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Abstract

Background: Despite being one of the main concerns in cardiac surgery, the molecular basis and reg-
ulatory mechanisms of postoperative cognitive dysfunction (POCD) are still unclear. In this study, we
demonstrate the critical role of miR-138-5p in POCD in mice.

Methods: We first established an animal model for POCD caused by cardiac surgery. We then used
quantitative reverse transcription polymerase chain reaction to examine the expression levels of miR-
138-5p and its target mRNAs. The protein level of sirtuin 1 (SIRT1) was determined using Western
blot assays. To assess the mice’s recognition abilities, we performed the Morris water maze (MWM)
test. Enzyme-linked immunosorbent assays were used to evaluate the expression levels of hippocampal
inflammatory cytokines. Finally, we used a luciferase assay to confirm that miR-138-5p directly targeted
the mRNA of SIRTI.

Results: MiR-138-5p was upregulated in the hippocampus of mice following cardiac surgery. Inhibiting
miR-138-5p reduced the occurrence of POCD and the hippocampus inflammation in the mice. MiR-
138-5p targeted the mRNA of SIRTI, thereby suppressing its expression in the hippocampus of mice
following cardiac surgery.

Conclusion: Our findings suggest that miR-138-5p contributes to cardiac surgery-induced POCD by

directly targeting and suppressing the expression of SIRT1 in the hippocampus.
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prevalent syndrome that can be induced by various

types of surgery. Its symptoms, such as casual at-
tention distraction, amnesia of varying degrees, deficits in
learning and recall, and motor disorders, significantly im-
pact the recovery and long-term health of patients (1-3).
Although much research has focused on the predisposing
factors and underlying mechanisms of POCD, and poten-
tial risk factors such as diabetes and neural trauma have
been revealed, the high frequency of POCD in clinical set-
tings (typically 15-56% in the first week after surgery) and
its financial burden on society are still driving the need for
a more efficient target for the prevention and treatment of
POCD (4-6).

Cardiac surgery has been revealed to be one of the
crucial contributions to the neural cognitive complica-
tions and it is reported that over 20 to 50% of patients
undergoing cardiac surgery has been diagnosed with

Postoperative cognitive dysfunction (POCD) is a

POCD, compared to 5 to 10% with non-cardiac surgery
(7, 8). Among all the predisposing factors in cardiac sur-
gery, cerebral thrombosis, shock and inflammation have
been considered as most significant etiology underlying
POCD (9-11). The cerebral hypoperfusion and anoxia
following by these complications frequent in cardiac
surgery induce the decline of cerebral oxygen saturation
(rScO2) and lead to irreversible damage in amygdala
and hippocampus of the patients’ cerebrum (12, 13). Be-
sides, hippocampal inflammatory and microglial activa-
tion and inflammatory cytokines such as nuclear factor
kB (NF-kB) and p38 mitogen activated protein kinase
(p38MAPK) have been proved to participated in the reg-
ulation of cerebral postsurgical impairment and POCD
(14-16).

MicroRNA (miR) is a kind of non-coding RNA which
can target and induce the degradation of other mRNAs
and thus regulate the expression of certain genes (17).
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In recent years, miR-138-5p has been well documented
to participate in the progression and regulation of sev-
eral cancer types including osteosarcoma, breast cancer,
pancreatic cancer and the significant mRNA targets of
miR-138-5p including FOXC1, RHBDDI (18, 19). How-
ever, the role of miR-138-5p in the occurrence of POCD
remains unclear.

Methods

Animals

All experiments and procedures performed on animals
in this research were examined and approved by Utkal
University. All mice were cultured in the animal facil-
ity with a virus/antigen-free ventilation system and an
air conditioning system with constant temperature and
humidity. The mice had free access to food and water.
The procedure of the cardiac surgery was performed
as the former research (20). The surgical procedure
involved exposing the ventricle and ligating the left
coronary artery to simulate ischemia during cardiac
surgery.

Novel location and novel object recognition test

Ten days after the cardiac surgery, the mice were subjected
to a novel location and object recognition test. The exper-
iment was conducted using a gray box with dimensions
of 40 x 40 x 60, which contained two smell-free objects
of the same color. The mice were placed in the box for
2 min to explore the location of the objects and then re-
moved. One of the objects was moved, and the mice were
re-placed in the box.

