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Background: The increased inflammation is closely correlated with post-operative delirium
(POD). Mesencephalic astrocyte-derived neurotrophic factor (MANF) shows protective
effect on inflammatory diseases. However, the relationship between MANF and POD is
still undefined. This study aimed to explore the potential effect of MANF on POD.
Methods: Pre- and post-operative levels of MANF and inflammatory cytokines were
measured in serum from POD and non-POD patients by ELISA, as well as endogenous
MANTF in serum from healthy individuals with different ages. Endogenous MANF in mice
brain from different ages was also measured. Abdominal surgery was performed for POD
mice model. POD-like behavior changes in mice were evaluated using buried food test, open
field test and Y maze test.

Results: Endogenous MANF was decreased in age-dependent manner in both humans and
mice. The pre-operative level of MANF in serum from POD patients was lower compared
with that in non-POD patients (p=0.016). MANF increase in serum after surgery was less in
POD patients than that in non-POD patients (p<0.001). In mice, recombinant human MANF
reversed the surgery-induced elongation of latency to eat food, increase in latency to center
and increase in time in center in open field test, and also increase in duration in novel arm in
Y maze test. In addition, MANF inhibited surgery-induced inflammation, microglial activa-
tion and M1 polarization in mice.

Conclusion: The relative low MANF level may contribute to POD in the elderly. MANF
has a protective role against POD-like behavior changes in mice.

Keywords: MANF, post-operative delirium, inflammation, microglia

Introduction

Post-operative delirium (POD) is one of the common complications of the central
nervous system after operation, which appears mainly in elderly patients. POD
leads to poor prognosis, including increased length of hospital stay, hospitalization
costs, functional disability, morbidity and even mortality." Although the underlying
mechanism of POD is still unknown, more data have showed that the increased
inflammatory response in circulation is positively correlated with the development
of POD.? Exploring the valuable indicators is able to facilitate the diagnosis and
risk determination of POD, also shed lights on preventive measures or useful
treatments for POD.> Some biomarkers like the inflammatory IL-6 and IL-1f
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cytokines have been identified to contribute to the onset of
POD in the elderly, but the mechanism is not clear.*>

Inflammation, endoplasmic reticulum (ER) stress and
oxidative stress have been reported to be involved in POD
clinical manifestations.®” Mesencephalic astrocyte-derived
neurotrophic factor (MANF) is an ER stress-inducible pro-
tein and plays a critical role in maintaining homeostasis.*’
As a secretory protein, MANF was initially found as
a neuroprotective factor. Recentlyy, MANF has been
reported to be expressed in multiple tissues and organs to
show the positive effect on tissue damage repair and inflam-
matory inhibition.'®'> We have previously reported that
MANF could directly interact with p65 and inhibit the
expressions of Nuclear factor-kB (NF-kB)-dependent target
genes.'? It is known that NF-kB activation greatly promotes
the expressions of pro-inflammatory cytokines, like 1L-6,
IL-1B and TNF-a. The increased serum TNF-a and IL-6
levels in POD patients have been demonstrated by the
previous clinical study.'* Thus, MANF is possible to be
involved in the onset of POD.

In this study, we aim to demonstrate the relationship
between MANF and POD, especially explore whether
MANTF plays the protective effect against POD. We detected
MANEF level in patients’ serum and mouse cortex to evaluate
whether there was a correlation between MANF expression
and POD onset. Also, we examined the effect of surgery on
MANF expression in mouse brain. Moreover, the effect of
recombinant human MANF protein on the onset of POD was
explored.

Materials and Methods

A study overview of this research is established in
Figure 1.

Ethical Approval

Ethical approval for the study was obtained from the First
Affiliated Hospital of Anhui Medical University (PJ2017-08-
19) and registered at Chinese Clinical Trial Registry
(ChiCTR1800017141). All the human individuals involved
in this research had signed an informed consent, and the
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Figure | The study overview of this research. In this study, both human and mice were involved. To evaluate MANF level in different age groups of human and mice, 64
healthy individuals involved and 24 mice were used. To observe the relationship of MANF with POD onset, | |7 patients were initially involved. To evaluate the effect of

MANF on surgery-induced POD-like behavior changes in mice, 33 mice were used.
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study was conducted in accordance with the Declaration of
Helsinki.

