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Abstract
Mitochondrial dysfunction has been proposed to be one of the earliest triggering events in isoflurane-induced neuronal 
damage. Lidocaine has been demonstrated to attenuate the impairment of cognition in aged rats induced by isoflurane in 
our previous study. In this study, we hypothesized that lidocaine could attenuate isoflurane anesthesia-induced cognitive 
impairment by reducing mitochondrial damage. H4 human neuroglioma cells and 18-month-old male Fischer 344 rats were 
exposed to isoflurane or isoflurane plus lidocaine. Cognitive function was tested at 14 days after treatment by the Barnes 
Maze test in male Fischer 344 rats. Morphology was observed under electron microscope, and mitochondrial transmembrane 
potential, electron transfer chain (ETC) enzyme activity, complex-I–IV activity, immunofluorescence and flow cytometry 
of annexin V-FITC binding, TUNEL assay, and Western blot analyses were applied. Lidocaine attenuated cognitive impair-
ment caused by isoflurane in aged Fischer 344 rat. Lidocaine was effective in reducing mitochondrial damage, mitigating 
the decrease in mitochondrial membrane potential (ΔΨm), reversing isoflurane-induced changes in complex activity in the 
mitochondrial electron transfer chain and inhibiting the apoptotic activities induced by isoflurane in H4 cells and Fischer 344 
rats. Additionally, lidocaine suppressed the ratio of Bax (the apoptosis-promoting protein) to Bcl-2 (the apoptosis-inhibiting 
protein) caused by isoflurane in H4 cells. Lidocaine proved effective in attenuating isoflurane-induced POCD by reducing 
mitochondrial damage.
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Introduction

Post-operative cognitive dysfunction (POCD) is a clinical 
condition characterized by alterations in memory, learn-
ing, concentration and attention after the operation or/and 
anesthesia [1, 2]. Many research results have indicated that 
an increasing number of aged patients are diagnosed with 

POCD. It has been reported that POCD affects approxi-
mately 41.4% of aged patients after non-cardiac operations 
[3], and the cognitive changes can persist for 3 months [4]. 
POCD disrupts the lives of patients and increases the cost of 
medical care, thus determining how to attenuate this cogni-
tive dysfunction remains an urgent problem.

The underlying pathophysiology of POCD is increas-
ingly understood, implicating a prominent role of neuro-
inflammation and mitochondrial dysfunction [2]. Some 
theories regarding the mechanism responsible for POCD 
highlight the process of neuroinflammation, which includes 
tumor necrosis factor alpha (TNF-α) and pro-inflammatory 
cytokines interleukin (IL)-1β and IL-6 [5]. On the other 
hand, mitochondrial dysfunction is increasingly considered 
a significant contributor to POCD [6, 7]. As mitochondrial 
sources are the main provider of the energy needed for neu-
rons to survive, neurons show great vulnerability to death 
or injury caused by mitochondrial dysfunction [8]. As a 
major functional component of cells, mitochondria are of 
great importance in modulating the functions of cells and in 
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determining the ultimate death-survival balance in a cellular 
environment as effectors and detectors [9]. Mitochondrial 
dysfunction can lead to a drastic decrease in the generation 
of adenosine triphosphate (ATP) and potentiate oxidative 
damage to neurons [10]. Mitochondrial fragmentation dur-
ing dysfunction was associated with mitochondrial osmotic 
swelling, collapse of the mitochondrial membrane potential 
(ΔΨm) and dysfunction of the electron transport chain [11]. 
Isoflurane, an ordinarily used inhalational anesthetic, is of 
great significance during the pathological process of POCD 
[12, 13]. Mitochondria have been proposed to be one of the 
targets of isoflurane [14]. A disequilibrium of mitochon-
dria has been considered to be one of the earliest triggering 
events in isoflurane-induced neuronal damage [15]. Never-
theless, the exact mechanism of POCD induced by isoflurane 
has not been thoroughly elucidated to date.

