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Abstract
Background: Mitochondrial dysfunction is linked to the etiopathogenesis of postoperative delirium (POD),
which severely affects the prognosis of elderly patients undergoing surgery. The methylation of
mitochondrial DNA (mtDNA), a new and incompletely described phenomenon that regulates the structure
and function of mitochondria, is associated with aging. However, the relationship between mtDNA
methylation and POD has not been established.

Methods: 5-methylcytosine (5-mC) at 5 CpG sites of the displacement loop (D-loop) and at 60 CpG sites
of coding gene loci in the mitochondrial genome after surgery of the hippocampus, prefrontal cortex,
amygdala, and anterior cingulate cortex in 6- and 18-month-old mice were detected using bisul�te
pyrosequencing. Mitochondrial structure, mitochondrial gene expression and mtDNA copy number were
also examined using Electron microscopy and real time PCR to �nd the association with mtDNA
methylation

Results: The mtDNA methylation drift manifested as a decrease in the methylation levels at the D-loop
and an increase or decrease in the methylation levels at several coding gene loci, ultimately resulting in
reduced mtDNA copy numbers, altered mitochondrial gene expression, and damaged mitochondrial
structures in the hippocampus and prefrontal cortex after surgery. The activation of Silent information
regulator-1 (SIRT1) ameliorated anesthesia- and surgery-induced mitochondrial dysfunction and delirium-
like behaviors by regulating mtDNA methyltransferase-mediated mtDNA methylation.

Conclusions: These data support the existence of epigenetic mtDNA regulation in POD; however, further
studies are required to explore the speci�c mechanisms.

Introduction
Postoperative delirium (POD) is a common postoperative complication manifesting as acute and
�uctuating disturbances in cognition, consciousness, and attention, mainly occurring in hours to days
after surgery [1]. Age is an important risk factor and predictor for the development of POD [2]. The
incidences of POD in elderly patients after major abdominal surgery and cardiac surgery are
approximately 50% and 51% respectively [3, 4]. POD can cause increased short-term and long-term
postoperative complications or functional impairment (such as a 10-fold increase in the risk of
postoperative cognitive dysfunction), prolonged intensive care and hospital stays, and 2- to 20-fold
increases in postoperative mortality [1, 5, 6]. However, the neuropathogenesis of POD is not well
understood. Therefore, its clinical diagnosis mainly depends on scale assessments, such as the
Confusion Assessment Method (CAM) [7], which lacks the sensitivity of laboratory examinations for early
diagnosis or screening susceptible populations. Furthermore, effective prevention and targeted treatment
remain largely to be determined.

Anesthesia- and surgery-induced mitochondrial dysfunction, which leads to energy de�cits and oxidative
stress in the cortex, plays important roles in behavioral changes in mouse models of POD [8].
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Mitochondria contain their own maternally inherited DNA (mitochondrial DNA [mtDNA]), which is circular,
double-stranded, and approximately 16 kb in size [9]. mtDNA encodes 13 protein components for the
oxidative phosphorylation system, including seven subunits of complex I (NADH dehydrogenase subunits
ND1, ND2, ND3, ND4, ND4L, ND5, and ND6), one subunit of complex III (cytochrome b), three subunits of
complex  (cytochrome oxidase: COX1, COX2, and COX3), and two subunits of complex  (ATPase 6 and
ATPase 8). mtDNA also encodes 22 transfer RNAs and two ribosomal RNAs (rRNAs) for translation of
polypeptides in the mitochondria [10]. The displacement loop (D-loop), which is the only noncoding
region in mtDNA, regulates mitochondrial transcription and replication [10]. Compared with nuclear DNA,
mtDNA lacks protective nucleosomes, histones, and an e�cient DNA repair system and is therefore more
susceptible to changes in the external and internal environments. In particular mtDNA is susceptible to
reactive oxygen species (ROS), which are established determinants of DNA methylation modi�cation on
cytosine residues [11, 12]. Although not completely characterized, emerging �ndings have indicated that
5-methylcytosine (5-mC) in mtDNA can be detected in approximately 2–18% of CpG and non-CpG sites
using bisul�te conversion and pyrosequencing, and mitochondrially targeted DNA methyltransferase 1
(DNMT1) and DNMT3A are suggested to be responsible [13, 14].

Moreover, alterations in mitochondrial genome methylation are known to play important roles in mtDNA
gene expression and replication, thereby directly affecting the oxidative phosphorylation system and
regulating the structure and function of mitochondria [15, 16]. mtDNA methylation drift, which includes
both gains and losses in methylation at various sites, is conserved across species and associated with
aging, environmental exposure, and metabolic and neurodegenerative diseases, such as Alzheimer’s
disease, Parkinson’s disease, and diabetic retinopathy [17–19]. Recent studies have suggested that blood
mtDNA methylation at CpG sites could be used as an epigenetic biomarker of aging [20]. In prefrontal
cortex (PFC) samples, mtDNA methylation at most elements decreases signi�cantly with age. Thus,
mtDNA copy numbers and mitochondrial gene expression increase and decrease with age, respectively
[13]. However, no data have reported mitochondrial 5-mC levels in speci�c brain regions associated with
cognition, consciousness, attention, and emotion, such as the PFC, hippocampus, amygdala, and anterior
cingulate cortex (ACC), in postoperative delirium.

In this study, we explored the potential roles of mitochondrial epigenetic regulation in POD using young
and old mice. Our �ndings provided important insights into the functional signi�cance of mtDNA
methylation modi�cation in POD.

