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ABSTRACT: Studies have linked inhalation anesthesia and surgery to increased cognitive impairment,
particularly in the elderly. Our previous research showed that isoflurane, but not desflurane, affected cognitive
function in mice by modulating cyclophilin D (CypD), a key regulator of the mitochondrial permeability
transition pore (mPTP) and mitochondrial function. Both anesthetics metabolize into trifluoroacetic acid (TFA),
which is associated with cognitive deficits. However, the specific role of CypD in the TFA-induced mitochondrial
dysfunction and cognitive impairments is unclear. This study aims to explore the interaction between TFA,
CypD, and cognitive function in neurons and mice. TFA was administered to 2-3-month-old wild-type (WT) and
CypD knockout (KO) female and male mice at 120 pg/kg and to primary cultured neurons from these mice at
10 pM. Immunofluorescence staining and Western blot analyses assessed the impact of TFA on the levels of
CypD, voltage-dependent anion channel (VDAC), adenine nucleotide translocase (ANT), reactive oxygen species
(ROS), and caspase-3 activation in neurons, along with cognitive function assessments in mice. The data from
the present study demonstrated cognitive impairments in mice following TFA treatment. Elevated CypD and
ROS levels were observed post-TFA exposure, alongside the TFA-induced caspase-3 activation in WT neurons
and mice. Notably, the absence of CypD significantly mitigated these effects. The findings suggest that TFA-
induced mitochondrial dysfunction, caspase-3 activation, and subsequent cognitive impairments rely on CypD
expression, particularly in the hippocampus of mice. This study illuminates the molecular pathways influenced
by anesthesia-related compound TFA and its impact on cognitive function.
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INTRODUCTION potential link between anesthesia, surgical procedures,

and an elevated risk of developing Alzheimer’s disease

The Lancet Commission on Global Surgery estimates that
approximately 313 million surgical procedures are
performed worldwide each year, with numbers continuing
to rise due to an aging population [1]. This increase
highlights the pressing concern of cognitive risks
associated with anesthetics and surgery, particularly in
geriatric patients. Clinical studies have indicated a

(AD) [2, 3]. In elderly patients, the phenomenon of
perioperative neurocognitive disorder (PND) is especially
significant, as it is associated with cognitive decline in the
perioperative period. PND affects 12% to 40% of older
adults undergoing surgery [4], posing a substantial risk as
it can expedite the progression of natural cognitive
decline, increasing the susceptibility to dementia and
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other neurodegenerative conditions [5]. The vulnerability
of geriatric patients to PND underscores the need for a
better understanding of its mechanisms, which are
believed to involve neuroinflammation, neuronal injury,
and other physiological changes [6]. Understanding
PND's mechanisms and risk factors is crucial for
developing effective prevention and management
strategies, which could improve outcomes and enhance
the quality of life for aging populations.

Recent studies have emphasized the neurotoxic
effects of certain inhalation anesthetics [7], while there are
conflicting findings in the literature [8, 9]. Commonly
used inhalational anesthetics belong to the class of
fluorinated ethers, such as isoflurane, sevoflurane,
desflurane, and others [10]. Isoflurane, a frequently
utilized anesthetic, has been associated with neurotoxicity
in animal studies [11]. This includes impairments in
learning and memory [12, 13], mitochondrial dysfunction
[9, 14], caspase activation [15, 16] and apoptosis [17, 18].
On the contrary, desflurane, another volatile anesthetic
has not been linked to these adverse effects [9, 11].
Nevertheless, the underlying mechanisms that explain the
differences between isoflurane and desflurane remain
largely unknown.

Most halogenated volatile agents are metabolized into
trifluoroacetic acid (TFA) [19]. Due to their distinct
chemical structures, serum TFA levels from isoflurane are
ten times higher than those from desflurane [20], with
peak urinary TFA excretion after isoflurane exposure
around 100 times greater than after desflurane exposure
[21, 22]. TFA has been shown to be toxic. Specifically,
Animal studies have shown the neurotoxic and
hepatotoxic effects of TFA and its metabolites [23, 24].
TFA exposure can irritate the skin, eyes, and respiratory
system [25], and prolonged or high-level exposure may
result in severe tissue damage [26]. Perfluorooctanoic
acid (PFOA) is an analogue of TFA, and PFOA has been
shown to significantly increase levels of reactive oxygen
species (ROS) and mitochondrial superoxide production,
ultimately leading to apoptosis or necrosis [27]. PFOA has
been shown to stimulate mitochondrial biogenesis and
gene transcription in rats [28]. Despite the significant
difference in TFA levels in the blood between isoflurane
and desflurane exposure, the impact of TFA on cognitive
function and the underlying mechanisms remains largely
unknown.

In our previous research, we investigated the impact
of Cyclophilin D (CypD) on mitochondrial dysfunction
and neurotoxicity in the brain, leading to cognitive
impairment [29, 30]. CypD, encoded by the Ppif gene, is
situated in the mitochondrial matrix and is essential for
mitochondrial permeability transition pore (mPTP) and
mitochondrial function [31, 32]. CypD binds to adenine
nucleotide translocase (ANT), another component of the

mPTP [33]. Increased CypD expression is observed in the
brain tissue of AD transgenic mice, contributing to AD
neuropathogenesis [34, 35]. Knockout of CypD enhances
mitochondrial function, reduces the mPTP formation
threshold, and enhances cognitive function in elderly AD
transgenic mice [34-37]. CypD may also be involved in
developmental anesthesia neurotoxicity, necessitating
further investigation into brain neurotoxicity [29, 30].
Building on these findings, we hypothesize that TFA may
elevate reactive oxygen species (ROS) within
mitochondria by upregulating CypD expression, leading
to mitochondrial dysfunction. This process could, in turn,
lead to caspase-3 activation, triggering apoptosis in
hippocampal neurons and resulting in cognitive
impairments in mice. Our objective is to elucidate the
impact of TFA on neuronal health and cognitive function,
aiming to advance our understanding of its effects on the
nervous system and cognitive function.