Healthy Individual Enroliment and Blood

Sample Collection

For evaluation of MANF level in different age groups (age
21-59, age 6075 or age >75), 64 healthy individuals were
involved in this clinical study. None of these healthy
individuals were diagnosed with diabetes or other endo-
crine diseases, which have been reported to make an effect
on MANF expression.'>'® The traditional Confusion
Assessment Method (CAM) and Mini-Mental State
Examination (MMSE) were performed. Individuals with
cognitive impairment (positive CAM results or MMSE
score <24) were excluded. Blood samples were collected
from these healthy individuals.

Patient Enrollment, Blood Sample
Collection, Delirium Assessment and

Clinical Sample Size Definition

117 patients undergo elective knee arthroplasty from
September 2017 to December 2019 were initially involved
in the clinical study. The traditional Confusion Assessment
Method and Mini-Mental State Examination were per-
formed among these patients before surgery. Patients
with the positive CAM results and/or MMSE score <24
were diagnosed as pre-operative delirium and/or cognitive
impairment, and were then excluded from the study. Also,
CAM was used to assess POD on post-operative day
1, day 2 and day 3, twice daily (in the morning and
night shift) by specialized personnel. Due to pre-
operative cognitive dysfunction (n=8), declined to partici-
pation (n=6) and other reasons (n=34), 48 patients were
excluded from the clinical experiment and eventually 69
patients finished the whole study. According to the post-
operative mental status assessment, 17 and 52 patients
were diagnosed as POD (POD group, n=17) and non-
POD (non-POD group, n=52), respectively. The basic
information of these 69 involved patients is shown in

Table 1. The detailed procedure for patient enrollments
and study of this part is illustrated in Supplemented

Figure 1.
patients at 24 hours before and after surgery.

Blood samples were collected from these

The clinical sample size was calculated based on our
pre-trial results of MANF levels in serum of patients in both
POD and non-POD patients (n=3 in each group). In non-
POD group, the mean was 170 and the standard deviation
was 30. In POD group, the mean was 143 and the standard
deviation was 35. The result was that we need to study more
than 15 subjects to reject the null hypothesis that the popu-
lation means of the POD and non-POD groups are equal
with probability 1-0=0.95 and power equal to 0.80.

Animals, Behavior Tests and Sample

Collection

The female C57BL/6 mice with specific pathogen-free were
purchased from Beijing Vital River Laboratory Animal
Technology Co. Ltd. All mice experiments were approved
by the Animal Care and Use Committee of Anhui Medical
University (AHMU.LLSC.20190466). The welfare and
treatment of the laboratory animals were followed with
National Institute of Health Guide for the Care and Use of
Laboratory Animals. For MANF detection in mice serum,
mice in different ages (age 3 months, age 6 months, age 9
months, age 18 months) were grouped and sacrificed for
cortex tissue sample collection. Each group had 6 mice
(n=6). For the experimental POD mouse model research, 3
months old mice were used and randomly divided into three
groups: Control group, Surgery (laparotomy under 3%
Sevoflurane) and Surgery+MANF group (laparotomy under
3% Sevoflurane combined with intraperitoneal injection of
10 pg human recombinant MANF protein). Each group had
11 mice (n=11). All mice had multiple behavioral tests in
sequential order of buried food test (BFT), open field test
(OFT) and Y maze test (YMT) at 24 hours before and after
surgery respectively. The detailed methods were in accor-
dance with the previous study'’ and can be found in
Supplemented Materials. At 24 hours after surgery, all mice

were sacrificed to collect blood samples and brain tissues.