For the object recognition test, one object was kept in
the same place, while the other was changed to a novel
new object. The time that the mice took to explore and
identify the difference was recorded.

Quantitative real-time PCR
RNA from the hippocampus of mice with POCD was
extracted using TRIzol reagent (Invitrogen Life Tech-
nologies, Carlsbad, CA) following the instructions. The
reverse transcription was performed using 2 pg of RNA
from each sample and Reverse Transcription Kits (Fer-
mentas, St. Leon-Rot, Germany) to generate cDNA. For
real-time PCR, 2 pug of cDNA and 0.5 uM of each primer
were used to establish a 20 pl system. The mixtures were
detected using an S1000 PCR Thermal Cycler.
The primers used in this assay were shown as follows:
SIRTIsense:5-CAGCCGTCTCTGTGTCACAAAC-3,
antisense: 5-GCACCGAGGAACTACCTGAT -3".
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH )
sense: 5'-GGCCAGATCCTGTCCAAGC-3,
antisense: 5'-GTGGGTTTCCACCATTAG
CAC-3,
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Western blot assay

Cells were collected after 48 h of incubation, and the pro-
tein was extracted from the cell lines using radioimmu-
noprecipitation assay buffer (ATCC, Manassas, VA). All
the samples were mixed with loading buffer and boiled
for 10 min to denature the proteins. Proteins were sepa-
rated using 10% sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and NC membranes (Invitrogen Life
Technologies, Carlsbad, CA) were used for protein trans-
fer. The membranes were then incubated with anti-SIRT1
and anti-GAPDH (Sigma, St. Louis, MO) respectively
overnight at 4°C. After washing with phosphate buff-
ered saline with Tween 20, secondary antibodies (Abcam,
Shanghai, China) were incubated with the membranes at
37°C for 1 h.

Luciferase assay

The luciferase reporter plasmid used in the assay was pGL-
3-basic (Promega, Madison, WI, USA) and the SIRTI
WT/MT luciferase reporters were established based on
it. 24-well plates were used for cell seeding and Lipofect-
amine (Life Technologies, Carlsbad, CA, USA) was used
for the transfection of SIRTIWT, SIRTIMT, miR-NC or
miR-138-5p and pRL-TK (Addgene, Cambridge, MA,
USA). The cells were then collected and examined using
the Luciferase Assay Kit (Promega, Madison, WI, USA)
48 h after the transfection.

Morris water maze assay

The mice were divided into three groups with 10 mice per
group based on the treatment. The experiment lasted for 5
days, and all mice were trained four times a day for a fixed
period of time. During the training, the mice were placed
in a pool through four inlet points. The time taken for
the mice to enter the water, find the underwater concealed
platform, and stand on it was recorded as the incubation
period. The mice were allowed to stay on the platform
if they found it on their own. If the mice failed to find
the platform within 60 s, they were gently pulled onto
the platform for 10 s. Each mouse was placed in the pool
through a different inlet point with a 30-second interval
between training sessions.

On the fifth day, the mice were placed in the water at the
same inlet point in each quadrant, and their swimming
path was recorded for 120 s. The number of times the
mice crossed the target quadrant platform was recorded
to evaluate their spatial localization ability.

Enzyme-linked immunosorbent assay (ELISA)

The blood of mice that had undergone cardiac surgery
was collected and an ELISA kit (Abcam, Shanghai,
China) was used to measure the levels of tumor necrosis
factor alpha (TNFa), interleukin-1beta (IL-1p), IL-6, and
IL-10 in the blood.
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Statistical analysis

All experiments were repeated at least three times, and the
data was presented as the mean * standard deviation (SD).
Student’s ¢-test, one-way and two-way analysis of variance
(ANOVA) followed by a post-hoc test were used to analyze
the differences among all the repetitions. Statistical signifi-
cance was accepted at a P-value of less than 0.05.