MATERIALS AND METHODS
Mice TFA treatment

The animal study protocol was approved by the
Massachusetts General Hospital's Standing Committee on
Animals in Boston, MA, which oversees research and
teaching involving animals. Compliance with the
National Institutes of Health (Bethesda, MD) guidelines
was ensured throughout our animal studies. We employed
all possible measures to minimize the mouse population
utilized in our experiments.

The study utilized wild-type (WT) C57BL/6J mice
(Strain #: 000664, RRID: IMSR_JAX:000664, Common
Name: B6; also known as B6J or B6/J) and CypD
homozygous null (CypD KO) mice (Strain #: 022308,
RRID: IMSR_JAX:022308, Common Name: CypD-KO).
Specifically, the CypD KO mice were B6;129-
Ppiftm1Maf/J (Ppif—/—) mice. All mice were purchased
from the Jackson Laboratory (Bar Harbor, ME). Our
colony bred these mice for the study. The mice were
maintained in an environmentally controlled facility with
regulated temperature (20 — 22°C) and humidity, under a
reversed 12-hour light and dark cycle. They had
unrestricted access to food and water at all times. We
wrote the manuscript according to Animal Research:
Reporting of In Vivo Experiments (ARRIVE).

Considering the sexually dimorphic impacts of TFA-
induced neurotoxicity, we ensured a balanced ratio of
female and male mice in both the TFA exposure and
control groups. To uphold impartiality, mice of the same
genotypes were randomly allocated to either the TFA
treatment group or the untreated control group, with due
regard to their gender.
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Two to three months old WT mice and age-matched
CypD homozygous null mice underwent the treatment
with TFA or saline, where each mouse in the TFA group
received a dose of 120 pg/kg TFA (CAS # 76-05-1,
Sigma, St. Louis, MO) dissolved in saline, intended for
behavioral alteration assessment. Conversely, the control
group mice were administered an equivalent volume of
saline alone. Previous clinical studies showed that plasma
TFA concentrations after 1.3 MAC isoflurane treatment
for 8 hours reached 15 uM on postoperative day 1, and
even higher levels on postoperative days 2-4 in patients
[38]. Immunohistochemical staining of hepatocytes using
affinity-purified rabbit anti-TFA 1gG revealed intense
TFA-labeled protein staining in hepatocytes from rats
exposed to isoflurane, but not in those exposed to
desflurane [39]. In another study, measurements of TFA
in the plasma of seven patients who had received
isoflurane as an anesthetic showed concentrations ranging
from 18 mmol/L (2 mg/L) in one patient, up to 100
mmol/L in a second, and 194 mmol/L in a third patient
[40]. Based on the above evidence, we chose a
compromise dose of 15 uM TFA for isoflurane treatment
in mice. The dose calculation is as follows:

First, we calculate the molarity of the stock solution
(Initial concentration: 100 g/L, Molecular weight: 114.02
g/mol):

100 g/L
114.02 g/mol

This means that 1 pL of the stock solution contains
0.877 umol of TFA.

Next, we consider the total blood volume of a mouse,
which is approximately 0.75 mL per 10 gram of body
weight (BW). For a 25-gram body weight mouse, the
blood volume is:

Concentration = = 0.877 mol/L

0.75 mL

10¢g
To achieve a serum concentration of 15 uM TFA, the
required dose of TFA is:

Blood volume = X 25g=1.875mL

1.875 mL X 15 umol/L
0.877 umol/uL

Dose = = 0.032 pL

Therefore, the dose of TFA for each adult mouse is
0.032 pL to achieve a 15 pM TFA serum concentration.

Based on the body weight of the mice, the required
dose of TFA solution is approximately 120 pg/kg.

Ten mice comprised each experimental group, saline
and TFA administration was executed via tail vein
infusion, a method consistent with the method of previous
studies [41, 42]. It is crucial to note that all animal
experimentation procedures were conducted in a blinded
fashion to mitigate potential bias.

Morris Water Maze (MWM) studies

The MWM test utilized a circular steel pool, measuring
150 cm in diameter and 60 cm in height, filled with water
reaching 1 cm above a submerged platform of 10 cm
diameter. The pool was enclosed by a black curtain and
situated in a separate, visually distinct room adorned with
four cues on the peripheral walls. The water's temperature
was maintained at 20 °C and rendered opaque through the
addition of titanium dioxide.

Following TFA administration, a 24-hour recovery
period was granted to the mice. Beginning on the third day
post-treatment, all mice underwent MWM training,
consisting of four trials daily for a week. During each trial,
mice were introduced into the pool to locate a hidden
platform. The starting position varied among the pool's
four quadrants. Once the platform was discovered, mice
remained on it for 30 seconds. The duration taken by each
mouse to find the platform was recorded as the 'escape
latency'. In instances where a mouse failed to locate the
platform within 90 seconds, the mouse was gently guided
to the platform and also allowed a 30 second stay. The
entire process was surveilled by a video tracking system,
with motion data subsequently analyzed using specialized
MWM  motion-detection  software to  evaluate
performance.

