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Purpose: Postoperative cognitive dysfunction (POCD) is a complication of surgery characterized by acute cognitive dysfunc-
tion, memory impairment, and loss of attention. The effect of polydeoxyribonucleotide (PDRN) on the POCD environment
induced by lipopolysaccharide (LPS) and sevoflurane exposure were investigated in human neuronal SH-SY5Y cells.
Methods: The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and WST-8 assays were performed to
determine cell viability. Cyclic adenosine-3,5 -monophosphate (cAMP), tumor necrosis factor (TNF)-a, interleukin (IL)-1p,
and IL-6 concentrations were measured using enzyme-linked immunoassay (ELISA). Inmunocytochemistry was performed
for vascular endothelial growth factor (VEGF) and brain-derived neurotrophic factor (BDNF), and western blotting for
TNEF-a, IL-1pB, IL-6, and cAMP response element-binding protein (CREB).

Results: Induction of the POCD environment reduced cell viability in the MTT and WST-8 assays. PDRN treatment reduced
TNEF-a, IL-1f, and IL-6 expression in POCD conditions, and significantly increased cAMP concentrations and the p-CREB/
CREB ratio. PDRN treatment activated adenosine Axa receptors and then increased the expression of VEGF and BDNE which
had been reduced by LPS and sevoflurane exposure.

Conclusions: PDRN treatment showed a therapeutic effect on the LPS and sevoflurane-induced POCD environment. PDRN
was shown to have an excellent therapeutic effect on POCD, not only by promoting rapid anti-inflammatory effects in dam-
aged cells, but also by enhancing the expression of BDNF and VEGE
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o HIGHLIGHTS
- POCD is a complication of surgery characterized by acute cognitive dysfunction and memory impairment.
- PDRN promoted anti-inflammatory effects in POCD conditions.
- PDRN enhanced the expression of BDNF and VEGF in POCD conditions.
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INTRODUCTION

As global healthcare trends improve, the aged population has
steadily increased. However, as the population ages, surgery is
more often performed in older patients and those with a high
accompanying complication rate. Many older patients experi-
ence postoperative cognitive dysfunction (POCD) [1], which is
a surgical complication characterized by acute cognitive dys-
function, memory impairment, and loss of attention [2]. POCD
reduces the quality of life of patients, seriously increases the cost
burdens of medical care, and also raises the risk for mortality.
In addition, POCD can persist for a long time, potentially lead-
ing to severe degenerative brain diseases such as dementia [1,3].
Central nervous system (CNS) inflammation caused by an-
esthesia or surgery has been reported to play an important role
in the development of POCD [4,5]. In particular, anesthesia
and surgery have been shown to increase brain concentrations
of interleukin (IL)-1p and IL-6, leading to neuronal cell apopto-
sis and to the release of tumor necrosis factor (TNF)-a [6,7].
Learning and memory function have also been found to be im-
paired by surgery and anesthesia in experimental animals, ac-
companied by upregulation of pro-inflammatory cytokine lev-
els in both the blood and brain [8,9]. Therefore, there is a need
for a pharmacological treatment method based on a new un-
derstanding of the pathogenesis of POCD.
Polydeoxyribonucleotide (PDRN) extracted from salmon
sperm stimulates tissue repair in chronic wounds and burns
[10]. PDRN activates adenosine A, receptors to stimulate vas-
cular endothelial growth factor (VEGF) expression, resulting in
reduced ischemic damage and increased oxygen supply [11].
PDRN also exerts anti-inflammatory effects by inhibiting the
production of pro-inflammatory cytokines such as TNF-a and
IL-6 and enhancing the production of anti-inflammatory cyto-
kines such as IL-10 [12,13]. However, although the clinical ef-
fect of PDRN dramatically inhibits inflammation in various
diseases, its effects in the CNS remain unknown, and there have
been no reports of the efficacy of PDRN for improving POCD.
In this study, human neuronal SH-SY5Y cells were used to
investigate the effect of PDRN treatment on a POCD environ-
ment induced by lipopolysaccharide (LPS) and sevoflurane ex-
posure. In this study, MTT and WST-8 assays were performed
to determine cell viability. Cyclic adenosine-3,5"-monophos-
phate (cAMP), TNF-q, IL-1p, and IL-6 concentrations were
measured using enzyme-linked immunoassay (ELISA). Immu-
nocytochemistry was performed for VEGF and brain-derived
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neurotrophic factor (BDNF), and western blotting was per-
formed for TNF-a, IL-1p, IL-6, and cAMP response element-
binding protein (CREB).