Lidocaine, a local anesthetic, may confer neuroprotection 
by reducing the release of excitatory amino acid, deceler-
ating the ischemic transmembrane ion shift, reducing the 
metabolic rate of the brain, modulating the inflammatory 
response and preserving the cerebral blood flow [16–21]. In 
a previous study, we have demonstrated that lidocaine can 
attenuate the impairment of cognition in aged rats induced 
by isoflurane, but it shows no impact on the amount of 
IL-1β, TNF-α in the hippocampus [22]. However, the mech-
anism by which lidocaine attenuates the isoflurane-induced 
impairment of cognition in aged rats is still not known. Since 
isoflurane can induce mitochondrial dysfunction and cause 
oxidative damage [15], in this study, we hypothesized that 
lidocaine attenuates cognitive impairment after isoflurane 
anesthesia by reducing mitochondrial damage.

Materials and Methods

Treatment of the Cells

Cell Groups

The China Center for Type Culture Collection in WuHan 
provided the experimental H4 human neuroglioma cells 
(H4 cells), which were derived from a human glioma cell 
line. Dulbecco’s Modified Eagle’s Medium (DMEM, 4.5 g/L 
glucose, HyClone, USA) supplemented with 100 μg/mL 
streptomycin, 100 Units/mL penicillin (Gibco, USA) and 
10% fetal bovine serum (FBS, Gibco, USA) was used to 
culture the H4 cells. H4 cells were placed at a density of 
0.5 × 106/mL in six-well plates, and the experiments were 
repeated for three times with two wells for each group. The 
cells were divided into six groups: control (CON group), 
isoflurane (ISO group), isoflurane plus 40 μg/mL lidocaine 
(ISO + LIDO 40 μg/mL), isoflurane plus 60 μg/mL lidocaine 
(ISO + LIDO 60 μg/mL), isoflurane plus 80 μg/mL lidocaine 

(ISO + LIDO 80 μg/mL), isoflurane plus 100 μg/mL lido-
caine (ISO + LIDO 100 μg/mL). Isoflurane exposure was 
performed as we described previously [23]. Briefly, the cul-
ture medium for the ISO group and the ISO + LIDO group 
was pregassed with 3% isoflurane in advance, meanwhile, 
the corresponding concentration of lidocaine was added to 
the culture medium for the lidocaine intervention group. 
After replacing the pretreatment medium, the H4 cells were 
placed in a chamber gassed with 3% isoflurane/21%  O2/5% 
 CO2, a Datex TM infrared analyzer (Capnomac, Helsinki, 
Finland) was used to monitor the concentrations of gas exit-
ing from the chamber. The chamber was sealed and cultured 
in a 37 °C incubator for 2 h.

Treatment of the Animals

Animal Groups

The Vital River Company (Beijing, China) provided 
18-month-old male Fischer 344 rats with a weight between 
470 and 550 g for our experiments. The rats were grouped 
into three categories in a random manner: isoflurane plus 
lidocaine (ISO + LIDO), isoflurane alone (ISO) and the con-
trol group (CON) (n = 6). The rats in ISO and ISO + LIDO 
groups were treated with 1.2% isoflurane for two consecu-
tive hours. Additionally, the ISO + LIDO rats were simul-
taneously treated with intravenous lidocaine (1.5 mg/kg as 
a bolus followed by 2 mg/kg/h during the 2 h of isoflurane 
treatment), as described by our group previously [22]. In 
the ISO + LIDO group, lidocaine treatment was adminis-
tered through tail vein injection of 8 mg/mL lidocaine saline 
solution. To ensure the consistency of the experiment, the 
same quantity of saline was injected into the rats in the ISO 
group. Considering that the isoflurane was mixed with 21% 
 O2/79%  N2, to confirm the reliability the experiment, CON 
rats were exposed to 21%  O2/79%  N2 for two consecutive 
hours. The animal experiments were approved by the Sun 
Yat-sen Memorial Hospital Ethics Committee.

