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Abstract

Background: Postoperative neurocognitive disorder (PND) is a severe postop-
erative complication with no effective therapy that affects up to 19-52% of
senior patients. Age and surgery type have been identified as risk factors. How-
ever, what caused the increased risk in the elderly is poorly understood.
Methods: We utilized a PND model in aged mice undergoing experimental
laparotomy with general anesthesia to evaluate the causal relationship between
hyperhomocysteinemia and increased PND susceptibility. PND was assessed by
Novel Object Tasks, Fear Conditioning Tests, and Barnes Maze Tests. Serum
homocysteine (Hcy) as well as vitamin B12 and folate acid levels were tested
before, immediately after surgery and from day 1 to day 29 after surgery by
ELISA. The effectiveness of preventative strategy including diet supplementation
of vitamin B12 + folic acid (Vit B12 + FA) and S-adenosylmethionine (SAM)
injection targeting hyperhomocysteinemia were also tested. Results: PND in
aged mice lasted for at least 2 weeks after experimental laparotomy, which was
not observed in young adult mice. Serum Hcy results indicated a significant
correlation between postoperative cognitive performance and perioperative Hcy
level. Preoperative supplementation with VB12 and folic acid (FA) in the diet
or S-adenosylmethionine (SAM) injection reduced perioperative serum Hcy
level and inhibited the development of PND in aged mice. Conclusions: Serum
homocysteine accumulation is a fundamental cause for increased susceptibility
of PND in aged mice. Preoperative diet supplementation of VitB12 + FA can
effectively reduce PND in aged mice, which may be a promising prophylaxis
treatment in clinical settings.
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Hyperhomocysteinemia Increased PND Susceptibility

Introduction

Postoperative neurocognitive disorder (PND) is a severe
complication that affects the working ability including
compromised attention, memory, orientation, executive
function, or language fluency after surgery in patients,
and is associated with increased morbidity and mortality."
The incidence of PND in middle-aged patients is 19.2%"
and up to 52% in senior patients.> Increased susceptibil-
ity to PND has also been found in aged animals.”™® How-
ever, the mechanisms wunderlying the increased
susceptibility to PND in elderly individuals remained lar-
gely unknown.

Accumulative evidences have shown that serum homo-
cysteine (Hcy) level is increased in aged population®”
and Hcy is associated with neurological disorders such as
dementia.'>'? Although preoperative hyperhomocysteine-
mia was suggested as a risk factor for developing PND in
elderly patients undergoing oncological surgery," incon-
sistent conclusions was drawn on patients undergoing
CABG surgery.'* No effort has been made to explore the
relationship between Hcy and PND in animal researches.
Thus, we hypothesized that hyperhomocysteinemia is a
crucial risk for increased susceptibility of PND in aged
individuals. More importantly, targeting hyperhomocys-
teinemia, a clinically feasible and economic preemptive
approach, diet supplement with vitamin B12 (VB12) and
folic acid (FA), were evaluated for its effectiveness in
PND prevention in current study.

Methods

Research animals and ethical approval of
study protocol

All procedures were carried out in accordance with the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals. The current protocols were
approved by the Ethics Committee for Animal Experi-
mentation of the Fourth Military Medical University.
Two hundred and fifty male C57BL/6] mice aged 20—
22 months (aged mice) and 130 aged 8-10 weeks (young
adult) male mice were purchased from Chang Zhou
Cavens Laboratory Animal Co.,Ltd. All mice were settled
for 1 week before any intervention with access to food
and water ad libitum and kept on a 12 h light/12 h dark
cycle.

PND model construction

Mice were subjected to experimental laparotomy under
isoflurane anesthesia to construct PND model as previ-
ously reported with slight modification.'”> Anesthesia was
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delivered through a face mask (1.5 to 2.0% isoflurane, O,
0.5 L/min). Mice were placed on a heat pad to maintain
body temperature between 36.5-37.0°C. The abdominal
hair was removed and followed by skin sterilization with
iodophor and 65% alcohol. Mice in surgical group had a
1-cm abdominal midline incision. Approximately 5-cm
small intestine was exteriorized from the peritoneal cavity,
covered with moist gauze, and gently rubbed for a total
of 10 min. Abdominal muscle was closed with 5-0 Vicryl
sutures (Polysorb™, USA), followed by skin closure with
4-0 silk suture. Wound was infiltrated with 0.2% ropiva-
caine (300 pL) for postoperative analgesia in order to
avoid the interruption of pain to cognitive assess-
ment.'®'” The surgery duration was fixed at 30 min.
Control mice merely had their hair removed without
anesthesia nor surgical intervention. Mice were allowed to
recover in an incubator at 35°C for 30 min before return-
ing to their home cages. Neurocognitive functions were
assessed as below.