Materials And Methods

Animals
Young and old male C57BL/6N mice (6 and 18 months old, respectively) were used in this study. Six-
month-old mice were provided by the Laboratory Animal Center of Nanjing Medical University and housed
at the Animal Facility of Drum Tower Hospital until they reached 18 months of age. All mice were housed
in a climate-controlled room (22 ± 2 °C), with a 12-h reversed light/dark cycle starting at 06:00 h. Food
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and water were provided ad libitum. Experimental procedures were approved by the Institutional Animal
Care and Use Committee of Nanjing University. All applicable institutional and/or national guidelines for
the care and use of animals were followed. Every effort was made to minimize animal suffering and to
use the minimum number of mice necessary for obtaining valid results.

Anesthesia and surgery for establishing the mouse model
of POD
Mice were randomly assigned to different groups. The mouse model of POD was established as
previously described [8]. The anesthesia and surgery procedures were started between 6:00 and 8:00 am.
Brie�y, mice were anesthetized with inhalation of iso�urane (1.4% in 100% oxygen for induction and
maintenance; Hengrui, Shanghai, China) in a transparent anesthetizing chamber. Ten minutes after
anesthesia induction, mice were moved out of the anesthetizing chamber, and anesthesia was
maintained via a nose mask. The abdominal area was shaved and sterilized with 5% povidone-iodine
solution. Then, a longitudinal midline incision was made starting at the xiphoid and extending towards
0.5 cm from the proximal pubic symphysis on the skin, abdominal muscles, and peritoneum. The incision
was sutured layer by layer using 5–0 nylon. The wound site was covered with compound 2.5% prilocaine
and 2.5% lidocaine cream (Tongfang, Beijing, China) at the end of surgery and then every 8 h for 2 days
to alleviate incisional pain. The surgery for each mouse lasted approximately 10 min. Mice were then
placed back into the chamber, and iso�urane anesthesia was maintained for 2 h. Heart rate, respiratory
rate, oxygen saturation, and body temperature were monitored and maintained within normal levels
during the procedure (MouseOx Monitor; STARR Life Science Corp., Oakmont, PA, USA). At the same time,
control mice stayed in their cages with room air for 2 h.

Behavioral tests
Behavioral tests were performed in the following order: buried food �nding test, open �eld test, Y maze
test, and nonselective nonsustained attention test (NNAT), at 24 h before surgery and at 6, 9, and 24 h
after surgery. The series of tests for each mouse lasted 20 min, and tests for all mice at each time point
were �nished within 50 min in order to minimize any possible in�uence of time factors. After each test,
the apparatuses were cleaned with 75% ethanol solution. Behavioral tests and video analysis were
performed by experimenters who were blinded to the study design and grouping.

Buried food �nding test
The buried food �nding test was performed according to a previous method with modi�cations [21].
Brie�y, mice were given two pieces of sweetened cereal 48 h before the test. Mice were placed in the
home cage in the testing room for 1 h to acclimatize before the test on the test day. The test cage (38 × 
17 × 18 cm) was prepared with clean bedding (3 cm thick) for each mouse. A piece of cereal was hidden
0.5 cm beneath the surface of the bedding in a corner of the test cage. The location was changed every
time randomly. Each mouse was then placed in the opposite corner, and the time required for the mouse
to �nd the food was measured. Latency was de�ned as the time from when the mouse was positioned in
the test cage to when the mouse uncovered the food and initiated eating. The test was performed during
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a 5-min period. If the mouse could not �nd the food within 5 min, the test ended, and the latency was
recorded as 300 s.

Open �eld test
The open �eld test was performed as previously described with modi�cations [8]. Prior to the test day,
mice were allowed to acclimatize for 1 h. On the day of testing, each mouse was placed in the center of
the open �eld chamber (40 × 40 × 40 cm) under dim light and was allowed free movement for 5 min.
Parameters, including the total distance traveled (cm), time spent in the center zone of the open �eld (s),
freezing time (s), and the time until the mouse entered the center zone at the �rst attempt (s), were
assessed and analyzed via a video camera linked to the PanlabSMART animal tracking system software
(RWD Life Science Co., Shenzhen, China). The central zone was de�ned as the 20 × 20 cm area located in
the center of the open �eld.

Y maze test
The Y maze test was performed as previously described with modi�cations [8]. The Y maze consisted of
three arms (33 × 15 × 10 cm) made of the same black plastic positioned at equal angles. The starting
arm, in which the mice started to explore, was always open. The novel arm was blocked during the �rst
trial, but open during the second trial. The other arm was always open. The �rst trial was a training
session the mouse was allowed to explore the starting arm and the other arm for 10 min (the novel arm
was closed). After a 2-h interval, the second trial was performed; the mouse was placed back into the
same start arm and allowed to explore all three arms freely for 5 min. The time spent in and the number
of entries into the novel arm were recorded and analyzed via a video camera linked to the PanlabSMART
animal tracking system software (RWD Life Science Co.).

NNAT
The NNAT was performed as previously described with modi�cations [22]. The open �eld chamber (40 × 
40 × 40 cm) was placed in a quiet room under dim white light. The �oor was equally divided into nine
squares. Four familiar objects with the same diameter (1.5 cm), color, texture, and shape were placed at
the four angles of the central square. During the familiarization period prior to the test day, mice were
individually introduced into the chamber containing the four familiar objects for 5 min/day on three
consecutive days. On the test day, one of the familiar objects was replaced with a new object with the
same size, color, and texture but a different shape. Mice were individually allowed to explore in the
chamber freely for 5 min. The time spent exploring the objects was video recorded. The attentional level
was the percentage of duration of exploration of the new object in comparison with the total time spent
exploring all four objects.

All data for the behavior tests were presented as percentages compared with baseline for the same group.
Z score was calculated using the following formula, as previously described [23]:

Z score = (ΔX [treatment] – mean ΔX [control]) / SD ΔX (control)
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where ΔX (treatment) and ΔX (control) were the change scores at different time points after treatment or
control procedure minus the scores at the baseline, respectively. The composite Z score for each mouse
was calculated as the sum of the seven Z scores (latency to eat food, time spent in the center, freezing
time, latency to the center, entries in the novel arm, duration in the novel arm, and attention level),
normalized to the SD for that sum in the control group. Some Z scores (time spent in the center, freezing
time, entries in the novel arm, duration in the novel arm, and attention level) indicating impairment of
behaviors when reduced were multiplied by -1 before calculating the sum of Z scores.