Upon the completion of the standard training
regimen, the platform was removed from the pool, and
mice were introduced into a randomly selected quadrant
for a probe trial. Each mouse was permitted to swim freely
for 90 seconds, during which the frequency of crossings
over the former platform location (designated as 'platform
crossing times'’) was documented. The metrics of ‘escape
latency' and 'platform crossing times' were both registered
as indicators of cognitive function.

To preserve the mice's core temperatures, active
heating methods akin to those detailed in the reference
were employed [43, 44]. This entailed drying each mouse
with a heat lamp following every trial before the mouse
was returned to the cage. It is important to note that the
mice participating in the MWM experiments were
exclusively utilized for cognitive assessments.

Barnes Maze (BM) studies

The Barnes Maze (BM) test was conducted following
methods described in previous studies [41, 45-49], with
some modifications. The maze consisted of a circular
open platform approximately 90 cm in diameter, placed in
a quiet area. It featured 20 equally spaced holes, one of
which connected to a small dark recessed chamber known
as the escape box. The maze was surrounded by a dark
curtain with four simple colored-paper shapes (square,
circle, triangle, and star) serving as spatial markers
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(Stoelting, Wood Dale, IL). A video camera positioned
directly above the platform captured the entire maze and
was connected to the Any-Maze animal tracking system
software (Stoelting Co., Wood Dale, IL), as described in
previous studies [47, 50, 51].

The BM test in this study included two phases: BM
training (conducted on days 10-14 after treatment of
TFA) and BM testing (conducted on day 11 after
treatment of TFA). Barnes Maze Training: The training
phase consisted of two trials per day, each lasting 3
minutes, with a 15-minute rest period between trials.
During each trial, the mouse was placed under a bucket at
the center of the platform for 10 seconds before being
released to locate the escape box under the aversive
stimulation of bright light (200 W) and noise (85 dB).
Once the mouse reached the escape box, it was allowed to
remain inside for 1 minute before being returned to its
home cage for the rest of period. If the mouse failed to
locate the escape box within 3 minutes, the mouse was
gently guided to the escape box, and the buzzer was turned
off upon entry. The maze was cleaned with a 75% alcohol
solution between trials to eliminate olfactory cues. On day
14 after the treatment with TFA or saline, mice underwent
BM testing after being habituated to the maze. During the
training phase, we measured and recorded the latency to
locate and enter the escape box as well as the escape
speed. In the testing phase, we recorded the latency to
locate and enter the escape box, total distance traveled, the
number of incorrect holes searched, and the time spent in
the target zone [46-49]. A decrease in escape speed was
considered indicative of impaired locomotor activity.
Based on prior studies [50, 52], we used the time spent in
the target quadrant rather than target preference as a
measure in the current study.

Harvest of mice brain tissues

For the Western blotting assays and ROS evaluations, we
harvested hippocampal tissues of mice following the
protocols established in our prior research [30]. After the
MWM and BM test, mice were humanely euthanized via
decapitation. The brain tissues were swiftly extracted, and
the hippocampi were meticulously dissected and
immediately flash-frozen in liquid nitrogen in anticipation
of future analyses for Western blot and ROS
quantification.

Cultivation and Treatment of Neurons

In the cultivation and treatment of neurons, we adhered to
techniques outlined in our previous research [29].
Pregnant mice at gestational day 15 were euthanized using
carbon dioxide, followed by a cesarean section to retrieve
embryos. Embryos were decapitated in a phosphate-

buffered saline (PBS) solution within a sterile dish.
Subsequently, cortices were carefully isolated, meninges
were discarded, and neuronal tissues were transferred to a
fresh PBS-filled dish. Neuronal cells were released
through enzymatic digestion with trypsin and mechanical
trituration. Following dissociation, neurons were
resuspended in serum-free B27/neurobasal media and
plated onto 6-well plates at a density ensuring 50%
confluence.

Approximately 7 to 10 days post-isolation, these
cultured neurons underwent a 6-hour incubation with
either a standard enrichment medium or the same medium
supplemented with an additional 10 pM TFA. This
treatment facilitated the assessment of ROS production,
caspase-3 activation, and also served as preparation for
immunofluorescence staining experiments.

Western blot analysis

Hippocampal tissue samples were gently homogenized
under cold conditions in an immunoprecipitation buffer
composed of 10 mM Tris-HCI (pH 7.4), 150 mM sodium
chloride, 2 mM ethylenediaminetetraacetic acid (EDTA),
and 0.5% Nonidet P-40, complemented with protease
inhibitors (1 pg/ml aprotinin, 1 pg/ml leupeptin, and 1
pg/ml pepstatin A). The lysed material was then gathered,
centrifuged at 13,000 revolutions per minute for 15
minutes, and the total protein concentration was
determined utilizing a bicinchoninic acid (BCA) protein
assay kit procured from Pierce (Iselin, NJ).