Neurocognitive function assessment for
researched animals

Novel object recognition test

Novel object recognition test (NOR) was used to assess
short-term working memory according to previous proto-
col with adjustments.'®. Mice were habituated on day 13
and tested on day 14 after surgery. A video tracking sys-
tem (ANY-maze, Stoelting Co., Ltd) was used to analyze
exploration time ratio of the novel object as compared to
an original object. For habituation, remove the mouse
from its home cage and place it in the middle of the open
arena. Allow the mouse to freely explore for 5 min. We
conducted 2 sessions on the training day. On Training
Session, place 2 same objects in opposite quadrants, then
place the mouse in the center of the arena and allow the
mouse to explore for 10 min. Sixty min after Training
Session, we placed one of the object used during training
and replaced one novel object in opposite quadrants.
Finally, placed the mouse in the center of the arena and
allow free exploration for 10 min. Discrimination
ratio = [(Time for exploring novel object in test phase/
time for exploring both objects in test phase) — (Time for
exploring original object at the same location in training
phase/Time for exploring both objects in training
phase)] x 100%].

Contextual fear conditioning test

Mice were submitted to a contextual fear conditioning
paradigm in a certain context (Xeye Instruments, Beijing
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MacroAmbition S&T Development Co., Ltd) with slight
modification.'” Contextual fear conditioning test con-
tained three sessions: habituation phase (day 13), training
phase (day 14), and test phase (day 15). On the habitua-
tion day, mice were placed in the training context for 10
min free moving. On training day, a total of five foot-
shocks were delivered (current: 0.7 mA, 2 sec; inter foot-
shocks interval: 35-60 sec). Twenty-four hours later, mice
were tested for contextual memory retrieval in the same
context without aversive stimuli for 5 min. The animals
were considered freezing if no movement was detected
for 2 sec (Freezing time time/
300 s x 100%).

ratio = Freezing

Barnes maze test

Barnes maze test was carried out as described before with
modifications.?® Barnes maze (Global Biotech Co.,Ltd,
Shanghai) test was conducted in a dim room and
included 5 consecutive days with training phase (days 12—
15 after surgery) and test phase (day 16 after surgery). A
video camera was set above and connected to the Any-
Maze animal tracking system (Stoelting Co., Ltd, USA).
The escape latency and time spent in the target quadrant
were analyzed. On day 11, after surgery, mice were firstly
habituated in the testing room for 1 hour, then placed on
the platform for 2 min and guided toward the escape box
for another 3 min. During the training period, bright
light (200 W) and white noise (85 dB) were given as
aversive stimulation. Once reaching the escape box, the
buzzer was turned off. Mice were allowed to remain in
the escape box for 1 min before returned back to their
home cages. The training phase consisted of 15 trials:
three trials on the first day and four trials per day on the
next 3 days (3 min each trial and 15 min intervals). Odor
cues were removed through ethanol wipes between ses-
sions. During the testing period, the escape box was
removed, and then mice were allowed to move freely for
2 min with same aversive stimuli. The increases in escape
latency, and decrease in time in target quadrant in the
Barnes maze suggests cognitive impairment of the mice.
(Time ratio in the target quadrant = time spent in the
target quadrant in the test session/120s x 100%).

Vitamin supplementation and drug delivery

Diet supplementation of Vitamin B12 and/or folic
acid

The control diet was AIN93G (contained Vitamin Mix
V10037, folic acid 2 mg/kg, Vitamin B12 25 pg/kg, Open

Source™, China). For vitamin-rich diet, diet containing
five times normal dose of vitamin B12 (125 pg/kg) and
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folic acid (10 mg/kg) were given to aged mice for 2 weeks
before surgery till the end of study.

Homocysteine and SAM administration

S-adenosylmethionine (SAM, Shanghai Macklin Biochem-
ical Co., Ltd) was used as an allosteric activator for cys-
tathionine beta synthase (CBS)*! to enhance sulfur
transfer pathway metabolism of homocysteine. Aged mice
were injected with different doses of SAM (0.4, 0.8, 4, 8,
or 16 mg/kg) to determine the appropriate dosage for
serum homocysteine reduction. Follow-up study adopted
4 mg/kg SAM i.p. injection (or equal volume of saline)
per day for 1 week before surgery.