Isoflurane Anesthesia

According to a previous description [24], the experimental 
rats were anaesthetized by exposure to a mixture of 21%  O2 
plus 79%  N2 and 1.2% isoflurane. Briefly, the animals were 
anesthetized with 1.2% isoflurane and inserted intubation 
to mechanically ventilation. A MouseOx™ Pulse Oxime-
ter (Harvard Apparatus, Holliston, MA, USA) was used to 
continuously measure the pulse oximeter-oxygen  (SpO2) 
and heart rate of the rats during the anesthesia process, 
and a CODA Monitor (Kent Scientific Corp., Torrington, 
CT, USA) was used to non-invasively measure the blood 
pressure of the rats. During anesthetization, a Datex TM 
infrared analyzer (Capnomac, Helsinki, Finland) was used 
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to continuously monitor the concentrations of exhaled and 
inhaled gas (oxygen and isoflurane).

Barnes Maze

After all the above procedures were completed, the rats were 
kept for 14 days and then subjected to the Barnes maze. As 
we have described previously [24], the rats were placed on 
a round platform with 20 equally spaced holes (SD Instru-
ments, San Diego, CA). Among all of the holes, only one 
was linked to the target box, which was actually a dark 
chamber. The rats were expected to find this very hole and 
enter the target box under the circumstance of bright light 
(200 W) and aversive noise (85 dB). The rates were sub-
jected to a 4-day training period, with two trials per day last-
ing 3 min each; the second trial was started no sooner than 
15 min after the first one had ended. On 5th and 12th day, 
the reference memory of the rats was tested to evaluate their 
short-term and long-term retention, respectively. Each rat 
was subjected to one trial on 5th and 12th day, with no other 
tests during the intervening 6 days. The ANY-Maze video 
tracking system (SD Instruments) assisted the researchers 
in recording number of errors for the latency of the rats in 
finding the right hole leading to the target box in all trials.

Harvesting of Brain Tissue

Thirty minutes after Barnes maze test, the rats were deeply 
anaesthetized with isoflurane and perfused transcardially 
with normal saline. Brains were dissected in air, the right 
hippocampi was immediately dissected for electronic micro-
scopic examination, mitochondrial transmembrane potential 
and the left hippocampi was harvested for electron transfer 
chain enzyme activity, and the TUNEL assay.

Electron Microscopy

After treatment, the H4 cells were embedded in Epon812 
epoxy resin and sectioned. Subsequently, toluidine blue 
was used to stain the sections, which were then observed 
under a light microscope. Similarly, after the intervention, 
the rats were sacrificed by cervical dislocation. Brain tis-
sue was quickly and completely removed, and hippocampal 
tissue was dissected. H4 cells and brain tissues of rats were 
fixed and observed under an electron microscope (Hitachi 
FE-SEM SU8000, Japan) focus on mitochondria. Five fields 
were randomly selected in the electron microscopy images 
of each specimen, and at least 20 mitochondria were ran-
domly selected in each field to obtain a semiquantitative 
score for the mitochondria according to the Flameng clas-
sification system [25, 26]. Mitochondria were graded based 
on scores ranging from 0 to 4 according to the degree of 
damage, with a higher score representing a higher degree of 

damage. The damage to each mitochondrion and the average 
score for all mitochondria were evaluated independently by 
at least two investigators to avoid bias.

Measurement of the Mitochondrial Transmembrane 
Potential (ΔΨm)

After treatment, 5 μg/mL JC-1® (Molecular Probes, Lei-
den, The Netherlands) was applied to the H4 cells and 
rat brain tissue [27], which were then analyzed using 
a Becton–Dickinson  FACScan® flow cytometer (Bec-
ton–Dickinson, Oxford, UK). The results were analyzed 
using  CellQuest® software. The mitochondrial transmem-
brane potential was evaluated by flow cytometry to detect 
JC-1 aggregates/JC-1 monomers.

Electron Transfer Chain (ETC) Enzyme Activity Assay

The activity of ETC enzymes was determined based on 
the activity of the specific donor–acceptor oxidoreduc-
tase [9, 28]. The mitochondria isolated from H4 cells and 
brain tissues of rats were solubilized in 2% cholic acid and 
then diluted to a mitochondrial protein concentration of 
100 μg/mL. The final experimental buffer contained 0.2% 
BSA, 5 mM 3-(N-morpholino) propanesulfonic acid, 2 mM 
EDTA, 220 mM d-mannitol and 70 mM sucrose with a pH 
value of 7.4.