Thereafter, both hippocampal tissues and cultured
neurons underwent Western blot analysis following the
methodologies detailed in our preceding study [9, 14].
Immunoblotting was conducted utilizing the following
primary antibodies: anti-CypD at a 1:1000 dilution
(ab110324, Abcam, Cambridge, MA, USA); anti-VDAC
at a 1:1000 dilution (ab154856, Abcam); anti-ANT at a
1:1000 dilution (ab180715, Abcam); and anti-B-Actin at a
1:10,000 dilution (Sigma, St. Louis, MO, USA). A
caspase-3 antibody (1:1000 dilution; Cell Signaling
Technology) was employed to identify both the intact
form of caspase-3 (approximately 35-40 kDa) and the
cleaved fragments (around 17-20 kDa), indicative of
proteolytic activation at the aspartic acid residue.

The analysis of Western blot data was conducted in a
dual-step process. Initially, variations in protein loading
were equalized by normalizing the target protein levels
against the internal control, beta-actin. Subsequently,
alterations in protein expression across different
experimental groups were depicted as a percentage of the
protein levels observed in the respective control
conditions. Each individual band symbolized an
independent experimental replicate. To obtain the final
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results, data from six such independent experiments were
pooled and averaged.

In brief, the densitometric quantification of the bands
was carried out using the ImageJ software (version NIH
Image 1.62, developed by the National Institutes of
Health, Bethesda, MD). This methodology adhered
closely to the protocols described in comparable prior
studies, ensuring consistent and standardized data
processing [14].

Measurement of ROS

Measurement of reactive oxygen species (ROS), both in
vitro and in vivo, was performed according to the
methodologies detailed in our previous studies [9,13].
Concisely, primary neuronal cultures were seeded into a
transparent 96-well cell culture plate and incubated
overnight. Next, a solution of 2'7'-dichlorodi-
hydrofluorescein diacetate (DCFH-DA) was administered
to the cells in culture media. Post incubation, cells were
treated with 10 uM TFA for a duration of 6 hours.
Thereafter, cellular lysis was induced by introducing 100
uL of lysis buffer, followed by thorough mixing and a 5-
minute incubation period at ambient temperature. A
volume of 150 puL from each lysate was then aliquoted
into designated wells of a new 96-well plate prepared for
fluorescence quantification. Regarding in vivo ROS
assessments, brain  tissues were processed by
homogenization in ice-cold 1% Triton X-100 buffered
with PBS, complemented with protease inhibitors as
previously — mentioned. The lysates underwent
centrifugation at 10,000 rpm for 5 minutes, and protein
concentrations were determined using a BCA protein
assay kit (Pierce, Iselin, NJ). Triplicate 50 uL aliquots of
each sample were dispensed into a black 96-well plate,
combined with 50 puL of the provided catalyst solution,
and incubated for 5 minutes at room temperature.
Following this, 100 uL of DCFH solution from the kit was
added to each well, and the plates were incubated in the
dark at room temperature for an additional 20 minutes.
Ultimately, fluorescence intensity was measured using a
fluorometric plate reader, with excitation and emission
wavelengths set at 480 nm and 530 nm, respectively.

Immunofluorescence Staining

To evaluate TFA’s effect on CypD levels in the mouse
hippocampus, we performed immunofluorescence as
follows: extracted brains were fixed in 4%
paraformaldehyde (PFA) overnight at room temperature.
After washing with PBS, tissues were dehydrated in a
graded ethanol series (70%, 80%, 95%, and 100%) for 1
hour each and then cleared in xylene for 2 hours. Tissues
were infiltrated with paraffin wax at 60 °C for 2-3 hours

before being embedded in paraffin blocks and allowed to
cool. Paraffin blocks were sectioned at 5 um thickness
using a microtome. Coronal sections of the hippocampus
(approximately —4.8 mm behind bregma) were mounted
on glass slides, dried overnight at 37 °C, and stored at
room temperature until use. Sections were fixed again in
4% PFA for 20 minutes at room temperature, then
permeabilized with 0.1% Triton X-100 for 30 minutes.
After blocking with 10% goat serum in PBS for 1 hour,
sections were incubated overnight at 4 °C with the
primary antibody (anti-CypD, 1:200, ab110324, Abcam).
Following PBS washes, sections were incubated with
FITC- or TRITC-conjugated secondary antibodies for 2
hours at room temperature. Nuclei were counterstained
with DAPI (1:1000, Abcam) for 5 minutes. Finally,
sections were washed, mounted in antifade medium, and
visualized with a laser confocal microscope (TSC SP2,
Leica, Mannheim, Germany).

Statistics

The statistical methods and analyses used in the study are
appropriately rigorous and transparently reported. The
assumptions of these statistical tests were met by the data.
The biochemical data and the MWM escape latency
outcomes were expressed as mean * standard deviation
(SD) or mean + standard error of mean (SEM). Given that
the frequency of platform crossings in the MWM did not
conform to a normal distribution, these results were
depicted as the median alongside interquartile ranges.
Latency outcome values for the BM were analyzed in the
same manner as those for the MWM.

Sample sizes were configured as follows: 10 animals
per group for behavioral experiments; 6 samples per
group for Western blot analyses of CypD, ANT, VDAC,
ROS, and fluorescence staining procedures; and another 6
per group for Western blot assessments focusing on
caspase-3 measurement. Statistical evaluations comprised
one-way or two-way ANOVA, Student's t-tests with
Bonferroni post-correction, and Mann—Whitney U tests,
with statistical significance established at P < 0.05.