To reverse the homocysteine-lowering effect of VBI12
and FA, homocysteine was given intraperitoneally once
per day for 7 days before surgery in aged mice already
fed on VBI12 + FA rich diet 1 week prior to Hcy injec-
tion. The VB12 + FA diet was maintained throughout the
perioperative period. Different doses of homocysteine
(0.5, 5, 10, or 20 mg/kg, Sigma-Aldrich Trading Co., Ltd,
Shanghai) were used. Thus, the follow-up study used
10 mg/kg homocysteine i.p. injection (or equal volume of
saline) for 1 week as protocol for hyperhomocysteinemia.

In order to induce hyperhomocysteinemia in young
adult mice, 10 mg/kg extragenic homocysteine was
administered once per day for 1 week, which mimicked
the change of serum homocysteine in aged mice. Serum
homocysteine were detected at different times pre- and
post-surgery.

Blood tests for levels of homocysteine,
vitamin B12, and folic acid

Before and after a 30-min surgery, animals were main-
tained on anesthesia and blood samples were collected
directly from the left ventricle before sacrifice. The time
point is around 35 min since the onset of anesthesia.

Commercially available ELISA kits for measuring serum
homocysteine, vitamin B12, and folic acid of mice (WES-
TANG BIO-TECH Co., Ltd, Shanghai, China) were used
according to manufacturers’ instructions. Triple tests for
each sample were performed. Absorbances (450 nm) were
read using an ELISA microplate reader (DENLEY DRA-
GON Wellscan MK 3, Thermo, Finland).

Statistic analysis

Statistical analysis was performed using the SPSS ver-
sion 20.0 program (SPSS Inc., Chicago, IL) or Graph-
Pad Prism 7.0 software. For comparison of serological
tests (serum Hcy, VB12 and folic acid) and neurocogni-
tive tests between two groups, student’s t-test was used.
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Figure 1. Serum homocysteine, vitamin B12, and folic acid levels and neurocognitive performance in aged and young adult mice before and
after surgery. (A) Time course of serum Hcy levels in adult and aged mice throughout the perioperative period until 29 days after surgery.
##4kp < 0.0001; *P = 0.018 versus young adult mice at the same time point. *P = 0.0498, post-Hcy versus pre-Hcy in aged mice, and
"P = 0.0324, post-Hcy versus pre-Hcy in young adult mice. (B) Perioperative vitamin B12 level. ***P = 0.0005; #P = 0.0147, *P = 0.0016 versus
pre-Aged mice; P = 0.0394, """P = 0.0003, P = 0.0001 and P = 0.0005 at 1 day, 4 days, and 8 days versus preoperatively in young adult mice.
(C) Perioperative folic acid level. P = 0.9763. For a, b, and ¢, Two-way ANOVA between aged and young adult mice and Sidak’'s multiple
comparison between groups at each time point and among time points within the same group. N = 7 at each time point for each group,
mean + SEM. (D-G) Differences in cognitive function between aged and young adult mice revealed by the novel object recognition test (D),
unpaired t-test, *P = 0.0346, n = 8 each, mean + SD), contextual fear conditioning test (E), Mann-Whitney U test, *P = 0.0458, n = 8 each,
mean + SD), Barnes maze test (F), unpaired t test, *P = 0.0114, n = 8 each, mean + SD) and Barnes maze training (G), two-way ANOVA, n = 8
each, mean + SEM) in mice without surgery or mice at 14 days after laparotomy. *P < 0.05, **P < 0.01 compared to aged mice without
surgery. (H) The correlation between serum Hcy levels and spatial memory performance at 14 days after surgery (linear regression, n = 14 for
young adult mice: R? = 0.3359, P = 0.0298 and n = 15 for aged mice: R? = 0.2732, P = 0.0456). (I) ROC curve of post-Hcy levels for PND in
aged mice (spatial memory reduction of at least 1.5 SD of sham-aged mice were considered a cognitive decline). AUC = 0.7737, P = 0.0171

And a one-way ANOVA analysis with post hoc Tukey’s

Results
test was used when more than two groups were com-

pared at different time points. Besides, freezing time
ratio was analyzed with Mann-Whitney U test when
comparing two groups, while Kruskal-Wallis test with
Dunn’s post hoc test was used when comparing four
groups. For spatial learning (escape latency), a two-way
ANOVA analysis was used to determine statistical sig-
nificance among groups at different time points with
Sidak’s multiple comparison. P < 0.05 was considered
significance.