Results

The alteration of RNA levels in the hippocampus of mice dfter
cardiac surgery

To investigate the impact of the cardiac surgery on the
hippocampal region of mice, we performed RNA se-
quencing to identify alterations in miRNA levels after
the surgery. As shown in Fig. la, numerous miRNAs
were impacted by the cardiac surgery, with miR-138-5p
being dramatically upregulated (Fig. 1b). To estimate the
expression of SIRT1, quantitative reverse transcription
polymerase chain reaction (QRT-PCR) and Western blot
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mmu-miR-98-3p
mmu-miR-181b-5p
mmu-miR-3100-5p
mmu-miR-6538
mmu-miR-6236
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mmu-miR-4317
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mmu-miR-466q
mmu-miR-466g
mmu-miR-138-5p
mmu-miR-467d-3p
mmu-miR-466m-3p
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assays were performed. Figure 1c—¢ shows that both the
RNA and protein levels of SIRT1 decreased significantly.
This figure illustrates the upregulation of miR-138-5p and
the downregulation of SIRT1 expression.

Inhibition of miR-138-5p increased the recognition ability after
cardiac surgery induced POCD in mice

Since miR-138-5p was upregulated in mice with POCD,
we used miR-138 inhibitors to reduce its expression level
in the hippocampus of these mice. The novel object and
location recognition tests were performed, and as shown
in Fig. 2a and b, the recognition ability of the POCD
mice significantly increased after treatment with RNA
inhibitors, indicating that miR-138-5p may play a role
in the progression of POCD following cardiac surgery.

Inhibition of miR-138-5p increased learning ability and memory
of POCD mice

To further investigate the role of miR-138-5p in the pro-
gression of POCD, a Morris water maze (MWM) test was
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Fig 1. Effects of cardiac surgery on hippocampal miRNA expression profiles in mice. (a) Heat map for differentially-expressed
miRNAs analysis. Each column represents samples and each row represents miRNAs. Red represents upregulated miRNAs and
green stands for downregulated miRNAs. The first three columns represent the expression of miRNAs in the Sham group, while
the last three columns represent the expression of the corresponding miRNAs expression in the surgery group (OP). (b, c) qRT-
PCR was used to measure the expressions of miR-138-5p (b) and SIRT1 mRNA (c) in hippocampus of mice with postoperative
cognitive dysfunction (POCD). (d) SIRT1 protein expressions were analyzed by Western blotting. GAPDH was employed as
a loading control. Relative expressions were normalized to Sham group (e). Sham: C57BL/6 wild-type mice with sham cardiac
surgery; OP: C57BL/6 wild-type mice with cardiac surgery. Data were presented as £ SD. **P < 0.01 and ***P < 0.001 com-

pared to sham group.
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Fig 2. Inhibition of miR-138-5p increased novel object and novel location recognition after cardiac surgery induced postop-
erative cognitive dysfunction (POCD) in mice. (a) Novel object recognition in the novel object test. (b) Spatial recognition in
the novel location test. Sham: C57BL/6 wild-type mice with sham cardiac surgery; OP: C57BL/6 wild-type mice with cardiac
surgery. miR-138 in: C57BL/6 wild-type mice with cardiac surgery treated with miR-138-5p inhibitors. Data were presented as
SD. **P < 0.01 compared to sham group. #P < 0.05, ##P < 0.01 compared to OP group. n = 8 for each group.

performed to evaluate the changes in the learning ability
and memory of POCD mice after treatment with a miR-
138 inhibitor. As shown in Fig. 3a, the mice in the opera-
tion group took the longest time to escape from the maze,
indicating that inhibition of miR-138-5p enhances the re-
covery of the learning ability of POCD mice. In Fig. 3b,
the time taken by mice in the miR-138 inhibition group to
reach the opposite quadrant was statistically shorter than
that taken to reach the target quadrant, indicating that
inhibition of miR-138-5p improves the spatial memory
of POCD mice. However, the cognitive flexibility of the
POCD mice was not affected by the downregulation of
miR-138-5p (Fig. 3c and d).