Complex I (NADH‑Ubiquinone Oxidoreductase) Activity 
Assay

In the complex I activity reaction, 20 μg/mL mitochon-
drial protein prepared previously was acquired and added 
to a spectrophotometer cuvette containing 2 mM antimy-
cin A, 50 mM  KH2PO4, 0.15 mg/mL asolectin, 0.1% BSA, 
0.2 mM NADH and 0.1 mM EDTA, followed by the addition 
of 75 mM decylubiquinone as an inhibitor. Measurements 
of the alterations in NADH absorbance were conducted at 
340 nm (ε = 6.22 mM−1 cm−1).

Complex II (Succinate‑Ubiquinone Oxidoreductase) Activity 
Assay

In the complex II activity reaction, 20 μg/mL mitochondrial 
protein was acquired and added to a spectrophotometer 
cuvette containing 5 mM NaN3, 50 mM KH2PO4, 0.5 mM 
duroquinone, 25 mM dichlorophenolindophenol, 0.1 mM 
EDTA, and 0.1% BSA, followed by the addition of 20 mM 
succinate as an inhibitor. Measurements of the alterations 
in dechlorophenolindophenol absorbance were conducted 
at 600 nm (ε = 21 mM−1 cm−1).
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Complex III (Ubiquinone‑Cytochrome c Reductase) activity 
Assay

In the complex III activity reaction, 5 μg/mL mitochondrial 
protein was acquired and added to a spectrophotometer 
cuvette containing 60 μM oxidized cytochrome c, 50 mM 
 KH2PO4, 0.1 mM EDTA, 5 mM  NaN3, and 0.1% BSA, with 
100 μM of the inhibitor decylubiquinol. Measurements of 
the alterations in cytochrome c absorbance were conducted 
at 550 nm (ε = 18.5 mM−1 cm−1).

Complex IV (Cytochrome c Oxidase) Activity Assay

The assay mixture was acquired in the complex IV activ-
ity reaction containing 20 μg/mL mitochondrial protein, 
40 μM reduced cytochrome c, 0.15 mg/mL asolectin, and 
50 mM  KH2PO4, supplemented with 1 μg/mL of mitochon-
drial protein inhibitor. Measurements of the alterations 
in cytochrome c absorbance were conducted at 550 nm 
(ε = 18.5 mM−1 cm−1).

Immunofluorescence Flow Cytometry of Annexin 
V‑FITC Binding

Annexin V-FITC binding to phosphatidylserine was consid-
ered a sensitive measurement of neural cell apoptosis [29]. 
In brief, annexin V-FITC (0.6 µg/mL) and propidium iodide 
(Sigma) (10 µg/mL) were used for dual staining of H4 cells 
(0.5 × 106 cells/mL), and the stained cells were then diluted 
in binding buffer (140 mmol NaCl, 10 mmol HEPES/NaOH, 
pH 7.4, 2.5 mmol  CaCl2) at room temperature for 5 min. 
The cells were analyzed using a Becton–Dickinson FAC-
Scan flow cytometer and then programmed with CellQuest 
software. The flow cytometer was also used to determine cell 
apoptosis via detection of Annexin V-FITC/PI.

TUNEL Assay

Formalin was used to buffer the hippocampus of the rats, 
which was then embedded in paraffin for TUNEL staining as 
described previously [24]. Based on the protocol proposed 
by the manufacturer, an in situ cell death detection kit (POD; 
Roche Diagnostics Corp, Indianapolis, IN, USA) was used 
for the TUNEL staining. Brown nuclei were counted in 10 
randomly selected fields of each section under the micro-
scope. The apoptotic index was determined by calculating 
the proportion of brown nuclei in the CA1 region of rats’ 
hippocampus.