MATERIALS AND METHODS

Cell Culture

Human neuroblastoma SH-SY5Y cells were purchased from
Korean Cell Line Bank (KCLB, Seoul, Korea). SH-SY5Y cells
were maintained in RPMI1640 medium supplemented with
heat-inactivated 10% fetal bovine serum, 1% streptomycin, and
penicillin. The cells were incubated under the conditions of 5%
CO: in a 37°C incubator. This study was approved by the Insti-
tutional Care and Use Committee of Kyung Hee University
(KHUASP [SE]-18-127).

Induction of the POCD Environment and PDRN Treatment

The POCD environment was induced according to the methods
described in a previous study [14]. Considering that POCD was
induced using an inflammatory and an inhalation anesthetic,
SH-SY5Y cells were plated at a density of 1x 10° cells/well in 96-
well plates. The culture medium was then changed to serum-free
with 1-pg/mL LPS (Escherichia coli serotype 026: B6; Sigma
Chemical Co., St. Louis, MO, USA) prior to PDRN treatment.
After LPS treatment, the cell culture was treated with PDRN
(PharmaResearch Product, Gangneung, Korea) at concentra-
tions of 4, 8, and 16 ug/mL. Immediately after PDRN treatment,
the plates were placed in an anesthetic acrylic chamber and ex-
posed to 4% sevoflurane with 30% O, and 70% N gas for 1 hour.

MTT Assay

After induction of the POCD environment and PDRN treat-
ment, MTT solution (Sigma Chemical Co.) was immediately
added to the drug-treated well plate at a final concentration of
0.05 mg/mL after drug treatment. The plate was placed in a rigid
chamber and exposed to 4% sevoflurane gas for 1 hour. Di-
methyl sulfoxide (Sigma Chemical Co.) (100 pL) was added and
shaken for 15 minutes to dissolve the MTT formazan crystals
that formed after anesthetic exposure. The wells in the plates
were analyzed using an ELISA plate reader (Thermo Fisher Sci-
entific Inc., Fair Lawn, NJ, USA) at a wavelength of 570 nm.

WST-8 Assay
Immediately after induction of the POCD environment and

PDRN treatment, 10 pL of WST-8 kit solution (Biomax, Seoul,
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Korea) was added to each well. After incubation at 37°C for 1
hour, the WST-8-reduced wells were placed in an ELISA mi-
croplate reader (Thermo Fisher Scientific Inc.) and the optical
density was measured at a wavelength of 450 nm.

ELISA Assay

Cell culture supernatants were collected for ELISA analysis to
measure levels of TNF-a, IL-6, IL-1B, and cAMP (Abcam,
Cambridge, UK). After induction of the POCD environment
and PDRN treatment, the cell supernatant was centrifuged at
1,000 x g at 4°C for 20 minutes to remove insoluble impurities.
Precoated well plates were washed before adding standard,
sample, and control wells. Standards, controls, and samples
were added to each well, incubated at 37°C for 90 minutes, and
the plates washed. Working solutions with biotin-labeled anti-
bodies were added to each well and incubated at 37°C for 60
minutes. Working solutions with streptavidin conjugates were
incubated in each well for 30 minutes at 37°C. TMB substrate
was then added and incubated at 37°C for 20 minutes. After in-
cubation, the solution was analyzed using a microplate reader
(Thermo Fisher Scientific Inc.) at a wavelength of 450 nm.

Western Blot

After induction of the POCD environment and PDRN treat-
ment, to obtain protein samples, SH-SY5Y cells were washed
once with phosphate-buffered saline (PBS) to remove the me-
dium. Radio immunoprecipitation assay buffer with ImM
PMSF (Cell Signaling Technology, Denver, CO, USA) was add-
ed to a 100-mm dish and incubated for 5 minutes on ice. Cells
were collected in 1.5-mL microcentrifuge tubes and briefly
sonicated. Cell lysates were centrifuged at 14,000 x g at 4°C for
20 minutes and the supernatants were collected. Protein (20 pg)
was loaded onto a 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis gel and electrotransferred to a nitrocellulose
membrane. The primary antibodies were mouse TNF-a anti-
body, mouse IL-6 antibody, mouse B-actin antibody, rabbit IL-6
antibody, rabbit CREB antibody, and rabbit phosphorylated
(p)-CREB antibody (Santa Cruz Biotechnology, Santa, CA,
USA). Secondary anti-mouse and anti-rabbit antibodies were
reacted at room temperature (RT) for 1 hour. The membrane
was detected by an enhanced chemiluminescence detection kit
(Bio-Rad, Hercules, CA, USA). The development band was
quantified by Image Pro Plus version 6.0 (Media Cybernetics
Inc., Silver Spring, MD, USA).

