be processed by the protease in Golgi apparatus.
Subsequently, LDLr and HMGCoAR expression
were down-regulated and the intracellular cholesterol
content was reduced [24]. Considering these evidence
and results of our study, we propose a following po-
tential functional mechanism for the VSMCs-based
foam cell formation. Inflammatory stress can increase
the activity of GMII, which promotes the expression
of SCAP and SREBP2, and increases glycosylation of
SCAP, as well as translocation of the SCAP from the
ER to Golgi apparatus, thereby activating the LDLr
expression, increasing cholesterol uptake, and leading
to the VSMCs-based foam cell formation. As indicat-
ed by immunofluorescent staining, under the action
of LDLs, LPS promoted the translocation of SCAP
from ER to Golgi, whereas swainsonine inhibited
the LPS-induced SCAP translocation to Golgi, which
further supported the above mechanism. Similar to
our findings, Zhou et al. recently reported that the
increased activity of GMII promoted complex-type
conversion of SCAP N-glycans, which in turn mediat-
ed SREBP?2 activation, and thereby led to intracellular
cholesterol accumulation and foam cell formation
in cultured VSMCs [45]. SREBP1, which belongs to
the SREBP family with two isoforms (SREBP1-a and
SREBP1-c), is another important transcriptional reg-
ulator of lipogenesis [46]. SREBP1 could regulate fat-
ty acid synthesis, cholesterol synthesis, and cholesterol
uptake [47]. SREBP1, as an inactive precursor, also
forms a complex with SCAP (SCAP-SREBP1) in the
ER membrane [48]. Consisting with the SCAP-SRE-
BP2 complex, the SCAP-SREBP1 complex is also
regulated by the concentration of sterols to activate
the transcription of lipogenic genes [49]. Overall,
GMII may contribute to the formation of foam cells
by promoting the SCAP-SREBPs complex formation
and activating LDLr in VSMSc. Unfortunately, in the
present study, the expression of SREBP1 was not di-
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rectly assessed; thus, in further studies, this proposed
potential mechanism needs to be verified.

In summary, we demonstrated that LPS-simulated
inflammation increased the expression of SREBP2
and SCAP by increasing the expression of GMII.
GMII further promoted the translocation of the
SCAP complex from ER to Golgi, producing more
N-SREBP2. Finally, LDLr was activated by N-SRE-
BP2 and promoted lipid accumulation in VSMCs.
These processes together mediated the formation
of foam cells. Our research provides a new direction
and understanding of the molecular mechanism of
atherosclerosis and further provides a new entry point
for exploring novel therapeutic strategies.
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