Western Blot Analysis

The Western blot analysis was performed according to previ-
ously conducted studies [30]. After exposure to 3% isoflurane 

(with or without added 100 μg/mL lidocaine) for two consecu-
tive hours, the H4 cells were detached by 30 s of sonication 
and scraping in lysis buffer. The 12% gel electrophoresis was 
used to separate 50 μg of total cell protein, which was then 
transferred onto nitrocellulose membranes (Bio-Rad Labora-
tories, Hercules, CA). Bcl-2 (Cell Signaling Technology, MA, 
USA). Alternately, a monoclonal antibody against Bax (Cell 
Signaling Technology, MA, USA) was used for incubation of 
the blots, and horseradish peroxidase-conjugated secondary 
antibody (Cell Signaling Technology, MA, USA) was subse-
quently used to probe these blots. The ECL-PLUS system was 
used to detect the immunoreactive bands, and β-actin (Cell 
Signaling Technology, MA, USA) served as the loading con-
trol in the images of the bands captured using alpha Image 
software (Alpha Innotech, Santa Clara, CA, USA).

Statistical Analysis

All data were expressed as mean ± S.D. and statistically ana-
lyzed using SPSS20.0. One-way ANOVA was applied fol-
lowed by the least significant difference (LSD) post hoc test 
for inter-group comparisons. Two-way repeated measures 
analysis of variance followed by Tukey test were used for 
comparisons of the data of training sessions of Barnes maze 
test. Statistical significance was confirmed when p < 0.05.

Results

Lidocaine Attenuates Cognitive Impairment Induced 
by Isoflurane in Aged Fischer 344 Rats

The time required for all the rats to find the right hole to the 
target box significantly decreased on day 4 of training com-
pared with day 1, which indicated that all the rats achieved 
performance development during the training course 
(Fig. 1). However, rats in the isoflurane group required a 
longer time to identify the target holes and selected a greater 
number of incorrect holes before finding the correct holes 
compared to the rats in the control group when assessed 1 
or 8 days after spatial learning training in the Barnes maze 
(Fig. 2). The ISO + LIDO group showed no significant dif-
ference in comparison to the CON group in the tests, sug-
gesting that lidocaine was effective in attenuating the cog-
nitive impairment induced by isoflurane in aged rats. This 
result is consistent with our previous findings [22]. 

Lidocaine Reduces the Mitochondrial Structure 
Damage Induced by Isoflurane in H4 Cells 
and Fischer 344 Rat Hippocampus

The pathological features of the mitochondrial ultrastruc-
ture were observed in H4 cells and rat brain tissues. The 
morphology of the mitochondria changed with the influence 
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of isoflurane. In the control group, the mitochondrial struc-
ture was normal, and intact (Fig. 3A-CON,B-CON), mito-
chondrial score was 0.69 ± 0.42 in H4 cell and 0.55 ± 0.11 
in rat brain tissues. In the isoflurane group, the mitochon-
drial were swollen and lost its inner structure (Fig. 3A-
ISO, B-ISO), mitochondrial score was 2.51 ± 0.73 in H4 
cell and 2.84 ± 0.50 in rat brain tissues. Lidocaine reduced 
the above mitochondrial damage induced by isoflurane 
(Fig. 3A-ISO + LIDO,B-ISO + LIDO), mitochondrial score 
was 0.58 ± 0.37 in H4 cell and 0.80 ± 0.54 in rat brain tissues 
(p < 0.05, ISO + LIDO group vs. ISO group).

Lidocaine Reduces the Decrease 
in Isoflurane‑Induced Membrane Potential (ΔΨm) 
of Mitochondria in H4 Cells and Fischer 344 Rat 
Hippocampus

The JC-1 staining results demonstrated that isoflurane could 
destroy the membrane potential of mitochondria and that 
lidocaine significantly reduced this damage in H4 cells 
(80 μg/mL LIDO group and 100 μg/mL LIDO group) and 
the hippocampus of Fischer 344 rats (100 μg/mL LIDO 
group) (Fig. 4).

Lidocaine Reverses Isoflurane‑Induced Changes 
in the Activity of Mitochondrial Electron Transfer 
Chain (ETC) Complexes in H4 Cells and Hippocampus 
of Fischer 344 Rats

The results of the activity of ETC complexes obtained for the 
rat hippocampus and H4 cells presented consistent results. 
Mitochondrial respiratory chain complex I and II activities 
were significantly increased by isoflurane, and this increase 
was attenuated by lidocaine. The activity of complex III 
increased by isoflurane, but it’s not statistically significant. 
The activity of complex IV was inhibited by isoflurane, and 
after lidocaine treatment, the activity was increased (Fig. 5). 
Although the changing trend of the four respiration chain 
enzyme complexes was different, the changes followed a cer-
tain rule: lidocaine could reverse the activity changes of the 
complexes in the mitochondrial respiratory chain induced 
by isoflurane.