Inhibition of miR-138-5p reduced systemic inflammatory in
POCD mice

To demonstrate whether miR-138-5p enhances cogni-
tive dysfunction through hippocampal inflammation,
ELISA assays were performed. As shown in Fig. 4a—c,
the concentration of plasma pre-inflammatory fac-
tors I1L-6, IL-10, and TNF-a increased with surgical
stimulation. However, the content of IL-6, IL-10, and
TNF-a in mouse plasma decreased with the inhibition
of miR-138-5p. Similarly, as shown in Fig. 4d-f, the
content of IL-6, IL-10, and TNF-a in the hippocam-
pus of POCD mice increased compared to the con-
trol groups and the downregulation of miR-138-5p
induced a decline of these factors. Mechanically, the
inhibition of miR-138-5p induced a decline of IL-6,
IL-10, and TNF-a in the hippocampus of POCD mice
(Fig. 4g—1). This figure suggests that the inhibition of
miR-138-5p reduced inflammation in the hippocam-
pus and thus promoted the recovery of cognitive func-
tions in the POCD mice.
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Inhibition of miR-138-5p increased SIRT| expression in
hippocampus of POCD mice

To identify the regulatory network between miR-138-5p
and SIRTI1, qRT-PCR was performed to assess the
changes in the RNA levels of miR-138-5p and SIRTI.
As shown in Fig. 5a, the RNA levels of miR-138-5p in-
creased with surgical stimulation and decreased with the
treatment of the miR-138 inhibitor. Conversely, the ex-
pression of SIRT1 decreased with surgical stimulation
but increased with the treatment of the miR-138 inhibitor
(Fig. 5b—d).

SIRT| was a target of miR-138-5p

To determine if miR-138-5p can suppress the expression
of SIRT1 by directly targeting its mRNA, we created lu-
ciferase reporters with the SIRT1 3' UTR WT and SIRT1
3" UTR MUT (Fig. 6a). After transfecting these lucif-
erase reporters and treating with the miR-138 inhibitor,
only the fluorescence of the luciferase reporter with the
SIRT1 3' UTR WT was affected by the miR-138 inhibi-
tor, suggesting that miR-138-5p can bind to the 3' UTR
region of SIRT1 mRNA and lead to mRNA degradation
(Fig. 6b).

The effects of inhibition of miR-138-5p attenuated cardiac
surgery induced POCD were blocked in SIRT | -/- mice

To confirm our previous findings, we used SIRT1-/- mice
in this study. As shown in Fig. 7a and b, there was no
statistically significant difference in the performance of
the novel object and location recognition tests between
mice treated with the miR-138 inhibitor and those that
were not. Similarly, as shown in Fig. 7c and d, the miR-
138 inhibitor did not improve the learning ability and
memory of the SIRT1-/- POCD mice. This suggests that
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Fig. 3. Inhibition of miR-138-5p increased learning and memory of mice with cardiac surgery in Morris water maze test
(MWM). (a) Spatial learning. Average escape latency (sec) is shown for the five training sessions. (b) Spatial memory after a
short training period (three training sessions). The time spent in the target quadrant (TQ) and opposing quadrant (OQ) during
the probe trial is depicted. (¢) Cognitive flexibility. The area under the curve (AUC) for the escape latencies during the two rever-
sal training sessions is shown. (d) Distance moved (m) during the MWM probe trial. Sham: C57BL/6 wild-type mice with sham
cardiac surgery; OP: C57BL/6 wild-type mice with cardiac surgery. miR-138 in: C57BL/6 wild-type mice with cardiac surgery
treated with miR-138-5p inhibitors. Data were presented as £ SD. **P < 0.01 compared to sham group. #P < 0.05, compared to
OP group. @P < 0.05, @@P < 0.01 compared to TQ. n = 8 for each group.

miR-138-5p mainly enhances POCD by suppressing the
expression of SIRT1.

Discussion

POCD is a well-known complication of surgery that can
significantly impact the quality of life of affected patients
(21, 22). The occurrence rate of POCD can be as high
as 25% in patients over 60 years old within a week after
surgery, and its close correlation with increasing rates
of long-term disability and mortality makes it a crucial
clinical problem that requires resolution (23, 24). Ac-
cumulating evidence suggests that the major causes of
POCD include cerebral inflammation induced by surgical
procedures, glial activation, oxidative stress in the brain,
and anesthetic agents, but therapeutic options are lim-
ited (25, 26). In clinical practice, drugs commonly used
to treat POCD include cyclooxygenase (COX) inhibitors,
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statins, pregabalin, dexmedetomidine, lidocaine, and ket-
amine (27, 28). However, very few comprehensive clini-
cal trials have been conducted to thoroughly examine the
effects and side effects of these drugs in treating POCD,
and research into specific treatments for POCD remains
limited. In this study, we first identified the unique role
of miR-138-5p in the promotion of POCD. We observed
the upregulation of miR-138-5p in the hippocampus of
POCD mice and showed that miR-138-5p targeted and
suppressed the expression of SIRT1, thus inducing hippo-
campus inflammation in POCD mice. The miR-138-5p/
SIRT1 axis may provide insights into part of the regu-
latory network of POCD and offer a new target for the
prevention and treatment of POCD.