We used both aged and young adult mice to investigate
the effect of serum Hcy level on postoperative cognitive
function. Serum Hcy levels were higher (Fig. 1A,
P <0.0001), and VBI2 levels were lower (Fig. 1B,
P =0.0005) in aged mice than in younger controls, while
FA levels remained similar throughout the perioperative
period (Fig. 1C). Serum Hcy level decreased after surgery
but rose back to the preoperative level at 1 day after sur-
gery in both groups. On postoperative day 4, the serum
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Figure 2. Both preoperative supplementation with dietary vitamin B12 plus folic acid and preoperative Sadenosylmethionine injection reduced
serum homocysteine levels and prevented the development of postoperative neurocognitive deficits in aged mice. (A) Serum Hcy levels, (B)
vitamin B12 levels, and (C) folic acid levels (P = 0.207) at different time points throughout the perioperative period in aged mice fed a control
diet or supplemented with a vitamin B12 and folic acid-rich diet for 2 weeks before surgery (two-way ANOVA, n = 8 each, mean + SEM,
P < 0.0001, P=0.01, P=0.207 respectively). Postoperative cognitive function in these two groups was assessed at 14 days after surgery. (D)
and (E) show the statistical results for spatial learning (*P = 0.0027, two-way ANOVA, n =8 each, mean + SEM) and spatial memory
(*P = 0.0032, unpaired t-test, n = 8 each, mean =+ SD) in the Barnes maze test. (F) Contextual memory (*P = 0.0047, Mann-Whitney U test,
n = 8 each, mean + SD) and (G) working memory (*P = 0.0148, unpaired t test, n = 8 each, mean + SD) were also evaluated. (H) The dose-
effect of intraperitoneal injection of SAM induced a reduction in Hcy levels (one-way ANOVA, n = 12 each, mean + SEM, **P < 0.01). (I-K)
Postoperative cognitive function in the SAM or saline group was assessed 14 days after surgery. (I) Spatial memory (*P = 0.0136, unpaired t-test,
n =12 each, mean + SD). (J) Contextual memory (*P = 0.0204, Mann-Whitney U test, n = 12 each, mean + SD). (K) Working memory
(*P = 0.0385, unpaired t-test, n = 12 each, mean + SD). (L-N) Correlation analysis between postoperative spatial memory performance at
14 days after surgery and postoperative serum Hcy levels (L), vitamin B12 levels (M) or folic acid levels (N) and (linear regression, n = 12 each) in
mice from both the control diet group and the VB12 + FA supplementation diet group
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Hcy levels of aged mice were significantly higher than
those of young adults (Fig. 1A, P = 0.018). VBI2 levels
were significantly reduced in both young adult and aged
animals after surgery (Fig. 1B). This reduction lasted for
at least 4 days in aged mice and 8 days in young ones.

Compared with nonsurgical controls, aged animals
showed significant deterioration at 14 days after surgery
in working memory tested with novel object recognition
(Fig. 1D, P = 0.0346), contextual fear memory (Fig. 1E,
P =0.0458), and spatial memory tested with a Barnes
maze (Figs. 1F, P = 0.0114 and 1G, P < 0.0001 between
no-surgery and surgery groups of age mice). However, no
significant cognitive decline was observed after surgery in
young animals. Strong negative correlations between post-
operative serum Hcy levels and spatial memory were
observed at 14 days after surgery in both aged and
young adult mice (Fig. 1H, for aged mice: R* = 0.2732,
P = 0.0456; for young adult mice: R* = 0.3359, P = 0.0298).

We further generated a receiver operating characteristic
(ROC) curve of post-Hcy for PND in aged mice by divid-
ing the mice into impaired cognition and normal cogni-
tion groups, using the mean-1.5 x standard deviation
(SD) of time spent in the target quadrant of sham-con-
trolled aged mice as the standard. A post-Hcy level of
19.27 pmol/L had an 80% sensitivity and a 68.42% speci-
ficity for diagnosing postoperative spatial memory decline
in aged mice (Fig. 1I, AUC = 0.7737, P = 0.0171).