To determine the interactions between time and group
variables, a two-way ANOVA with repeated measures
was used to compare the learning trajectories, as inferred
from escape latencies and speed, between the control and
TFA-treated mice in both the MWM and BM tests.
Separate Student's t-tests, with Bonferroni corrections,
were employed to evaluate daily differences in escape
latency and movement speed between the control and
TFA groups during training days. The Mann-Whitney U
test was used to identify the differences in platform
crossing frequencies in the MWM testing and the number
of wrong holes searched in the BM testing between the
two treatment conditions. Additionally, a Student's t-test
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with Bonferroni adjustment was applied to assess latency, platform crossing instances, and swimming
discrepancies in escape latency, percent time spent in the  velocity—throughout the statistical assessment. All
target zone, and total movement distances in the BM  statistical computations were facilitated by GraphPad
testing. Notably, there were no missing data points Prism software, version 9.0.

concerning the MWM and BM parameters—escape
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Figure 1. TFA increases ROS production and CypD protein levels in WT mice, but not in CypD KO mice. (A) TFA treatment
(yellow bar) increases ROS levels as compared to the control condition (grey bar) in the hippocampus tissues of WT mice. (**P = 0.008,
N = 6). (B) TFA treatment (yellow bar) does not significantly change the ROS levels as compared to the control condition (grey bar) in
the hippocampus tissues of CypD KO mice (N = 6). (C) Western blot shows that TFA treatment (lanes 4-6) increases the levels of
CypD, but not ANT or VDAC, the other two components of mPTP, as compared to the control condition (lanes 1-3) in the hippocampus
tissues of WT mice. There is no significant difference in the amounts of -Actin in the hippocampus tissues between the mice in the
control condition group and the mice in the TFA treatment group. (D) Quantitation of the Western blot illustrates the increased amounts
of CypD following the TFA treatment (yellow bar) compared to the control condition (grey bar, N = 6 in each group, **P = 0.001).
There were no significant differences in the levels of VDAC (E) and ANT (F) in the hippocampus compared to the control condition.
(G). Representative images of immunofluorescent staining of CypD and DAPI in the hippocampus tissues harvested from WT mice.
(H) Quantitation of the images illustrates the increased amounts of CypD following TFA treatment compared to the control condition
in WT mice (N = 6 in each group, *P = 0.015). Trifluoroacetic acid (TFA), Cyclophilin D (CypD), reactive oxygen species (ROS),
voltage-dependent anion channel (VDAC), adenosine nucleotide translocase (ANT), knock out (KO), N.S: non-significant differences.
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Figure 2. TFA increases ROS levels in WT mice neurons, but not in CypD KO mice neurons. (A) Representative
images of immunofluorescent staining of ROS and DAPI harvested from WT neurons. Column 1 is the ROS (green)
staining, column 2 is the DAPI (blue) staining. TFA treatment (row B) increases ROS levels compared to the control
condition (row A) in WT neurons. (B) Quantitation of the image illustrates increased amounts of ROS levels
following TFA treatment compared to the control condition (N = 6 in each group, **P = 0.009). (C) Representative
images of immunofluorescent staining of ROS and DAPI harvested from CypD KO neurons. TFA treatment (row B)
does not change levels of ROS compared to the control condition (row A) in CypD KO neurons. (D) Quantitation of
the image illustrates that there is no significant difference in ROS levels between the TFA treatment and the control
condition in CypD KO neurons (N = 6 in each group). Trifluoroacetic acid (TFA), Cyclophilin D (CypD), reactive
oxygen species (ROS), knock out (KO), N.S: non-significant differences.

RESULTS

TFA increased ROS and CypD levels in WT mice, but
not in CypD KO mice

Our initial findings suggest that treatment with TFA
increased the levels of ROS in hippocampal tissues
obtained from WT mice compared to the control condition
(Fig. 1A, **P = 0.008, Student’s t-test), while there were
no significant differences in ROS levels in hippocampal
tissues from CypD KO mice (Fig. 1B). We next analyzed
the levels of CypD protein in the WT mice hippocampus
using Western blot. Western blot analysis of CypD
indicated a substantial increase in CypD levels in response
to TFA treatment, distinct from ANT and VDAC, the
other two components of the mPTP, as compared to the
control condition (Fig. 1C). Quantitative analysis of the

Western blot, based on the ratio of CypD level to B-actin
level, revealed a significant rise in CypD levels within the
hippocampus following TFA treatment (Fig. 1D, **P =
0.001, Student’s t-test). This surge was exclusive to
CypD, as it did not affect the levels of VDAC and ANT
in the hippocampus (Fig. 1E, 1F). To further confirm the
changes in CypD levels in the mouse hippocampus
following TFA treatment. The immunofluorescence
staining showed an increase in CypD fluorescence in the
hippocampus of WT mice after TFA injection compared
to the control condition (Fig. 1G). Quantification of the
images revealed a significant increase in fluorescence
intensity in the hippocampus of TFA-treated WT mice
compared to the control (Fig. 1H, * P = 0.015, Student’s
t-test).
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Figure 3. TFA induces caspase-3 activation in WT neurons, but not in CypD KO neurons. (A) Western blot shows
that the TFA treatment (lanes 4 to 6) discernibly increases the levels of caspase-3 fragments in WT neurons compared to
the control condition (lanes 1 to 3). There is no significant difference in B-actin levels between the TFA treatment and
control condition. (B) Quantitation of the Western blot illustrates increased levels of caspase-3 activation in WT neurons
following the TFA treatment compared to the control condition (N = 6 in each group, **P = 0.008). (C) Western blot shows
that there is no significant difference of caspase-3 fragments in CypD KO neurons between TFA treatment (lanes 4 to 6)
and control condition (lanes 1 to 3). (D) Quantitation of the Western blot shows that the TFA treatment does not affect the
levels of caspase-3 activation in CypD KO neurons compared to the control condition (N = 6 in each group). Trifluoroacetic
acid (TFA), Cyclophilin D (CypD), knock out (KO), N.S: non-significant differences.