Extraction of mtDNA
Mice were euthanized by cervical vertebral dislocation under deep anesthesia (5% iso�urane) at 6 h after
surgery. The brain tissues (hippocampus, amygdala, PFC, and ACC) from both hemispheres were
dissected rapidly on ice using Brain Matrices (RWD Life Science Co.) according to the maps and guides
to dissection published by Paxinos and Franklin [24] and stored in liquid nitrogen. Mitochondrial samples
were isolated using a Mitochondria Isolation Kit for Tissues (Beyotime, Shanghai, China) according to the
manufacturer’s protocol. Then, mtDNA was extracted from the pooled mitochondrial sample using a DNA
isolation kit (TIANGEN, Beijing, China) with some modi�cations to the manufacturer’s protocol. Brie�y,
RNaseA (100 mg/mL) and Proteinase K (50 µL/mL) was added to the enzyme mix, dounce
homogenization was performed at 4 °C for 25 strokes, and samples were centrifuged at 700 × g at 4 °C
for 5 min. Phenol-chloroform puri�cation and ethanol precipitation were performed to increase the purity
of the �nal mtDNA solution. The samples were veri�ed using gel electrophoresis on 2% agarose gels and
were quanti�ed by 260 nm absorbance using a NanoDrop 2000 Spectrometer (NanoDrop Technologies,
Wilmington, DE, USA).

BamHI-HF treatment, bisul�te conversion, and sequencing
The loop of mtDNA was opened after incubation with BamHI-HF (New England Biolabs, Ipswich, MA,
USA), which speci�cally recognizes GGATCC and cuts at the position of G/G. Bisul�te conversion of
unmethylated cytosines to uracil in mtDNA was performed using an EZ DNA Methylation-Gold Kit (Zymo
Research, Irvine, CA, USA) according to the manufacturer’s protocol. The cycle conditions were 98 °C for
10 min, 64 °C for 2.5 h, and hold at 4 °C. Cleanup of bisul�te-converted DNA was performed using a spin
column. Then, the bisul�te-converted DNA was ampli�ed to obtain speci�c mtDNA fragments using Hot-
Start Taq DNA Polymerase (Takara, Beijing, China) and speci�c primers. Speci�c primers listed in Table
S1 were designed based on the Mus musculus mitochondrion complete genome (NCBI reference
sequence: NC_005089.1). The total reaction volume was 50 µL, including 0.25 µL Ex Taq HS (5 U/µL), 5
µL Ex Taq Buffer (20 mM), 4 µL dNTP Mixture (2.5 mM each), 1 µL sense primer and anti-sense primer
(1.0 µM each), 30 ng DNA template, and nuclease-free water. The cycle conditions included an initial
denaturation at 95 °C for 2 min; 11 cycles of 95 °C for 20 s, 62 °C for 40 s, and 72 °C for 1 min
(-0.5 °C/cycle); 24 cycles of 95 °C for 20 s, 64 °C for 30 s, and 72 °C for 1 min; and a �nal extension at
72 °C for 1 min. Ampli�ed DNA products were diluted and further ampli�ed using indexed primers. The
cycle conditions were 95 °C for 2 min; 12 cycles of 95 °C for 20 s, 60 °C for 40 s, and 72 °C for 1 min; and
a �nal extension at 72 °C for 2 min. Polymerase chain reaction (PCR) products were separated by 2%
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agarose gel electrophoresis at 140 V for 35 min and puri�ed using a Gel Extraction kit (TIANGEN). DNA
Libraries were constructed, followed by sequencing on an Illumina HiSeq Xten platform according to the
manufacturer's protocols. Sequencing was performed with the 2 × 150-bp paired-end mode. The basic
information of 65 target CpG sites is listed in Table S2.

Quanti�cation of mtDNA copy number
Relative mtDNA copy numbers were quanti�ed using real-time PCR. Total DNA was extracted from the
bilateral hippocampus, amygdala, PFC, and ACC using a DNA isolation kit (TIANGEN). Real-time PCR with
25 ng DNA template, 10 µL 2 × SYBR Premix, and 0.8 µL of each 10 µM primer in a �nal volume of 20
µL/reaction was performed using a SYBR Premix Ex Taq II kit (Takara) on an ABI Step One Plus Real-
Time PCR System (Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s protocol,
i.e., initial denaturation at 95 °C for 10 s; 40 cycles of 95 °C for 3 s and 60 °C for 25 s; and a �nal
dissociation step. The mitochondrial genes ND4 and 16S rRNA were assessed in triplicate, and the
nuclear housekeeping gene 18S rRNA served as a loading control. Relative mtDNA copy numbers were
calculated by comparing mtDNA to 18S rRNA using the ΔΔCt method.

Quanti�cation of mitochondrial gene expression
Total RNA was isolated from the bilateral hippocampus, amygdala, PFC, and ACC using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA), and was reverse transcribed using a reverse transcription PCR kit
(Takara). The expression levels of differentially methylated mitochondrial genes (COX1, ND2, and ND5)
were determined using a SYBR Premix Ex Taq II kit (Takara) on an ABI Step One Plus Real-Time PCR
System (Applied Biosystems) according to the manufacturer’s protocol. The PCR conditions were as
described above. Expression levels were calculated by comparing mitochondrial gene ampli�cation levels
to 18S rRNA ampli�cation levels using the ΔΔCt method.