We then investigated whether lowering serum Hcy
levels by diet supplementation with VB12 and FA before
surgery could inhibit the development of PND. The
results showed that preoperative supplementation with
VB12 and FA in the diet for 2 weeks significantly reduced
serum Hcy levels throughout the perioperative period
(Fig. 2A, P <0.0001) and could prevent postoperative
neurocognitive dysfunction in aged mice (Fig. 2D-G).
Hcy could be eliminated through trans-sulfur pathway
by supplementing SAM, an allosteric activator of
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cystathionine beta synthase (CBS). Thus, we assessed the
effects of SAM intraperitoneal injection on serum Hcy
level and found that 4.0-16.0 mg/kg per day SAM injec-
tion for 7 days significantly reduced serum Hcy levels in
aged mice (Fig. 2H, P < 0.01). Preoperative administra-
tion of SAM (4 mg/kg) to aged mice significantly blocked
the spatial memory, contextual memory, and working
memory decline at 14 days after surgery (Fig. 21, J and K,
P =0.0136, P = 0.0204, and P = 0.0385, respectively). We
also analyzed the correlation between serum Hcy, VB12,
or FA with postoperative spatial memory performance.
The results again showed that in aged animals with or
without VB12 + FA supplementation, the spatial memory
was negatively correlated to Hcy level (R* = 0.3472,
P =0.0438 for control group; R* = 0.3907, P = 0.0298
for VB12 + FA group) and positively correlated to VB12
level (R*=0.3450, P =0.045 for control group;
R* = 0.3659, P =0.037 for VB12 + FA group) but not
serum FA level.

To identify the causal effect of hyperhomocysteinemia
on PND susceptibility, we recreated hyperhomocysteine-
mia by intraperitoneal injection of Hcy (0.5 to 20 mg/
kg for 7 days) in aged mice that were supplemented
with B12 + FA in the diet (Fig. 3A, P < 0.01). Periop-
erative Hcy and VBI2 levels were also evaluated to
exclude the influence of Hcy injection on serum VBI2.
Results showed that Hcy injection partly reversed the
Hcy lowering effect of VB12 + FA during the perioper-
ative period (Fig. 3B, P = 0.0035, VBI12 + FA + Hcy vs.
VB12 + FA + saline group), while their serum VBI12
level maintained higher than aged control mice and as
high as mice in VBI12 + FA supplementation only
group (Fig. 3C, P = 0.004, VB12 + FA + Hcy vs. Con-
trol  group. P =0.1094, VBI2+ FA + Hcy vs.
B12 + FA + saline group). These results indicated that
preoperative Hcy injection for a week did not affect
serum VBI2 elevation induced by diet supplementation.

Figure 3. Hyperhomocysteinemia is responsible for increased susceptibility of PND in both aged and young adult mice. (A) Effect of different
doses of intraperitoneal injection of Hcy on serum Hcy levels in aged mice fed a high vitamin B12 and folic acid diet. **P = 0.007, 10 mg/kg Hcy
versus saline group; **P = 0.0012, 20 mg/kg Hcy versus saline group (one-way ANOVA, n = 12 each, mean + SEM). (B) Perioperative serum Hcy
level of animals in three groups. **P =0.0017 and ****P < 0.0001 versus control group; **P = 0.0035, VB12 + FA + Hcy versus
VB12 + FA + saline group. (C) Perioperative serum VB12 level of animals in three groups. **P = 0.004 and ****P < 0.0001 versus control group.
P =0.1094, VB12 + FA + Hcy versus VB12 + FA + saline group. (D) Postoperative spatial memory (*P = 0.0105, unpaired t-test, n = 12 each,
mean =+ SD). (E) contextual memory (*P = 0.0145, Mann-Whitney U test, n = 12 each, mean + SD) and (F) working memory (P = 0.2424,
unpaired t-test, n = 12 each, mean + SD) were compared between mice in the VB12 + FA group and the VB12 + FA + Hcy group at 14 days
after surgery. (G) Serum Hcy levels at different time points in young adult mice treated with saline or 10 mg/kg-day Hcy administration for 7 days
before surgery (two-way ANOVA, *P < 0.0434 versus serum Hcy level before surgery in saline group. **P < 0.0001 between Hcy and saline
groups. n = 12 each, mean + SEM). Postoperative cognitive function in these two groups were assessed 14 days after surgery. (H) The ability of
spatial learning (**P = 0.0056, two-way ANOVA, n = 12 each, mean + SEM) and (1) spatial memory (*P = 0.037, unpaired t test, n = 12 each,
mean + SD) were assessed by the Barnes maze test. (J) Contextual memory (*P = 0.0346, Mann-Whitney U test, n = 12 each, mean =+ SD) was
assessed by the fear conditioning test. (K) Working memory was assessed by a novel object recognition test (P = 0.1733, unpaired t-test, n = 12
each, mean =+ SD)
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Preoperative Hcy injection (10 mg/kg) increased serum administered Hcy to young adult mice (10 mg/kg once
Hcy levels and significantly abolished the beneficial effect per day for 7 days) and found that Hcy administration
of B12 + FA supplementation against PND in spatial and increased serum Hcy levels throughout the perioperative
contextual memory (Fig. 3D, P = 0.0105 and Fig. 3E, period (Fig. 3G, P < 0.0001), which led to deterioration
P = 0.0145) but did not result in the reversal of working in postoperative spatial learning, spatial memory, and