The TFA treatment increased ROS levels and induced
caspase-3 activation in cultured WT mice neurons, but
not in CypD KO mice neurons

To investigate the role of CypD in TFA-induced effects
on in vitro neurons, we used primary cultured neurons
harvested from both WT and CypD KO mice in the
present study. We found that immunofluorescence
staining of ROS revealed a notable increase in ROS levels
in the cultured neurons harvested from WT mice
following the TFA treatment compared to the control
condition  (Fig. 2A). Quantification of the
immunofluorescence staining also demonstrated a
significant increase in ROS levels in WT mice neurons
following the TFA treatment compared to the control
condition (Fig. 2B, **P = 0.009, Student’s t-test).

Conversely, immunofluorescence staining of ROS in
neurons harvested from CypD KO mice indicated no
substantial alteration in ROS levels following the TFA
treatment compared to the control condition (Fig. 2C).
Quantification of the immunofluorescence staining also
showed that there was no significant difference in ROS
levels in CypD KO neurons between the TFA treatment
and the control condition (Fig. 2D).

Immunoblotting of caspase-3 fragments illustrated
that the TFA treatment induced caspase-3 activation in the
primary cultured neurons harvested from WT mice, as
evidenced by the comparison of the bands from TFA
treatment (lanes 4 to 6) and control condition (lanes 1 to
3) (Fig. 3A). There was no significant difference in -actin
levels between these two groups. Quantification of the
Western blot demonstrated a significant increase in
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caspase-3 activation levels in neurons harvested from WT
mice following the TFA treatment (Fig. 3B, ** P = 0.008,
Student’s t-test). Conversely, immunoblotting revealed no
substantial distinctions in caspase-3 fragments in CypD
KO neurons between the TFA treatment and control
condition (Fig. 3C). Quantification of the Western blot
further showed that there was no significant difference in
caspase-3 activation in CypD KO neurons between the
TFA treatment and control condition (Fig. 3D).

TFA-triggered cognitive impairments were dependent
on CypD in WT mice, whereas CypD KO ameliorated
the TFA-induced cognitive impairment in mice.

Building upon the in vitro findings that implicated a
CypD-dependent role in TFA-induced increases in ROS
levels and caspase-3 activation, we set out to investigate
the in vivo relevance of these findings using Morris Water
Maze (MWM) and Barnes Maze (BM) studies in 2-3-
month-old WT and CypD KO mice. A diagram of the
treatment and behavioral test schedule, including a
scheme of the behavioral test and the timeline for the
training and testing days, is shown in Figure 4A.

First, we assessed the baseline cognitive functions of
WT and CypD KO mice using the MWM. No significant
behavioral differences were observed between the WT
and CypD KO mice at baseline, confirming that both
groups started with comparable cognitive functions
(Supplementary Fig. 3).

Then, utilizing a Two-way ANOVA with repeated
measurement, we observed no statistically significant
difference in time and treatment (TFA vs. control
condition) on the escape latency in MWM training days
for both WT and CypD KO mice (Fig. 4B, 4E). However,
the Mann-Whitney test showed that the TFA treatment
decreased the platform crossing times of WT mice
compared to the control condition on testing day (Fig. 4C,
** P =0.008, Mann-Whitney test). Conversely, CypD KO
mice displayed no differences in platform crossing times
between the TFA treatment and the control condition (Fig.
4F). Furthermore, there were no significant differences in
swimming speed for both WT and CypD KO mice
between the TFA treatment and the control condition on
the training days (Fig. 4D, 4G). Next, we used the BM to
confirm the cognitive dysfunction caused by TFA. A two-
way ANOVA with repeated measures revealed a
significant interaction between time and treatment (TFA
vs. control condition) on escape latency during the BM
training days, particularly on day 13 for WT mice (Fig.
4H, F = 4.742, ** P = 0.005). Furthermore, a Student's t-
test showed that TFA treatment significantly increased the
escape latency of WT mice compared to the control
condition on the BM testing day (Fig. 41, ** P = 0.001).
Additionally, the Mann-Whitney U test indicated that

TFA treatment increased the number of wrong holes
searched by WT mice compared to the control condition
on the testing day (Fig. 4K, * P = 0.034). However, there
were no significant differences in the time spent in the
target zone or total movement distances for WT mice
between the TFA treatment and the control condition on
the BM testing day (Fig. 4J, 4L). And there were no
significant differences in movement speed for WT mice
between the TFA treatment and the control condition on
the training day (Fig. 4M).

Recent evidence indicates gender disparities in
dementia, with females showing higher vulnerability to
age-related cognitive decline. Therefore, we stratify the
MWM dataset by gender to explore gender variations in
TFA-induced cognitive deficits in wild-type and CypD
KO mice.