Electron microscopy
After perfusion, the isolated hippocampus, amygdala, PFC, and ACC were rapidly cut into 1-mm-thick
slices and �xed in 3% glutaraldehyde at 4 °C for 4 h. After washing with phosphate-buffered saline, the
slices were post�xed in a solution of 1% osmium-tetroxide and 1% potassium hexacyanoferrate (II) for
1 h. Then, samples were rinsed, dehydrated in acetone, saturated, and embedded in epoxy-resin. Ultrathin
slices were sectioned (64 nm) and poststained with uranyl acetate and lead citrate. Imaging was
performed with a transmission electron microscope (HT7800; Hitachi Ltd., Tokyo, Japan).

Mitochondrial isolation and western blotting
Mice were euthanized by cervical vertebral dislocation under deep anesthesia (5% iso�urane) at 6 h after
surgery. The bilateral hippocampus, amygdala, PFC, and ACC were removed rapidly and stored in liquid
nitrogen. Mitochondria were isolated from these tissues using a Mitochondria Isolation Kit (Beyotime)
according to the manufacturer’s protocol. Mitochondrial pellets were homogenized in ice-cold RIPA lysis
buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate,
0.1% sodium dodecyl sulfate, and protease inhibitor tablet (Beyotime). Mitochondrial protein was
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extracted, and the concentration was measured by the bicinchoninic acid method. Equivalent protein
(20 µg) was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10%) and
transferred to polyvinylidene di�uoride membranes (Millipore Corporation, Danvers, MA, USA). After
blocking in 5% skim milk, the membranes were incubated with the following primary antibodies (Abcam,
Cambridge, UK) overnight at 4 °C with gentle shaking: anti-DNMT1 (diluted 1:1000 in 5% w/v bovine
serum albumin [BSA], 1 × TBST) and anti-voltage-dependent anion channel 1 (VDAC1; diluted 1:1000 in
5% w/v BSA, 1 × TBST). The membranes were washed, incubated with secondary antibodies conjugated
with horseradish peroxidase (diluted 1:10000), and developed in enhanced chemiluminescence solution.
Densities of speci�c bands were measured using Quantity One V4.31 analysis software (Bio-Rad,
Hercules, CA, USA).

Drug preparation and intraperitoneal injection
Resveratrol (MedChemExpress, Princeton, NJ, USA), a natural chemical activator of silent information
regulator-1 (SIRT1), was dissolved in 10% dimethyl sulfoxide (DMSO) and intraperitoneally injected at a
dose of 50 mg/kg body weight/day for 7 consecutive days before anesthesia and surgery. The vehicle
group received an identical volume of 10% DMSO. The dose was selected in accordance with the �ndings
of previous reports and the results of our preliminary experiments.

Statistical analysis
Statistical analyses were performed using SPSS 20.0 (SPSS Inc., Chicago, IL, USA). Mice were assigned
to different treatment groups in accordance with a random number table. Data were expressed as means 
± standard deviations (SDs). Two-way repeated measures analysis of variance (ANOVA; treatment × time)
was performed to determine differences in behavior tests between groups. One-way ANOVA was used to
determine differences in molecular biological data. When signi�cant main effects were observed, the
sources of differences were determined by conducting Bonferroni post-hoc tests. Results with P values of
less than 0.05 were considered statistically signi�cant.

Results

Anesthesia- and surgery-induced time-dependent delirium-
like behaviors in young and old mice
In buried food tests, anesthesia and surgery increased the latency to eat food in 6-month-old mice
compared with that in age-matched control mice at 9 h after surgery (P < 0.05; Fig. 1a). In addition,
compared with age-matched control mice, the latency to eat food was also increased in 18-month-old
mice at 6, 9, and 24 h after surgery (P < 0.05; Fig. 1i). These data suggested that anesthesia and surgery
could impair attention, organized thinking, and consciousness, which are necessary for �nding and eating
food.
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In open �eld tests, anesthesia and surgery did not alter the total distance in 6- or 18-month-old mice
compared with that in age-matched control mice at 6, 9, or 24 h after surgery (Supplemental Information
Fig. S1). Anesthesia and surgery decreased the time spent in the center and the freezing time of 6-month-
old mice compared with that of age-matched control mice at 6 h after surgery, but did not change the
latency to center in 6-month-old mice (P < 0.05; Fig. 1b, c). In addition, compared with age-matched
control mice, the time spent in the center in 18-month-old mice was decreased, and the latency to center
in 18-month-old mice was increased at 6 and 9 h after surgery. Moreover, the freezing time in 18-month-
old mice was decreased at all time points after surgery (P < 0.05; Fig. 1j–l). These data suggested that
anesthesia and surgery could induce anxiety-like behaviors and impair exploratory behaviors and
awareness of the environment without affecting locomotor activity in mice.

In Y maze tests, compared with age-matched control mice, the number of entries into the novel arm was
decreased in 6-month-old mice at 9 h after surgery, and the duration in the novel arm was decreased in 6-
month-old mice at 6 h after surgery (P < 0.05; Fig. 1e, f). In addition, anesthesia and surgery decreased the
number of entries into the novel arm in 18-month-old mice compared with that in age-matched control
mice at 6 and 9 h after surgery and decreased the duration in the novel arm for 18-month-old mice at 6 h
after surgery (P < 0.05; Fig. 1m, n). These data suggested that anesthesia and surgery could impair the
spatial memory of mice.

In NNATs, anesthesia and surgery did not alter the attention levels of 6-month-old mice compared with
age-matched control mice at 6, 9, or 24 h after surgery (P > 0.05; Fig. 1g). However, compared with age-
matched control mice, the attention levels of 18-month-old mice were decreased at 24 h after surgery (P < 
0.05; Fig. 1o).