memory preservation (Fig. 3F, P = 0.2424). We then contextual fear memory (Fig. 3H-J, P = 0.0056,
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P =10.037, and P = 0.0346, respectively). However, the
difference in working memory between the two groups
was not significant (Fig. 3K, P = 0.1733).

Discussion

In the current study, we firstly provided evidences to sug-
gest that elevated serum Hcy was a key mediator for
increased susceptibility of PND in aged animals. Targeting
hyperhomocysteinemia by activating Hcy trans-methyla-
tion metabolism with preoperative vitamin B12 + folic
acid supplementation or activating trans-sulfuration
metabolism with preoperative SAM injection both pro-
duced an effective prevention for PND in aged mice.

Methionine and folic acid metabolism interact to pro-
mote methylation—demethylation cycle that affects DNA,
protein, phospholipid, and neurotransmitter synthesis,
which are key components for maintaining normal neu-
rocognitive function. Hcy, an intermediate product of the
methylation cycle, has been reported to be correlated with
neurocognitive decline in the elderly population.'?
Moderately elevated plasma total homocysteine is a risk
factor for vascular dementia, Alzheimer’s disease, white
matter damage, brain atrophy, neurofibrillary tangles,
etc.?? However, few studies illustrated the relationship
between Hcy and PND, and no attempt has been made
using vitamin B12 and FA as Hcy pharmacological clear-
ance in the perioperative period to prevent PND. In the
current study, aged but not young adult mice exhibited
postoperative neurocognitive decline at 14 days after sur-
gery. In the meantime, serum Hcy level was higher in
aged mice as compared to young adult mice during the
whole perioperative period, suggesting that aged animals
with higher serum Hcy levels have greater susceptibility
to PND. We further analyzed the correlation of post-Hcy
to postoperative spatial memory at 14 days after surgery,
significant negative correlation was found in both adult
and aged animals (Fig. 1H). And a post-Hcy level over
19.27 pmol/L is able to sensitively diagnose postoperative
spatial memory decline in aged mice. Since neuropsycho-
logical tests for PND diagnosis were very complicated and
time consuming, our results suggested that postoperative
serum Hcy level may be a valuable biomarker for postop-
erative cognitive performances.

The present study revealed a sharp reduction of serum
Hcy level immediately after surgery in both young adult
and aged mice. To our knowledge, no literature has
observed an immediate reduction of serum Hcy level after
surgery and anesthesia exposure. We also observed a sig-
nificant increase of Hcy in aged mice at 4 days after sur-
gery as compared to their preoperative level, but this
change was not significant in young adult mice. On the
other hand, serum vitamin B12 level dropped in both
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aged and young animals, the reduction remained even
longer (until day 8 after surgery) in young adult mice.
But serum folic acid level change was not obvious
throughout perioperative period. These results together
with the phenotype of cognitive deficiency in aged but
not young adult mice put high level of homocysteine in a
more pivotal stand then vitamin B12 deficiency regarding
PND. The anesthetic used in current study is isoflurane.
Different from our observation, another general anes-
thetic, nitrous oxide, was reported to induce Hcy eleva-
tion in patients both immediately (upon arrival to the
postanesthesia unit),”> and at 24 h-48 h after surgery.*>**
The possible mechanisms for this immediate reduction
we observed include protein expression and activity
changes in enzymes that are involved in the metabolism
of Hcy such as cystathionine beta synthase (CBS), methy-
lene tetrahydrofolate reductase (MTHFR), methionine
synthase (MS), betaine homocysteine methyltransferase
(BHMT), and S-adenosyl-L-homocysteine hudrolase
(SAHH). Another possibility lies in the alteration of Hcy
distribution, reduced extracellular secretion, or increased
accumulation in certain organs. However, the exact mech-
anism for this sudden and profound reduction of serum
Hcy level after surgery and anesthesia merits further
exploration.