In our results, there’s no statistical significance in

time and treatment (TFA injection vs. control condition)
on the escape latency in MWM training days for both
female and male WT mice (Supplementary Fig. 1A).
While it’s noteworthy that the TFA treatment in the
female WT mice decreased the platform crossing times as
compared to the control condition (* P = 0.034,
Supplementary Fig. 1B), but didn’t in the male WT mice
(Supplementary Fig. 1B). In addition, there was no
significant difference in swimming speed for female and
male WT mice between the TFA treatment and the control
condition on the testing day (Supplementary Fig. 1C). On
the contrary, CypD KO mice displayed no sex difference
in the escape latency (Supplementary Fig. 2A) and
swimming speed (Supplementary Fig. 2C) in MWM
training days, and platform crossing times on testing day
between the TFA treatment and the control condition
(Supplementary Fig. 2B).
Taken together, these data suggest that treatment with
TFA increases ROS accumulation and CypD levels and,
which may partially contribute to the observed caspase-3
activation in cultured hippocampal neurons and mouse
brain tissue. This, in turn, may lead to cognitive
impairments in WT mice (Fig. 5), pending further
confirmatory investigation.

DISCUSSION

In the present research, we have discovered that TFA can
instigate CypD-dependent mitochondrial dysfunction and
caspase-3 activation, both in vivo and in vitro. These
changes lead to compromised learning and memory in
mice. Notably, it has been established that isoflurane, but
not desflurane, induces mitochondrial dysfunction,
caspase-3 activation, cytotoxicity, and impairs learning
and memory in mice [9, 13, 14]. TFA, which is a
metabolite of both isoflurane and desflurane, exhibits a
significant disparity in serum concentration, with
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isoflurane levels approximately 10 times higher than  function, caspase-3 activation, and cognition in mice.
those of desflurane [20, 22, 53]. We employed TFA asa  These data are consistent with the findings from previous
tool to elucidate the underlying mechanisms potentially — studies that anesthetics may damage mitochondrial
responsible for the neurotoxic disparities and cognitive  function [54]. Future studies will further test the
effects induced by desflurane and isoflurane, with  hypothesis generated in this proof-of-concept study.
particular emphasis on the role of CypD, mitochondrial
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Figure 4. TFA induces a CypD-dependent cognitive impairment in mice. (A) Experimental design and timeline. (B) Two-
way ANOVA with repeated measurement analysis shows no significant interaction between the treatment (TFA treatment
and control condition) and time on escape latency (N = 10 in each group, F = 0.669, P = 0.675) in the WT mice during training
days of MWM. (C) The Mann-Whitney test shows that the WT mice following TFA treatment have fewer platform crossing
numbers than the WT mice following the control condition on the testing day of MWM (N = 10 in each group, **P = 0.008).
(D) There are no significant differences in swimming speed between each treatment during training days in WT mice. (E)
Two-way ANOVA with repeated measurement analysis shows no significant interaction between the treatment (TFA
treatment and control condition) and time on escape latency during training days of MWM in the CypD KO mice (N = 10 in
each group, F = 0.338, P = 0.916). (F) The Mann-Whitney test shows that there is no significant difference in platform
crossing numbers on the testing day of MWM between the TFA treatment and the control condition in CypD KO mice (N =
10 in each group). (G) There are no significant differences in swimming speed between each treatment during training days
in CypD KO mice. BM studies show increased latency to enter escape box during BM training days (H), and increased latency
to enter escape box on BM testing day (1), no change of BM target time on testing day (J), increased number of wrong holes
searched on BM testing day (K), and no change of distance on testing day (L) and speed during BM training days (M)
compared to the control group in WT mice (N = 10 in each group). Morris water maze (MWM), Trifluoroacetic acid (TFA),

Cyclophilin D (CypD), knock out (KO), N.S: non-significant differences. BM, Barnes maze.

Desflurane is preferred for its minimal metabolism,
which contributes to its rapid and predictable emergence
from anesthesia. Metabolically, desflurane generates
fluoride ions, nonvolatile organic fluoride, and TFA
through a minor hepatic oxidative process, although this
metabolic pathway has little impact on the drug's
clearance from the body. On the other hand, isoflurane,
while also exhaled unchanged from the lungs, undergoes
a slightly more extensive metabolism in comparison to
desflurane [20]. This metabolism results in the production
of TFA and inorganic fluoride as metabolites, although it
is generally considered minor in its elimination.

ROS accumulation

Increases of CypD protein levels
Mitochondria dysfunction

Hippocampal neurons Caspase-3 activation

Cognitive impairment in mice

Figure 5. A proposed model illustrating the potential
pathway by which CypD is linked to TFA-induced cognitive
impairment in mice. TFA increases levels of ROS. The
increased ROS then enhances CypD accumulation, which then
causes mitochondrial dysfunction and induces caspase-3
activation in hippocampal neurons, eventually leading to
cognitive impairment in mice.

Specifically, previous studies have shown notable
differences in the peak serum concentration of TFA and
the peak urinary excretion rate 24 hours after desflurane
exposure compared to isoflurane exposure [22, 53].
Consistently, studies on TFA typically focus on its
chemical properties, toxicity, and environmental impact
[55, 56]. TFA is considered a hazardous chemical, and
exposure to high concentrations can lead to various
adverse health effects, including irritation of the
respiratory tract, skin, and eyes, as well as potential
systemic toxicity[57, 58].While acute exposure to high
concentrations of TFA or its derivatives may cause
neurological symptoms such as headaches or dizziness,
there is no specific research investigating TFA's effect on
cognitive impairment in animals.