The mean composite Z score for 6-month-old mice in the surgery group was signi�cantly higher than that
in the age-matched control group at 6 and 9 h, but not 24 h after surgery (Fig. 1h). In 18-month-old mice,
the mean composite Z score in the surgery group was signi�cantly greater than that in the control group
at all time points after surgery (Fig. 1p). Collectively, these data suggested that abdominal surgery under
iso�urane anesthesia could induce time-dependent postoperative delirium, manifested as impairment of
certain natural and learned behaviors both in young and old mice; this effect was more profound in old
mice.

SIRT1 activation by resveratrol ameliorated anesthesia- and
surgery-induced delirium-like behaviors
Given previous �ndings showing that energy de�cits, oxidative stress, and neuroin�ammation associated
with mitochondrial dysfunction may contribute to the mechanism of POD [8], and because SIRT1 is a key
modulator of mitochondrial homeostasis [25], we employed resveratrol to determine whether SIRT1
activation could ameliorate anesthesia- and surgery-induced delirium-like behaviors in 18-month-old
mice. Buried food tests showed that resveratrol ameliorated anesthesia- and surgery-induced increases in
the latency to eat food at 6, 9, and 24 h after surgery compared with that in mice treated with vehicle (P < 
0.05; Fig. 2a). In open �eld tests, resveratrol ameliorated anesthesia- and surgery-induced decreases in
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the time spent in the center and in the freezing time at 6 and 9 h after surgery and ameliorated the
increase in latency to center at 9 h after surgery compared with that in mice treated with vehicle (P < 0.05;
Fig. 2b–d). Resveratrol also ameliorated anesthesia- and surgery-induced reductions in the number of
entries into the novel arm in Y maze tests at 9 h after surgery (P < 0.05; Fig. 2e). However, resveratrol did
not affect the decrease in the duration in the novel arm induced by anesthesia and surgery in Y maze
tests or the decrease in attention levels induced by anesthesia and surgery in NNATs during the
observation period (P > 0.05; Fig. 2f, g). The increase in the mean composite Z score induced by
anesthesia and surgery was signi�cantly decreased in mice treated with resveratrol at 6 and 9 h after
surgery (Fig. 2h). Collectively, these data suggested that SIRT1 activation by resveratrol could ameliorate
anesthesia- and surgery-induced delirium-like behaviors.

Anesthesia and surgery altered mtDNA methylation levels in different brain regions in young and old mice

To investigate the effects of anesthesia and surgery on mtDNA methylation, we evaluated 5-mC
methylation at 60 CpG sites of speci�c gene loci and at 5 CpG sites of the D-loop at 6 h after surgery.
Consistent with previous reports, the average methylation levels of different CpG sites were all less than
3% and showed regional differences across the mitochondrial genome. Several CpG sites exhibited
signi�cantly different levels of mtDNA methylation among groups (Fig. 3).

In the hippocampus, there were �ve sites located within the 12S rRNA region (318, 355, 362), ND1 region
(2851), and COX1 region (6640) that showed lower levels of methylation and three sites located within
the COX3 region (8845), ND4 region (10599), and D-loop region (15856) that showed higher levels of
methylation after surgery in 6-month-old mice compared with that in age-matched control mice. In 18-
month-old mice, there were four sites located within the ND2 region (4136), COX1 region (6640), and ND5
region (13119, 13242) that showed lower levels of methylation and one site located within the D-loop
region (15856) that showed higher levels of methylation in the hippocampus after surgery compared with
that in age-matched control mice. In addition, resveratrol reversed anesthesia- and surgery-induced
changes in methylation levels at site 6640 within the COX1 region and at site 15856 within the D-loop
region, i.e., the two differential methylation sites identi�ed both in 6- and 18-month-old mice undergoing
surgery (Table 1).
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Table 1
Differential methylation of CpG sites in hippocampus of control and surgery mice at different ages

CpG
site

Annotation Control (n = 9) vs

Surgery (n = 11)

(6 months)

Control (n = 10) vs
Surgery (n = 11)

(18 months)

Surgery + Resveratrol (n = 10)
vs Surgery + Vehicle (n = 10)

p Difference p Difference p Difference

230 12S rRNA         0.018 0.950

318 12S rRNA 0.02 -0.367        

355 12S rRNA 0.04 -0.627        

362 12S rRNA 0.001 -1.016        

2851 ND1 0.009 -0.311        

2904 ND1         0.037 0.172

4136 ND2     0.031 -0.232 0.041 0.085

6640 COX1 0.007 -0.201 0.039 -0.322 0.011 -0.239

7337 COX2         0.022 0.091

8845 COX3 0.023 0.204     0.045 0.161

10599 ND4 0.02 0.197     0.009 0.122

13119 ND5     0.028 -0.264 0.049 0.125

13242 ND5     0.022 -0.140    

15856 D-loop < 
0.001

0.642 0.002 0.511 < 0.001 0.482

Data were analyzed by one-way ANOVA.

In the PFC, there were four sites located within ND2 region (4094), ATP6 region (8048), and ND4L region
(10075, 10084) that showed lower levels of methylation after surgery in 6-month-old mice compared with
that in age-matched control mice. In 18-month-old mice, there were nine sites located within the 12S rRNA
region (264, 320, 352), 16S rRNA region (1333), ND2 region (4136), COX1 region (6640), ND3 region
(9582), ND4L region (10144), and ND4 region (10632) that showed lower levels of methylation and three
sites located within the ND5 region (13119) and D-loop region (15833, 15856) that showed higher levels
of methylation in the PFC after surgery compared with that in age-matched control mice. In addition,
resveratrol reversed anesthesia- and surgery-induced changes in methylation levels at site 4136 within the
ND2 region, site 6640 within the COX1 region, and site 15856 within the D-loop region, i.e., the three
differential methylation sites identi�ed in 18-month-old mice undergoing surgery (Table 2).
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Table 2
Differential methylation of CpG sites in prefrontal cortex of control and surgery mice at different ages
CpG
site