Table | Baseline Characteristics of These Patients Undergo Elective Knee Arthroplasty and Involved for MANF Detection

Groups Age (Years) Gender (Male/Female) BMI (kg/m?) Diabetes (Yes/No) ASA Grade (1l/111)
Non-PO (n=52) 7329 £6.96 24/28 23.68 £3.71 7145 12/42
POD (n=17) 7524 + 6.84 10/7 22,67 £2.97 2/15 4/13
tiy2 1.005 0.823 1.017 0.000 0.000
P 0.318 0.364 0.313 1.000 1.000
Journal of Inflammation Research 2021:14 https: 2783
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ELISA Assay

MANE, TNF-q, IL-1B and IL-6 levels in serum and brain
tissues were detected by ELISA (MANF, Cloud-clone
Wuhan, China; TNF-o/IL-1B/IL-6,
Wuhan, China). The procedure was performed in accor-
dance with the protocols of ELISA Kkits.

Crop, Cusabio,

Western Blot Analysis

MANF protein levels in brain tissues were detected by
Western blot. Briefly, anti-MANF antibody (Abcam, MA,
USA) and anti-B-actin antibody were used as primary
antibodies. The anti-rabbit horseradish peroxidase (HRP)-
conjugated IgG was used as the secondary antibody. The
results were visualized using enhanced chemilumines-
cence (Thermo Scientific, Tewksbury, MA, USA).

Immunohistochemistry
Paraffin-embedded brain tissue slides were
stained to detect Iba-1 and iNOS. Detailed procedures
the methods described
research.'® Primary antibodies used here included Iba-1
(Abcam, MA, USA) and iNOS (Abcam, MA, USA). All
sections were analyzed under a bright-field microscope.

immune-

were  as in our previous

Statistical Processing

We performed statistical analysis using SPSS 23.0.
Measurement data were reported as mean valueterror of the
mean (SEM). Two samples ¢-test was used to compare data
between two groups and one-way ANOVA was conducted to
compare data among more than two groups. After ANOVA
was done, Bonferroni comparison was used for post-hoc
analysis to compare differences between groups. Qualitative

data were expressed with relative number, Chi-square test

was used to compare the difference between two groups,
P value <0.05 was considered as of statistical significance.

Results
MANF in Circulation and Cortex Was

Decreased in an Age-Dependent Manner
Firstly, we examined whether there was a difference of
MANF level in circulation and cortex among the different
age groups. Results from ELISA showed that MANF level
in serum was decreased with aging (Figure 2A). POD-like
behavior changes have been confirmed to be correlated
with
dysfunction in pre-frontal cortex in animal studies.
Results from Western blot showed that MANF reduced
with aging in adult normal mice. MANF level in cortex of

and neuro-
19,20

increased inflammatory response

six-month, nine-month- and eighteen-month-old mice
were significantly lower than that in three-month mice
(Figure 2B). Therefore, the increased age is closely corre-
lated with the decreased MANF expression in circulation
and cortex, indicating the potential correlation of the
reduced MANF level with POD among the aged patients.

Postoperative MANF Increase Was
Attenuated in POD

Next, whether there was a relationship between MANF
expression and POD occurrence was studied. We measured
the pre-operative serum levels of MANF, TNF-a, IL-1p and
IL-6 by ELISA, which showed that the pre-operative MANF
level in POD patients was significantly lower than that in
non-POD patients (Figure 3A). But, the pre-operative serum
levels of TNF-a, IL-1B and IL-6 in POD patients did not
show significant differences compared with non-POD
patients (Figure 3B-D). Under normal -circumstances,
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Figure 2 MANF decreased in an age-dependent manner in circulation and cortex. (A)The protein levels of MANF in human serum from healthy individuals in different age
groups were measured by ELISA. (B)The endogenous protein levels of MANF in cortex of mice from different age groups were determined by Western blot analysis. Data

are presented as the mean+SEM, n=6 per group for mice.
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Figure 3 Relative lower baseline and less surgery-induced increase of endogenous MANF in POD patients than those in non-POD patients. ELISA kits were used to detect
the pre-operative protein level of (A) MANF, (B) TNF-o, (C) IL-Ip and (D) IL-6, in serum. Data are presented as the mean+SEM, Post-operative protein levels of MANF,
TNF-q, IL-1pB, and IL-6 in serum were detected to calculate the variations of these indicators after surgery (E-H).