MicroRNAs play a significant role in regulating gene
expression through post-transcriptional mediation (29).
The alteration in transcription levels of microRNAs has
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Fig. 4. Inhibition of miR-138-5p reduced systemic inflammatory in cardiac surgery induced postoperative cognitive dysfunc-
tion (POCD) mice 24 h after surgery. ELISA was used to analyze the levels of I1L-6 (a), IL-1B (b) and TNF-a (c) in serum from
indicated mice. ELISA was used to analyze the levels of I1L-6 (d), IL-1p (e) and TNF-a (f) in hippocampus from indicated mice.
qRT-PCR was used to analyzed the mRNA levels of IL-6 (g), IL-1B (h) and TNF-a (i) in hippocampus from indicated mice.
Sham: C57BL/6 wild-type mice with sham cardiac surgery; OP: C57BL/6 wild-type mice with cardiac surgery. miR-138 in:
C57BL/6 wild-type mice with cardiac surgery treated with miR-138-5p inhibitors. Data were presented as = SD. *P < 0.05, **P
< 0.01 compared to sham group. #P < 0.05, compared to OP group. n = 8 for each group.

been revealed to be crucial markers for diagnosis and
treatment targets in a variety of diseases, particularly can-
cer (30). In recent years, the regulatory role that microR-
NAs play in the development and progression of POCD
has garnered great attention from the medical commu-
nity, and various microRNAs have been discovered to
be involved in regulating POCD (31, 32). For instance,
overexpression of miR-190a has been shown to reduce
the symptoms of POCD and improve the learning abil-
ity and memory of affected patients by targeting Tiam1
(33). It has also been reported that miR-665 functions

Citation: STEMedicine 2023, 4(2): e| 63 - http://dx.doi.org/10.37 1 75/stemedicine v4i2.163

as a protector of cerebral neurons by inhibiting glial ac-
tivation and reducing cognitive dysfunction induced by
anesthesia, through targeting the mRNA of chemokine
receptor 5 and regulating the PI3K/Akt pathway (34). In
addition, miR-181-5p has been shown to relieve the symp-
toms of POCD by suppressing the inflammatory response
in cerebral neurons in mice, which is the opposite of the
function of miR-138-5p identified in this study (35). MiR-
138-5p has been known as a regulator in several types of
tumors for a long time. For example, miR-138-5p has
been shown to target the mRNA of PD-L1 and inhibit
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Fig. 5. Inhibition of miR-138-5p increased SIRT1 expression in hippocampus of postoperative cognitive dysfunction (POCD)
mice 24 h after surgery. (a, b) QRT-PCR was used to measure the expressions of miR-138-5p (a) and SIRT1 mRNA (b) in hippo-
campus of indicated mice. (c) SIRT1 protein expressions were analyzed by Western blotting. GAPDH was employed as a loading
control. Relative expressions were normalized to Sham group (d). Sham: C57BL/6 wild-type mice with sham cardiac surgery; OP:
C57BL/6 wild-type mice with cardiac surgery. miR-138 in: C57BL/6 wild-type mice with cardiac surgery treated with miR-138-5p
inhibitors. Data were presented as £ SD. **P < (.01, *** P < 0.001 compared to sham group. #P < 0.05, ###P < 0.001 compared

to OP group. n = 8 for each group.

the progression and migration of colorectal cancer cells
(36). However, miR-138-5p has also been reported to en-
hance the progression of cancer, promoting cell viability
and proliferation in bladder cancer cells through targeting
surviving (37). Interestingly, the direct binding and repres-
sion of SIRT1 by miR-138-5p has also been observed in
pancreatic cancer cells, where miR-138-5p promotes the
progression of pancreatic cancer by suppressing tumor
cell autophagy through SIRT1, suggesting that the miR-
138-5p/SIRT1 axis may be involved in different physiolog-
ical processes.