Annotation Control (n = 5) vs

Surgery (n = 6)

(6 months)

Control (n = 5) vs
Surgery (n = 5)

(18 months)

Surgery + Resveratrol (n = 7) vs
Surgery + Vehicle (n = 6)

p Difference p Difference p Difference

264 12S rRNA     0.031 -0.861    

320 12S rRNA     0.029 -1.301    

352 12S rRNA     0.026 -1.127    

1333 16S rRNA     0.002 -0.420    

4094 ND2 0.016 -0.230        

4136 ND2     0.040 -0.194 0.046 -0.417

6640 COX1     0.045 -0.152 0.037 -0.348

7434 COX2         0.019 -0.183

8048 ATP6 0.015 -0.294        

9582 ND3     < 
0.001

-0.152    

10075 ND4L 0.025 -0.277        

10084 ND4L 0.001 -0.249        

10144 ND4L     0.016 -0.227    

10632 ND4     0.013 -0.318    

13119 ND5     0.015 0.649 0.044 -0.139

15833 D-loop     0.011 0.767    

15856 D-loop     0.015 0.866 0.003 0.920

Data were analyzed by one-way ANOVA.

In the amygdala and ACC, fewer sites showed signi�cant differences in mtDNA methylation levels. In
ACC, the methylation levels were decreased at site 7413 within the COX2 region and increased at site
8868 within the COX3 region after surgery in 6-month-old mice compared with that in age-matched
control mice. In 18-month-old mice, the methylation levels were decreased at site 230 within the 12S rRNA
region, site 4136 within the ND2 region, and site 8848 within the COX3 region and increased at site 7984
within the ATP6 region after surgery in 18-month-old mice compared with that in age-matched control
mice (Table 3). In the amygdala, methylation levels were decreased at site 6570 within the COX1 region
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and site 2880 within the ND1 region and increased at site 6643 within the COX1 region and site 10599
within the ND4 region after surgery compared with that in age-matched control mice (Table 4).
Resveratrol changed the methylation levels at site 10591 within the ND4 region and site 14979 within the
CYTB region in the ACC and site 2935 within the ND1 region, site 7487 within the COX2 region, and site
8123 within the ATP6 region in the amygdala.

Table 3
Differential methylation of CpG sites in anterior cingulate cortex of control and surgery mice at different

ages
CpG
site

Annotation Control (n = 5) vs
Surgery (n = 5)

(6 months)

Control (n = 5) vs
Surgery (n = 7)

(18 months)

Surgery + Resveratrol (n = 8) vs
Surgery + Vehicle (n = 5)

p Difference p Difference p Difference

230 12S rRNA     0.018 -0.961    

4136 ND2     0.004 -0.181    

7413 COX2 0.032 -0.317        

7984 ATP6     0.041 0.229    

8868 COX3 0.019 0.264 0.037 -0.256    

10591 ND4         0.006 -0.143

14979 CYTB         0.046 -0.100

Data were analyzed by one-way ANOVA.
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Table 4
Differential methylation of CpG sites in amygdala of control and surgery mice at different ages

CpG
site

Annotation Control (n = 7) vs
Surgery (n = 7)

(6 months)

Control (n = 8) vs
Surgery (n = 5)

(18 months)

Surgery + Resveratrol (n = 5) vs
Surgery + Vehicle (n = 9)

p Difference p Difference p Difference

2880 ND1     0.045 -0.164    

2935 ND1         < 0.001 0.276

6570 COX1 0.042 -0.184        

6643 COX1 0.007 0.208        

7487 COX2         0.028 0.230

8123 ATP6         0.026 -0.144

10599 ND4     0.040 0.131    

Data were analyzed by one-way ANOVA.

Anesthesia and surgery altered mtDNA copy numbers, gene
expression, and morphology
Because mtDNA methylation may regulate mitochondrial biogenesis, mtDNA replication, and
transcription, we next evaluated relative copy numbers of mtDNA expressed as a ratio of ND4 and 16S
rRNA gene copies to 18S rRNA gene copies at 6 h after surgery using RT-PCR. mtDNA copy numbers were
signi�cantly decreased in the hippocampus and PFC after surgery in both 6- and 18-month-old mice
compared with that in age-matched control mice. Resveratrol reversed anesthesia- and surgery-induced
decreases in mtDNA copy numbers in the hippocampus and PFC compared with that in vehicle-treated
mice. However, no signi�cant differences in mtDNA copy numbers were found in the amygdala or ACC
(Fig. 4).

To further clarify the downstream effects of mtDNA methylation on mtDNA transcription, RT-PCR was
used to measure the expression levels of differentially methylated mitochondrial genes (COX1, ND2, and
ND5). Our results showed that anesthesia and surgery induced greater changes in mitochondrial gene
expression in 18-month-old mice than in 6-month-old mice. In 18-month-old mice, COX1 gene expression
was increased, whereas ND2 and ND5 gene expression was decreased signi�cantly in both the
hippocampus and PFC at 6 h after surgery compared with that in control mice. Resveratrol ameliorated
anesthesia- and surgery-induced changes in such gene expression in the hippocampus and PFC
compared with that in vehicle-treated mice. However, no signi�cant differences in gene expression were
found in the amygdala or ACC (Fig. 5).
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To assess whether mtDNA methylation affected mitochondrial morphology, which is critical for
maintaining mitochondrial function, we performed electron microscopy studies to observe the
ultrastructure of mitochondria in different brain regions at 6 h after surgery. There were more round and
damaged mitochondria, manifested as an unclear structure, distorted cristae, and swelling of
mitochondria in both the hippocampus and PFC after surgery compared with that in age-matched control
mice. Resveratrol ameliorated anesthesia- and surgery-induced changes in mitochondrial morphology
compared with that in vehicle-treated mice (Fig. 6).