Int Neurourol J November 30, 2019

Jeong, etal. « Effect of Polydeoxyribonucleotide on POCD INJ

Immunofluorescence

To perform the immunofluorescence assay, the treated wells
were washed with PBS and fixed at RT for 30 minutes in 4%
paraformaldehyde. After blocking with 3% normal goat serum
and 1% bovine serum albumin (Vector Laboratory, Burlin-
game, CA, USA) for 1 hour, the well plate was incubated with
primary antibodies to BDNF (1:500; Santa Cruz Biotechnolo-
gy) and VEGF (1:500, Santa Cruz Biotechnology) at 4°C over-
night. After plate washes, the plates were incubated with sec-
ondary Alexa Fluor 488-goat anti-rabbit IgG (1:400; Vector
Laboratory) and Alexa Fluor 594-goat anti-mouse IgG (1:400;
Vector Laboratory) antibodies for 1.5 hours at RT. Cells were
counterstained with a 4’,6-diamidino-2-phenylindole mount-
ing solution (Vector Laboratory), and slide images were ana-
lyzed by fluorescence microscopy.

Statistical Analysis

Statistical analysis was performed using 1-way analysis of vari-
ance followed by the Duncan post hoc test using IBM SPSS Sta-
tistics ver. 23.0 (IBM Co., Armonk, NY, USA) and the results
were expressed as mean * standard error of the mean. Signifi-
cance was set to P <0.05.

RESULTS

Cell Viability Under POCD Conditions

To determine the cytotoxicity of POCD and how it was affected
by PDRN, the viability of cells in POCD conditions in SH-
SY5Y cells was measured using the MTT and WST-8 assays. As
shown in Fig. 1, cell viability in the MTT and WST-8 assays was
significantly decreased by the induction of POCD conditions
(P <0.05). However, PDRN treatment showed an enhancing ef-
fect on the viability of human neuronal SH-SY5Y cells in POCD
conditions (P <0.05). A PDRN concentration of 8 ug/mL more
potently improved cell viability.

Pro-inflammatory Cytokines in POCD Conditions

To determine the effect of PDRN on the expression of pro-in-
flammatory cytokines in SH-SY5Y cells in POCD conditions,
TNF-q, IL-1f, and IL-6 expressions were measured using ELI-
SA. As presented in Fig. 2, TNF-q, IL-1B, and IL-6 expression
was significantly increased by induction of POCD (P <0.05).
However, PDRN treatment suppressed TNF-q, IL-1f, and IL-6
expression in the SH-SY5Y cells in POCD conditions. A PDRN
concentration of 8 igg/mL more potently suppressed the expres-
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Fig. 1. Cell viability in conditions of postoperative cognitive dysfunction (POCD) in human neuronal SH-SY5Y cells. Left panel: The
cells were stained using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method. Right panel: The cells
were stained using the WST-8 method. A, control group; B, POCD-induced group; C, POCD-induced and 4-pug/mL PDRN-treated
group; D, POCD-induced and 8-ug/mL PDRN-treated group; E, POCD-induced and 16-pg/mL PDRN-treated group. *P <0.05 com-
pared to the control group. “P <0.05 compared to the POCD-induced group.

2,000 -

1,500

1,000

500

TNF-a concentration (pg/mL)

2,500

2,000

1,500

1,000

IL-6 concentration (pg/mL)

500

A B C D E

sion of pro-inflammatory cytokines.