In a previous study, we found that sevoflurane
anesthesia increased CypD levels, potentially leading to
CypD-dependent inhibition of cell proliferation, impaired
migration of NPCs, and subsequent cognitive function
impairment [30]. Moreover, it has been noted that
isoflurane, but not desflurane, triggers mitochondrial
dysfunction, caspase-3 activation, cytotoxicity, and
impairs learning and memory in mice [9, 14]. Our current
research reveals that TFA induces CypD-dependent
mitochondrial dysfunction and caspase-3 activation in
mouse neurons and hippocampus, resulting in impaired
learning and memory in mice.

In addition, recent evidence suggests that gender
differences exist in dementia, and females are more
susceptible to developing cognitive impairment in the
elderly population [59-61]. We find that female mice
appeared to be sensitive to TFA treatment in comparison
to their male counterparts in the testing day. To illustrate
the effects of TFA with and without considering gender as
a variable, we first ensured a balanced ratio of male and
female mice in both the TFA treatment and control groups
(Fig. 4). Mice of the same genotype were randomly
assigned to either group, with gender carefully matched.
We then analyzed the data separately by gender to
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investigate potential differences in the TFA-induced
cognitive impairments in WT and CypD KO mice.
Afterward, we combined male and female data within
each group to more clearly highlight the overall effects of
TFA on both genders (Supplementary Fig. 1A to C and
Fig. 2A to C). These findings suggested earlier findings
that females are more vulnerable to developing cognitive
dysfunction in the central nervous system than males.
These findings reinforce earlier findings that females are
more vulnerable to developing cognitive impairment than
males. In future research, we will concentrate on
investigating the impact of gender on cognitive function.
Interestingly, male mice in the TFA group showed a trend
toward shorter escape latency compared to the control
group (Supplementary Fig. 1), although this was not
statistically significant. Nevertheless, this observation
suggests that TFA may exert distinct influences on spatial
learning and memory in males and females, potentially
due to sex-specific responses to TFA-induced oxidative
stress. These findings are consistent with earlier research
indicating that females may be more vulnerable than
males to developing cognitive dysfunction. In future
studies, we will focus on examining how sex-related
differences influence cognitive function in vulnerable
brain regions, aiming to further clarify the mechanisms
underlying these effects.

This study has several limitations. First, we
concentrated exclusively on the effects of trifluoroacetic
acid (TFA), a primary metabolite of isoflurane and
desflurane, without examining the broader spectrum of
metabolites produced by other commonly used
anesthetics. Future studies will broaden this focus by
investigating the effects of isoflurane, desflurane, and
sevoflurane, along with their respective metabolites, on
mitochondrial function and cognitive outcomes. This
approach will help delineate the distinct and combined
contributions of various anesthetic agents and their
metabolites on neurotoxicity. Second, we noted potential
sex-dependent effects of TFA neurotoxicity in behavioral
assays on female wild-type mice; however, no substantial
biochemical differences were observed. Third, our study
primarily utilized 2-3-month-old mice as a foundational
system to examine TFA's neurotoxic effects. Recognizing
the importance of age as a variable, future research will
include aged mice to assess age-dependent responses to
TFA and its influence on long-term cognitive function in
aged animals. This will provide insights into how age-
related mitochondrial decline and cognitive deterioration
might interact with TFA exposure. Fourth, we
administered TFA via tail vein infusion, but we were
unable to directly measure its concentration in the mice’s
cerebrospinal fluid (CSF), owing to technical difficulties.
To address this limitation, we used a machine learning-
based prediction model (LogBB_Pred) to estimate blood-

brain barrier (BBB) permeability [62]. According to this
model, TFA has a logBB value of -0.18, indicating BBB
permeability, comparable to ethanol (logBB = -0.18),
which is known to be able to cross the BBB
(Supplementary Fig. 4). Future studies should aim to
develop technology to measure TFA levels in the CSF to
assess sex-specific vulnerabilities in male and female
mice and explore any associations with cognitive
performance. Finally, our findings suggest that TFA
triggers CypD-dependent cognitive dysfunction, implying
that targeting CypD to mitigate TFA’s harmful effects
could be a viable therapeutic strategy for reducing
anesthesia-related neurotoxicity. We aim to identify
potential interventions that could counteract TFA’s
adverse impact on mitochondrial and cognitive health,
ultimately working toward translating these findings into
improved clinical practices and outcomes for patients
undergoing anesthesia and surgery, especially within
vulnerable populations such as the elderly.

Conclusions

In this proof-of-concept and hypothesis-generating
research, we demonstrated that TFA induces CypD-
dependent  mitochondrial  dysfunction, caspase-3
activation, and cognitive impairment in both mice and
neuronal models. The findings suggest that TFA may
induce neurotoxicity and cognitive impairment by
increasing CypD levels in hippocampal neurons in mice.
These results provide insights into the mechanistic
exploration of neurotoxicity in the brain (refer to Fig. 5).
Consequently, mitigating the detrimental effects of TFA
resulting from certain high-productivity inhalational
anesthetics could serve as a potential effective prevention
strategy ~ for  anesthesia-induced neurotoxicity.
Additionally, targeting CypD therapeutically to
counteract its excessive activity could present a novel
treatment approach for targeted interventions in
anesthesia-induced neurotoxicity and neurobehavioral
impairments, pending further investigation.
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