Anesthesia and surgery altered the expression of DNA
methyltransferase in mitochondria
Western blotting results using puri�ed mitochondrial fractions showed that the expression levels of
DNMT1 were signi�cantly increased in the hippocampus and PFC of 18-month-old mice at 6 h after
surgery compared with that in age-matched control mice. In 6-month-old mice, anesthesia- and surgery-
induced upregulation of DNMT1 was observed only in PFC. Resveratrol increased the expression levels of
DNMT1 in the PFC compared with that in vehicle-treated mice (Fig. 7).

Discussion
In the current study, we examined methylation levels at 65 CpG sites in the mitochondrial genome in a
mouse model of POD. We found that laparotomy under iso�urane anesthesia induced acute
postoperative impairment of natural and learned behaviors, including inattention, disorganized thinking,
altered levels of consciousness, and memory decline in an age-dependent manner. Moreover, mtDNA
methylation drift manifested as an increase in methylation levels in the D-loop and an increase or
decrease in methylation levels at several coding gene loci, ultimately resulting in reduced mtDNA copy
numbers, altered mitochondrial gene expression, and damaged mitochondrial structures in the
hippocampus and PFC after surgery; this could be the important epigenetic mechanism of delirium-like
behaviors. We also showed that SIRT1 activation ameliorated anesthesia- and surgery-induced
mitochondrial dysfunction and delirium-like behaviors by regulating mitochondrial DNA
methyltransferase-mediated mtDNA methylation. Our �ndings provided evidence to establish the
relationship between mtDNA epigenetic mechanisms and POD.

Mitochondria, which synthesize ATP and supply cellular energy through the respiration chain and
oxidative phosphorylation system, play essential roles in maintaining neuronal functions. Mitochondrial
impairment and dysfunction lead to ROS production, energy de�cits, and neuroin�ammation in the brain,
representing the key feature of POD [8, 26, 27]. Recently, mtDNA methylation, which regulates mtDNA
gene expression and replication and thus directly affects the structure and function of mitochondrion,
has been proposed as a cause of ageing and many neurodegenerative diseases and may be a valuable
epigenetic marker and therapeutic target [17–20, 28]. Illumina sequencing of 82 human blood samples
indicated that the methylation levels at 54 CpG sites in the mitochondrial genome varied according to age
and that hypomethylation of two of these CpG sites was signi�cantly correlated with chronological age
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[20]. A dynamic pattern including both increases and decreases in methylation levels at various sites of
mtDNA in human and mouse brains, i.e., the mtDNA methylation drift, contributes to the pathogenic
mechanisms of Alzheimer’s disease and Parkinson’s disease [17, 18]. Our data provided further evidence
regarding mtDNA methylation drift, suggesting mtDNA epigenetic modulation in POD.

Several differential methylation sites of the D-loop and speci�c coding gene loci in mtDNA were identi�ed
in young and old mice exhibiting postoperative delirium-like behaviors compared with those in age-
matched control mice in the current study. The D-loop, an important noncoding region of mtDNA,
contains promoters for both the heavy and light strands of mitochondrial genes and controls
mitochondrial genome replication and transcription [28]. The association of the hypermethylated D-loop
with decreased mtDNA copy numbers was also reported in insulin resistance and Alzheimer’s disease [17,
30]. In contrast, some studies have observed hypomethylation of the D-loop region with decreased
mtDNA copy numbers in brain samples from patients with Alzheimer’s disease, suggesting that other
cofounding factors may participate in D-loop methylation-regulated mitochondrial genome replication
[18]. In this study, we showed that anesthesia and surgery induced signi�cant hypermethylation in the D-
loop, resulting in decreased mtDNA copy numbers in the hippocampus and PFC of 6- and 18-month-old
mice. Theoretically, for speci�c coding genes, mtDNA methylation levels negatively correlate with
mitochondrial gene transcript abundance. However, mtDNA methylation drift with decreased methylation
levels at most coding gene loci was observed in brains from older humans, and mitochondrial gene
expression decreased with age [13]. Our data suggested that anesthesia and surgery induced mtDNA
methylation drift at coding gene loci, thereby in�uencing the transcriptional levels of COX1, ND2, and ND5,
which encode the subunits of cytochrome c oxidase (complex IV) and NADH dehydrogenase (complex I)
in the hippocampus and PFC of 6- and 18-month-old mice. We speculated that hypomethylation at most
coding genes, which could promote transcription regulated by the hypermethylation of D-loop, may
represent an interrelated compensatory mechanism [17]. The decreased mtDNA copy number and
abnormal transcript abundance of coding genes, resulting in damage to mitochondrial structure and
function after surgery in the hippocampus and PFC, may be the underlying mechanism of POD.

The methylation of mtDNA is regulated by DNMT1, which translocates to the mitochondria via a
mitochondrial targeting sequence [14]. Previous studies have suggested that age-related oxidative stress
and in�ammatory conditions downregulate the expression and function of DNMTs [31]. Our data
suggested that anesthesia and surgery increased the expression levels of DNMT1 in the mitochondria,
resulting in mtDNA methylation drift, i.e., global hypomethylation and regional hypermethylation in the
hippocampus and PFC of 6- and 18-month-old mice. SIRT1, an NAD+-dependent histone deacetylase,
exerts various bene�cial effects, such as suppression of the physiological signs of aging via regulation of
the expression, acetylation, and activity of DNMTs [31]. Resveratrol, which activates SIRT1 through
allosteric interaction and increases SIRT1 a�nity for both NAD + and the acetylated substrate, not only
regulates the expression and acetylation of DNMT1 directly but also modulates the binding of DNMT1
and the mitochondrial genome indirectly via regulating peroxisome proliferator-activated receptor gamma
coactivator 1α and nuclear respiratory factor 1, which interact with DNMT1 [14, 31]. Our data suggested
that resveratrol regulated the expression of DNMT1 and thus ameliorated anesthesia- and surgery-
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induced mtDNA methylation drift, mitochondrial dysfunction, and delirium-like behaviors. Notably,
resveratrol only perturbed mtDNA methylation levels regionally, not globally.