However, our understanding of the relationship be-
tween miR-138-5p and POCD is limited. In this research,
we showed that miR-138-5p acts as a promoter of the
development of POCD. The inhibition of miR-138-5p in
mice with POCD resulted in a significant improvement
in their learning ability and spatial memory compared to
the control group mice. Our findings highlight the critical
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role of miR-138-5p in the progression of POCD caused
by cardiac surgery.

Silent information regulator factor 2-related enzyme 1
(SIRT1)is a type of nicotinamide adenine dinucleotide-de-
pendent deacetylase that belongs to class III histone
deacetylases (HDACs) (38). SIRT1 deacetylates histone
proteins as well as other transcription factors, thereby reg-
ulating various physiological functions in different tissues
and cells (39). For example, numerous studies have shown
that SIRT1 modulates various signaling pathways, such as
the NF-kB pathway, the SIRT1-Foxos pathway, and the
SIRT1-PGC-1a pathway, to mediate the metabolic and in-
flammatory response in cells under ischemic and hypoxic
stress (40). SIRT1 is also considered a key regulator of cell
senescence and age-related diseases. For instance, recov-
ery of skin tissue integrity after injury and maintenance
of homeostasis in granulation tissue require SIRT1 mobi-
lization (41). Additionally, SIRT1 has been linked to brain
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were used, and SIRT1 was identified as a target of miR-138-5p.
Sequence alignment of the 3’ UTR of SIRTI shows the
complementarity at the 5" end of miR-138-5p. (b) luciferase
reporter system was used by co-transfecting of miR-138-5p
inhibitors and SIRT1 3" -UTR (WT) into 293 cells. The plas-
mids containing control fragment (miR-NC) or the mutation
of SIRT1 3" -UTR (Mut) were used as controls. Data were
presented as + SD. **P < (.01 compared to miR-NC group.
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function and neuronal health, with expression of SIRT1
in the brain modulating axon elongation and repair in ce-
rebral neurons, thus mediating memory formation, motor
function, and behavior (42). Due to the close relationship
between SIRT1 and neuroinflammation and brain func-
tion, the role that SIRT1 plays in regulating POCD has
received significant attention. For example, SIRT1 has
been shown to regulate neuroinflammation and reduce
cognitive dysfunction induced by anesthesia in aged rats
(43). Furthermore, overexpression of AMPKal alters
the AMPK-SIRT1 pathway and enhances POCD (44).
Our research has identified that expression of SIRT1 in
hippocampal cells of mice with cardiac surgery inhibited
the occurrence of POCD. We were able to show for the
first time that the mRNA of SIRT1 was a target of miR-
138-5p in hippocampal cells of mice, and that expression
of SIRT1 was suppressed during POCD. Additionally, we
observed alterations in the concentration of pre-inflam-
matory factors such as IL-6, IL-10, and TNF-a in plasma
and hippocampal cells. Consistent with previous studies,
upregulation of SIRT1 suppressed cerebral inflammation.

Conclusion
In conclusion, our research revealed, for the first time, a
potential molecular and cellular basis for POCD. Surgical
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Fig 7. The effects of inhibition of miR-138-5p attenuated cardiac surgery induced postoperative cognitive dysfunction (POCD)
were blocked in sirt1-/- mice. (a) Novel object recognition in the novel object test. (b) Spatial recognition in the novel location
test. (c) Spatial learning in the Morris water maze test (MWM). (d) Spatial memory after a short training period (three training
sessions). The time spent in the target quadrant (TQ) and opposing quadrant (OQ) during the probe trial is depicted. OP: sirt1-/-
mice with cardiac surgery. miR-138 in: sirt1-/- mice with cardiac surgery treated with miR-138-5p inhibitors. Data were presented
as *+ SD of eight mice in each group. No significant difference between the groups.
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factors caused an upregulation of miR-138-5p, which
suppressed the expression of SIRT1 in the hippocampal
cells of mice and exacerbated the inflammation in the hip-
pocampus, leading to an enhancement of the progression
of POCD. This study may provide us with a target for the
prevention and treatment of POCD.
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