surgical trauma is bound to cause stress response in the body
and may have an effect on MANF protein level. Also, we
detected MANF and inflammatory cytokine levels in circula-
tion at 24 hours after surgery and made a comparison
between POD and non-POD patients. Results showed that
MANTF was increased at 24 hours after surgery in both POD
and non-POD groups (Figure 3E). The increase of MANF in
the POD group was significantly lower compared with that in
the non-POD group (Figure 3E). The serum levels of TNF-q,
IL-1B and IL-6 were increased after surgery as well.
Similarly, POD patients had the greater increase of TNF-a,
IL-1B and IL-6 in serum compared with non-POD patients,
which was in negative correlation with MANF variation after
surgery (Figure 3F—H). Therefore, compared with non-POD
patients, the lower MANF level may contribute to more

severe inflammation in POD patients after surgery.

Endogenous MANF Was Up-Regulated in
Mice Brain After Surgery

Given that MANF was increased in circulation after surgery,
we further asked whether surgery had the same effect on
MANTF level in brain. Figure 4A and B showed that MANF
expression in prefrontal cortex was significantly increased in
mice at 24 hours after surgery. These data suggest that

surgery is able to enhance MANF protein level in brain
tissues, which may affect the development of POD.

Recombinant Human MANF Reversed
Postoperative Delirium-Like Behavior

Changes in Mice

In order to explore the pathophysiological role of MANF
increase after surgery and its effect on POD, we next
evaluated the effect of recombinant MANF protein on
POD-like behavior changes in mice. The detailed methods
for behavior tests are illustrated in Figure 5A. Buried food
test and open field test were used to assess natural beha-
vior. Y maze test was used to assess learned behavior. As
shown in Figure 5, MANF had the significant effect on
some behavior changes induced by surgery. In buried food
test, MANF reversed the surgery-induced elongation of
latency of mice to eat food (Figure 5B). In open field
test, MANF had no effect on freezing time, but signifi-
cantly decreased surgery-induced increase in mice latency
to center and increased the time of mice spent in center
(Figure 5C-E). In Y maze test, MANF significantly
increased the duration of mice in novel arm that was
decreased by surgery (Figure 5F), but had no effect on
entries to novel arm (Figure 5G). Both the total distance
traveled by mice in open field test and the total number of

Journal of Inflammation Research 2021:14
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Figure 4 Endogenous MANF was up-regulated in mice brain 24 hours after surgery. (A) The protein levels of MANF in pre-cortex of mice from control group and surgery
group.(B) The quantitative data of panel A. Data are presented as the mean +SEM, n=6 per group.
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Figure 5 Recombinant human MANF protein reversed postoperative delirium-like behavior changes in mice. Multiple behavioral tests were performed to evaluated POD-
like behavior changes in mice (A). The natural behaviors were assessed using buried food test (BFT) (B) and open field test (OFT) (C—E).The learned behaviors were
assessed using Y maze test (OFT) (F and G). Data are presented as the mean+SEM, n=11 per group.

arm visit of mice in Y maze test had no differences among
the three groups (Supplemented Figure 2A and B). These

suggest that recombinant human MANF treatment is able
to protect against the surgery-induced damage to natural
and learned behaviors.

Human Recombinant MANF Inhibited
Surgery-Induced Inflammation, Microglial

Activation and M| Polarization in Mice

Several cytokines like TNF-a, IL-6 and IL-1B have been
reported to contribute to neuroinflammation and are related
to POD onset. ELISA results showed that MANF administra-
tion obviously decreased the surgery-induced up-regulation of