Pro-inflammatory Cytokines in POCD Conditions
To determine the effect of PDRN treatment on the expression
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Fig. 2. Enzyme-linked immunoassay (ELISA) detection of tu-
mor necrosis factor (TNF)-q, interleukin (IL)-1B, and IL-6 ex-
pression in conditions of postoperative cognitive dysfunction
(POCD) in human neuronal SH-SY5Y cells. Upper left panel:
TNF-a expression determined using ELISA. Upper right panel:
IL-1P expression determined using ELISA. Lower panel: IL-6
expression determined using ELISA. A, control group; B,
POCD-induced group; C, POCD-induced and 4-pg/mL
PDRN-treated group; D, POCD-induced and 8-pg/mL PDRN-
treated group; E, POCD-induced and 16-pg/mL PDRN-treated
group. *P <0.05 compared to the control group. "P <0.05 com-
pared to the POCD-induced group.

of pro-inflammatory cytokines in SH-SY5Y cells in POCD
conditions, TNF-a, IL-1p, and IL-6 expression was measured
by western blotting, and the results are presented in Fig. 3.
TNEF-q, IL-1B, and IL-6 expression was significantly increased
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Fig. 3. Western blot analysis of tumor necrosis factor (TNF)-a,
interleukin (IL)-1B, and IL-6 expression in conditions of post-
operative cognitive dysfunction (POCD) in human neuronal
SH-SY5Y cells. Upper left panel: The relative expression of
TNF-a determined using western blotting. Upper right panel:
The relative expression of IL-1P determined using western blot-
ting. Lower panel: The relative expression of IL-6 determined
using western blotting. A, control group; B, POCD-induced
group; C, POCD-induced and 4-pg/mL PDRN-treated group;
D, POCD-induced and 8-ug/mL PDRN-treated group; E,
POCD-induced and 16-pg/mL PDRN-treated group. *P <0.05
compared to the control group. P <0.05 compared to the
POCD-induced group.
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Fig. 4. Phosphorylated cyclic adenosine-3,5"-monophosphate (cAMP) response element-binding protein (p-CREB)/CREB ratio and
cAMP expression under conditions of postoperative cognitive dysfunction (POCD) in human neuronal SH-SY5Y cells. Left panel:
The relative expression of p-CREB and CREB determined by western blotting. Right panel: cAMP expression determined using en-
zyme-linked immunoassay. A, control group; B, POCD-induced group; C, POCD-induced and 4-ug/mL PDRN-treated group; D,
POCD-induced and 8-pg/mL PDRN-treated group; E, POCD-induced and 16-ug/mL PDRN-treated group. *P <0.05 compared to
the control group. “P < 0.05 compared to the POCD-induced group.
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VEGF

Fig. 5. Brain-derived neurotrophic factor (BDNF) and vascular endothelial growth factor (VEGF) expression in conditions of postop-
erative cognitive dysfunction (POCD) in human neuronal SH-SY5Y cells. SH-SY5Y cells were immunostained for BDNF (green) and
VEGEF (red). Cells were counterstained with 4’-6-diamidino-2-phenylindole (DAPI, blue). Scale bar represents 100 um. A, control
group; B, POCD-induced group; C, POCD-induced and 4-pug/mL PDRN-treated group; D, POCD-induced and 8-pug/mL PDRN-
treated group; E, POCD-induced and 16-pg/mL PDRN-treated group.

by induction of POCD (P <0.05). However, PDRN treatment
suppressed TNF-q, IL-1p, and IL-6 expression in the SH-SY5Y
cells in POCD conditions. A PDRN concentration of 8 pug/mL
more potently suppressed the expression of pro-inflammatory
cytokines.

p-CREB/CREB Ratio and cAMP Expression in POCD
Conditions

To determine the effect of PDRN treatment on the ratio of p-
CREB to CREB in SH-SY5Y conditions in POCD conditions,
the p-CREB to CREB ratio was measured by western blot anal-
ysis. Furthermore, to determine the effect of PDRN treatment
on the concentration of cAMP in SH-SY5Y in POCD condi-
tions, CAMP concentrations were determined by ELISA. The
results are presented in Fig. 4. The p-CREB/CREB ratio and
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cAMP expression were significantly increased by induction of
POCD (P <0.05). However, PDRN treatment suppressed the p-
CREB/CREB ratio and cAMP expression in SH-SY5Y cells in
POCD conditions (P <0.05). A PDRN concentration of 8 ug/mL
more potently enhanced the p-CREB/CREB ratio and cAMP

expression.

Expression of BDNF and VEGF in POCD Conditions

To determine the effect of PDRN treatment on BDNF and
VEGF expression in SH-SY5Y cells in POCD conditions,
BDNF and VEGF expression was measured using immunocy-
tochemistry. As shown in Fig. 5, induction of the POCD envi-
ronment by LPS and sevoflurane exposure decreased the ex-
pression of BDNF and VEGF compared to the control group.
However, PDRN treatment enhanced BDNF and VEGF ex-
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pression in SH-SY5Y cells in POCD conditions.