There were several limitations to the current study. First, our analysis of mtDNA methylation was limited
to 5-mC levels at CpG sites of the mitochondrial genome. However, 5-hmC is also present in the
mitochondrial genome, and non-CpG sites in mitochondria can also be methylated [13]. Further studies
are needed to identify 5-hmC levels and methylation pro�les at non-CpG sites in mitochondria in POD.
Another important concept is the mechanism of upregulation of DNMT1-mediated mtDNA global
hypomethylation and regional hypermethylation. Finally, the regulatory mechanism of SIRT1 still remains
elusive. In addition to alterations in DNMT1 expression and activity, activated SIRT1 interacts with
various substrates and exerts multiple protective effects, which can in�uence mtDNA methylation levels
directly or indirectly [32] and should also be taken into account.

Conclusions
In conclusion, mtDNA methylation drift presented as global hypomethylation and regional
hypermethylation in the hippocampus and PFC, mediated impairment of mitochondrial structure and
function, and played key roles in POD. These data supported the existence of epigenetic mtDNA
regulation in POD. However, further research is required to explore the associated mechanisms.
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Figure 1

Anesthesia and surgery induced time-dependent delirium-like behaviors in young and old mice. (a) Buried
food tests, (b–d) open �eld tests (time spent in the center, freezing time, latency to center), (e, f) Y maze
tests (entries in the novel arm, duration in the novel arm), and (g) nonselective, nonsustained attention
tests (n = 15) were monitored in 6-month-old mice at 6, 9, and 24 h after anesthesia and surgery. (i) Buried
food tests, (j–l) open �eld tests (time spent in the center, freezing time, latency to center), (m, n) Y maze
tests (entries in the novel arm, duration in the novel arm), and (o) nonselective, nonsustained attention
tests (n = 15) were monitored in 18-month-old mice at 6, 9, and 24 h after anesthesia and surgery. (h, p)
Composite Z scores in 6- or 18-month-old mice quantitatively demonstrated the postoperative delirium-
like behaviors in the control and surgery groups. Data are means ± SDs and were analyzed by two-way
repeated measures ANOVA. *, P < 0.05.



Page 22/27

Figure 2

Intraperitoneal injection of resveratrol ameliorated anesthesia- and surgery-induced delirium-like
behaviors in 18-month-old mice. (a) Buried food tests, (b–d) open �eld tests (time spent in the center,
freezing time, latency to center), (e, f) Y maze tests (entries in the novel arm, duration in the novel arm),
and (g) nonselective, nonsustained attention tests (n = 15) were monitored at 6, 9, and 24 h after
anesthesia and surgery. (h) Composite Z scores quantitatively demonstrated that pretreatment with
resveratrol ameliorated postoperative delirium-like behaviors in 18-month-old mice. Data are means ±
SDs and were analyzed by two-way repeated measures ANOVA. *, P < 0.05.
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Figure 3

Mean methylation levels at 65 CpG sites across the mitochondrial genome in the hippocampus,
prefrontal cortex, amygdala, and anterior cingulate cortex of 6-month-old mice in (a) the control group
and (b) surgery group and of 18-month-old mice in (c) the control group, (d) surgery group, (e) surgery +
vehicle group, and (f) surgery + resveratrol group at 6 h after surgery.
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Figure 4

Relative copy numbers of mtDNA expressed as the ratio of ND4 and 16S rRNA gene copies to 18S rRNA
gene copies in the hippocampus, prefrontal cortex, amygdala, and anterior cingulate cortex of (a–d) 6-
month-old control mice and mice who underwent surgery, (e–h) 18-month-old control mice and mice who
underwent surgery, and (i–l) mice in the 18-month-old surgery + vehicle and surgery + resveratrol groups
at 6 h after surgery (n = 5). Data are means ± SDs and were analyzed by one-way ANOVA. *, P < 0.05.
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Figure 5

Relative expression levels of mitochondrial genes (COX1, ND2, ND5) in the hippocampus, prefrontal
cortex, amygdala, and anterior cingulate cortex of (a–d) 6-month-old mice in the control and surgery
groups, (e–h) 18-month-old mice in the control and surgery groups, and (i–l) 18-month-old mice in the
surgery + vehicle and surgery + resveratrol groups at 6 h after surgery (n = 5). Data are means ± SDs and
were analyzed by one-way ANOVA. *, P < 0.05.
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Figure 6

Ultrastructure changes in mitochondria in neurons form the hippocampus and prefrontal cortex of 6-
month-old mice in the control and surgery groups, 18-month-old mice in the control and surgery groups,
and 18-month-old mice in the surgery + vehicle and surgery + resveratrol groups at 6 h after surgery.
Representative images from the control group showed that mitochondria manifested as long tubules with
intact outer and inner membranes and numerous, tightly packed, clear cristae; representative images from
the surgery group showed small, round, swollen mitochondria with unclear structures and distorted
cristae. Scale bar = 1 μm.
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Figure 7

Expression levels of mitochondrial DNMT1 in (a, b, e, f) the hippocampus and (c, d, g, h) prefrontal cortex
of 6-month-old and 18-month-old mice at 6 h after surgery. (a–d) Western blotting �ndings for DNMT1
and VDAC1 expression revealed products of 183 and 31 kDa, respectively. (e–h) Densitometric
quanti�cation of DNMT1 immunoreactivity on western blots; VDAC1 was used as the loading control (n =
5). Data are means ± SDs and were analyzed by one-way ANOVA. *, P < 0.05.
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