TNF-q, IL-6 and IL-1P in serum (Figure 6A—C). Besides, we
also detected TNF-a, IL-6 and IL-1B levels in prefrontal
cortex. Human recombinant MANF treatment could reverse
the surgery-induced increase of TNF-a, IL-6 and IL-1B
(Figure 6D—F). Therefore, the surgery-induced inflammation
in mice is suppressed by recombinant human MANF protein.
Also, we found that both the activated Iba-1" microglia and
iNOS" M1 microglia were significantly increased in prefrontal
cortex of mice with surgery compared with mice without
surgery (Figure 7A-D), while these changes were reversed
by recombinant human MANF treatment (Figure 7A-D).
These results reveal that MANF is able to regulate microglia
activation and polarization in mice after surgery, which con-
tributes to the alleviation of brain inflammation.
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Figure 6 Recombinant human MANF protein inhibited surgery induced inflammatory response in mice. Levels of (A) TNF-a, (B) IL-6, and (C) IL- 18 in serum were detected by
ELISA assay. Protein levels of (D) TNF-a, (E) IL-6, and (F) IL-1p in pre-cortex of mice were measured using ELISA kits. Data are presented as the mean +SEM, n=6 per group.
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Figure 7 Recombinant human MANF inhibited surgery induced microglial activation and M| polarization. (A and B) Activated microglia cells in cortex of mice with or
without surgery were detected by immunohistochemistry assay with specific antibodies of Iba-1 and the number of Iba-1 positive cells were calculated and compared
between the three groups. (C and D) The brain tissues from control and surgery treated mice were performed by immunohistochemistry of iINOS and iINOS™ cells were
calculated. Data are presented as the mean +SEM, n=6 per group.
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Discussion
The Effect of MANF Immunomodulation
on POD

As a neurotrophic factor, MANF has been demonstrated to
be involved in many diseases of central nervous system
and show the positive role in Parkinson’s disease, acute
brain injury and other neurodegenerative diseases.'® In
vitro, MANF shows neuroprotective effects on dopami-
nergic neurons and endogenous MANF is neuroprotective
after Adeno-associated Virus (AAV) transfection.?!*
Matlik et al reported that administration of MANF pro-
moted functional recovery of stroke-induced behavioral
deficits in rat. Also, MANF could reduce the beta amy-
lase-induced neuronal inflammatory response.” However,
the effect of MANF on POD is still undefined. Here, we
firstly report the surgery-induced MANF increase in cir-
culation and cortex, also firstly demonstrate the relatively
low MANF level in POD patients. Furthermore, we eval-
uate the effect of human recombinant MANF protein on
POD-like behavior changes in mice, which shows the
protective role of human recombinant MANF in mice
with surgery-induced POD-like behavior changes. The
increase of pro-inflammatory factors like TNF-a, IL-1f
and IL-6 is positively related to POD pathogenesis.*> ¢
The up-regulated inflammatory response has been also
demonstrated in POD animal model studies.”*’*® In this
study, human recombinant MANF inhibited the surgery-
induced inflammatory response in mice to decrease the
surgery-induced increase of IL-1B, IL-6 and TNF-a in
serum and pre-cortex of mice brain, suggesting that
MANF up-regulation in circulation and brain might be
a self-protective response to surgery. Moreover, MANF
modulated the surgery-induced microglia cells activation
and M1 phenotype polarization. Because microglia cells
play a pivotal role in initiating and enlarging neuroinflam-
mation, it is possible that the positive effect of MANF on
POD is mediated via its immune modulating function.

The Relationship Between MANF
Decrease and POD in the Elderly

POD-like behavior changes are mainly related to neuroinflam-
mation and the neural dysfunction”® The decreased
anti-inflammatory factors may worsen systemic inflammation-
associated neurological damage. In this study, MANF inhibited
the surgery-induced inflammatory response and protected
mice against POD-like behavior impairment. For clinical sam-
ples, the increased TNF-a, IL-1p and IL-6 in POD patients

after surgery were more significant than that in non-POD
patients. Therefore, we propose that the age-dependent
decrease of MANF may be related to the high incidence of
POD in the elderly. MANF decline may be related to the
imbalance between anti-inflammatory and pro-inflammatory
responses, as well as the high incidence of POD in elderly
patients. The age-dependent MANF protein decline in mice
cortex was found in this study, indicating the low MANF level
might contribute to POD development.