There is no effective prevention or treatment for PND
yet. Several drugs/agents were suggested as candidates that
may reduce or ameliorate PND. These candidates include
anti-inflammatory agents such as RAGE antagonist
FPSZM1,% berberine,?® microglia activation inhibitor
minocyclin,”’ anti-inflammatory cytokine IL-4,® and gly-
cyrrhizin, a natural high-mobility group box 1 (HMGB1)
inhibitor.”® Another type of agents are oxidative stress
inhibitors such as curcumin,® edaravone,’® and apoc-
ynin.>' In clinical study, intraoperative dexmedetomidine
was reported to reduce the incidence of PND along with
decreased levels of B-amyloid and Tau protein accumula-
tion.”> The present study showed that both preoperative
VBI12 + FA or SAM supplementation can reduce serum
Hcy while ameliorating the neurocognitive decline in aged
mice after laparotomy. Since VBI2 and FA are widely
used, both safe and economic, our discovery advocates
further clinical trials to confirm their efficacy.

Vitamin B supplementation has been widely used for
treating neurologic diseases in clinical settings. However,
the reported efficacies were controversial. Regular vitamin
intake in middle-aged asymptomatic individuals were
associated with improved neurocognitive performance for
early dementia-sensitive neurocognitive changes.””> In an
Alzheimer’s disease model induced by hypoxia exposure,
multiple vitamin supplementation (vitamin B6, Bl12,
folate, and choline) in young adult mice ameliorated the
spatial memory deterioration.”® However, in older

1442 © 2019 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.



G. Zhao et al.

patients with mild to moderate dementia, 10-months of
vitamin B12 supplementation did not improve neurocog-
nitive function.”> These results indicated that the effec-
tiveness of vitamin B group on cognitive performance
relies on the timing of supplementation, more prophy-
laxis than treatment. When cognition decline has already
taken place, supplementation of VB12 could not reverse
this course, which also support our results that preopera-
tive VB12 + FA supplementation reduces PND suscepti-
bility. These results also indicated that VB12 is not a
rescue plan, it has to work through risk reduction, which
led us to believe that accumulation of Hcy is the funda-
mental cause of increased PND susceptibility.

The current study showed linear correlation between spa-
tial memory performance and serum Hcy level in young or
aged mice with and without VB12 + FA supplementation
after surgery (Figs. 2H and 3L). Spatial memory in aged
mice after surgery also correlated to postoperative serum
vitamin B12 level (Fig. 3M), but not folic acid level
(Fig. 3N). Vitamin B12 has a variety of physiological effects
other than promoting homocysteine metabolism. In order
to verify whether the fundamental cause of increased PND
susceptibility in aged mice was either VBI12 deficiency or
Hcy accumulation, we then subjected additional L-Hcy
injection in aged mice during VB12 + FA supplementation.
The results revealed that homocysteine level elevation signifi-
cantly reversed the prophylaxis effect of vitamin B12 supple-
mentation against PND (Fig. 3B-D), which indicated that
homocysteine reduction is the key factor in vitamin B12
induced PND prevention. More importantly, the Hey injec-
tion did not affect serum VBI12 level increase induced by
diet supplementation in aged mice, which further confirmed
that cognitive function was more likely to be affected by
hyperhomocysteinemia but not VBI12 deficiency. We also
generated hyperhomocysteinemia in young adult animals by
i.p. injection of L-Hcy for a week prior to surgery. Elevated
homocysteine impaired postoperative spatial learning, spatial
memory, and contextual fear memory in young adult mice
(Fig. 3E-I). These results suggested that higher homocys-
teine alone is able to induce increased PND susceptibility.

In summary, homocysteine is a key mediator for the
increased susceptibility of postoperative neurocognitive
impairment in the aged mice. Preoperative supplementation
of vitamin B12 and folic acid, or SAM, can prevent PND by
reducing serum Hcy. Further clinical trials and neural mecha-
nism studies are needed to explore whether this simple
method could help reducing PND in elderly surgical patients.
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