DISCUSSION

After anesthesia, peripheral immune cells can participate in the
inflammatory response in the hippocampus, causing POCD
[15]. Inhalation anesthesia promotes neuronal cell apoptosis in
animal models, reducing learning ability and memory [4,16].
Previous studies involving POCD showed that these changes
were not only limited to the CNS, but, through urinary metab-
olites and other biomarkers, implicated the potential for sys-
temic post operative dysfunctions, including voiding dysfunc-
tions commonly seen following major surgeries [17,18]. In this
study, human neuronal SH-SY5Y cells were treated with LPS to
induce an inflammatory state and treated with an inhalation
anesthetic, sevoflurane, to induce a POCD environment.

Elevated levels of pro-inflammatory cytokines in the hippo-
campus can impair synaptic function and lead to cognitive im-
pairment [19,20]. Sevoflurane also induces the activation and
release of inflammatory factors such as TNF-a, IL-1B, and IL-6
by astrocytes in the CNS [4,21]. The present study showed that
the expression of TNF-a, IL-1f, and IL-6 significantly increased
after LPS treatment and sevoflurane exposure, suggesting that
POCD is exacerbated by overproduction of these pro-inflam-
matory cytokines. While the pathophysiology of LPS on void-
ing function has traditionally been associated with local effects,
this may also implicate a systemic and neurogenic central
pathophysiology for bacterial inflammation to affect voiding
[22]. For this reason, induction of the POCD environment by
LPS treatment and sevoflurane exposure reduced cell viability
in the MTT and WST-8 assays. Thus, inhibition of pro-inflam-
matory cytokines may be a therapeutic principle for POCD.
PDRN reduces the production of pro-inflammatory cytokines,
including IL-1f, IL-6, and TNF-a [13]. In this study, PDRN
treatment reduced TNF-a, IL-1f, and IL-6 expression in POCD
conditions. Reduction of pro-inflammatory cytokines by PDRN
plays an important role in the treatment of POCD.

Adenosine A,a receptors promote the phosphorylation of
CREB through the cAMP-dependent protein kinase A (PKA)
pathway, inhibiting the production of pro-inflammatory cyto-
kines [13,23]. Thus, adenosine A.a receptor agonists are known
to be effective in the treatment of inflammation-related diseases
[13,24]. The CREB/BDNF pathway is known to be associated
with spatial learning ability [25]. In this study, PDRN treatment
significantly increased cAMP concentrations and the p-CREB/
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CREB ratio, demonstrating that PDRN activates the cAMP-
PKA-CREB pathway.

BDNF is involved in learning ability and memory processes,
and is also a critical molecule for neuroprotection [26,27]. BDNF
and VEGEF play an important role in restoring cognitive func-
tion and memory loss due to brain damage [28]. The present
study showed that in human neuronal SH-SY5Y cells, the ex-
pression of BDNF and VEGF decreased after LPS and sevoflu-
rane exposure for the environmental induction of POCD.
These results indicate that BDNF and VEGF expression was re-
duced by the overproduction of pro-inflammatory cytokines
following POCD induction.

Most of the actions on BDNF on excitatory plasticity are un-
der the control of adenosine A,a receptors [29]. Experimental
data indicate that adenosine A, receptor activation is critical to
the function of neurotrophic receptors at synapses [29,30].
Likewise, VEGF expression is induced by stimulation of ade-
nosine A, receptors [31], which are co-localized with BDNF in
the brain, and a functional interaction between adenosine A, re-
ceptor stimulation and BDNF action has been proposed [32,33].
In this study, PDRN treatment activated adenosine A,a recep-
tors and then increased the expression of VEGF and BDNE
which had been reduced by LPS and sevoflurane exposure. In-
hibition of pro-inflammatory cytokines and increased levels of
growth factors have been shown to improve damaged cells and
eventually to increase cell viability in the POCD environment.

In conclusion, PDRN treatment showed a therapeutic effect
on the LPS and sevoflurane-induced POCD environment. The
excellent therapeutic effect of PDRN on POCD was exerted not
only by promoting rapid anti-inflammatory effects in damaged
cells, but also by enhancing the expression of BDNF and VEGE
Thus, PDRN may provide new directions for the treatment of
POCD.
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