The importance of systemic factors in the ageing process
has been demonstrated in POD, but the underlying molecular
mechanism is still unknown. The inflammation-induced
occurrence of POD in the elderly is also multifactorial.
Firstly, aging is an independent high-risk factor for POD.*%>!
The imbalance of the pro- and anti-inflammatory systems may
be a direct reason for the aging-caused excessive inflamma-
tion. Secondly, due to surgical trauma, the innate immune
system is activated in a NF-kf-dependent manner.* Thirdly,
alterations of endocrine function are considered as one reason
for chronic inflammation in the aging process.* Therefore, we
propose that the low MANF level contributes to high inci-
dence of POD by multiple ways: the low basic MANF level
together with the declining ER stress-induced MANF secre-
tion is not enough to effectively inhibit NF-«xB activation; the
low MANF level in brain cannot effectively restrict the initia-
tion and enlarging of neuro-inflammation, finally leads to
POD (see summary in Figure 8). For the mechanism on the
low MANF expression in the elderly, it has been reported that
there is the increased DNA methylation of BDNF (Brain
Derived Neurotrophic Factor) and GDNF (Glial Cell
Derived Neurotrophic Factor) genes in the elderly,>> which
may lead to the decreased BDNF and GDNF expression.
Therefore, we speculate that the declining MANF in the
elderly is also possible to be attributed to the enhanced manf’
gene methylation. Also, BDNF and GDNF are the other two
common neurotrophic factors playing key roles in the differ-
entiation, growth and survival of neurons. Similar to MANF,
BDNF and GDNF expressions have been reported to be
decreased with age.>* But, whether the decreased BDNF and
GDNEF are associated with POD needs the further research.

The Anti-Inflammatory Effect of MANF
on POD

Recently, researchers have focused on therapies and medicines
effectively preventing and treating POD.>* Inflammation has
been considered as an important target for prevention and
treatment of POD. It has been reported that some drugs with
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Figure 8 A summary of low level of MANF contributing to POD onset in the elderly.

neuroprotective effects are closely related to the anti-
inflammatory properties.*>*® However, the preventive role of
these drugs for POD is still unclear,>’ which may be attributed
to the complex pathogenesis of POD and the undefined key
regulatory molecules during POD development.

MANF has been reported to show the anti-inflammatory
role in some inflammatory conditions.'* Both infection and
sterile inflammation caused by various pathogenic factors
will eventually activate the NF-«kB signal pathway and then
result in the increased expressions
inflammatory cytokines including IL-6, IL-1B and TNF-q.
Here, we observed that the basic MANF level in the elderly
with POD was decreased compared with that in non-POD
ones. In contrast with the lower MANF level of POD
patients, IL-6, IL-1B and TNF-alevels were increased sig-
nificantly. The interaction of MANF with NF-kB p65 sug-

gests that MANF may have a potential therapeutic effect to

of many pro-

suppress the inflammatory response associated with surgical

trauma and thus prevent POD development. In the future, we
need more research to verify this hypothesis.

Limitations

There are still many deficiencies in this study. Firstly, due to
medical ethical issues, it is very difficult for us to detect MANF
protein level in the brain cortex of healthy adults with different
ages. Secondly, this study is short of more in-depth mechanism
exploration. But, these findings have already pointed out the
direction for our future research on mechanism of POD and
search for preventive strategies and effective treatments.
Thirdly, POD mouse model used in this study could be
improved by more quantifiable measurement of delirium-like
phenotyping like electroencephalography (EEG).*® Taken
together, our study indicates that MANF acts as a protective
factor in POD by negatively regulating inflammatory response
in circulation and pre-cortex via regulating activation and
polarization of microglia cells (Figure 8).
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Conclusion

In this study, we found that MANF in both human circula-
tion and mouse cortex was decreased in age-dependent
manner. The serum MANF level was significantly lower
in POD patients compared with that in non-POD patients.
POD patients had the less serum MANF increase and
greater pro-inflammatory cytokines increase after surgery
compared with non-POD patients. Human recombinant
MANF protein had the protective effect against POD in
mice. Therefore, we demonstrate the protective role of
MANF in POD via MANF-regulated microglia activation
and neuroinflammation.
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