Lidocaine Inhibits the Apoptotic Activity Induced 
by Isoflurane in H4 Cells and Hippocampus 
of Fischer 344 Rats

The results showed that (Fig. 6) compared with the control 
group, the numbers of the apoptotic cells in the isoflurane 
group increased and that lidocaine caused a dose-dependent 
reduction of this increase in apoptosis (P < 0.05, compared 
with the isoflurane group). As shown in Fig. 7, the pro-
portion of TUNEL-positive among total nuclei in the rat 

Fig. 1  Performance during the training phase of the Barnes maze test: 
at 14 days after isofluane exposure with or without injection of lido-
caine, a series of training trials were conducted in a Barnes maze. It 
would be good to see if the fourth day results are significantly differ-
ent.  The data are presented as the mean ± S.D. (n = 6). *P < 0.05 in 
comparison to the data obtained in the first trial on training day 1

Fig. 2  Performance during the memory phase of Barnes maze test: 
the time to identify the target holes (a) and the number of incorrect 
holes searched before identifying the correct hole connected to the 
target box (b) in the Barnes maze test were tabulated. Subsequently, 
the rats were subjected to a reference memory test day 1 and 8. The 
data are presented as mean ± S.D. (n = 6). *P < 0.05 compared with 
the CON group. ^P < 0.05 compared with the ISO group
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hippocampus was significantly increased in the ISO group 
compared with the CON group. This tendency toward an 
increase was suppressed with lidocaine treatment.

Lidocaine Suppresses the H4 Cell Isoflurane‑Induced 
Ratio of Bax to Bcl‑2 Protein

As shown in Fig. 8, 3% isoflurane for 2 h significantly 
increased the Bax/Bcl-2 ratio, and this increase was signifi-
cantly attenuated by lidocaine.

Discussion

According to the results of the present study, lidocaine is 
effective in attenuating isoflurane-induced POCD by reduc-
ing mitochondrial damage. In the aged Fischer 344 rat model 
of cognitive impairment caused by isoflurane-induced anes-
thesia, lidocaine-treated rats took less time and made fewer 
mistakes in identifying the target holes than rats treated with 
isoflurane alone. Our results demonstrated that lidocaine was 
effective in reducing the mitochondrial damage induced by 

isoflurane, including: structure, ΔΨm, complexs activities 
of ETC, apoptotic activities, and mitochondrial apoptosis-
related proteins (Bax/Bcl-2).

The pathophysiology under PCOD focuses on the roles 
of neuroinflammation and the stress response [2, 31]. Our 
findings expand the possible mechanism underlying POCD 
by showing that mitochondrial damage could make a sig-
nificant contribution to cognitive impairment. Mitochon-
drial abnormalities play an indispensable role in network 
processes such as cognition impairment [32]. Because the 
most sufficient energy supply for neuron survival is depend-
ent on mitochondrial sources, the brain, an important aerobic 
organ, is extremely vulnerable to mitochondrial dysfunction. 
Mitochondrial dysfunction was one of the earliest triggering 
events in isoflurane-induced neuronal damage [33]. Moreo-
ver, studies have suggested that mitochondrial dysfunction 
is involved in different neurodegenerative disorders, includ-
ing Alzheimer’s, Parkinson’s, and Huntington’s diseases and 
amyotrophic lateral sclerosis [33]. The impaired mitochon-
dria could exhibit an altered morphology, decreased mem-
brane potential and disrupted function of electron trans-
port chain (ETC) complexes, which are considered to play 

Fig. 3  Lidocaine is effective in reducing isoflurane-induced mito-
chondrial structure injuries in H4 cells and Fischer 344 rat hip-
pocampus. The cells (A-CON, A-ISO, A-ISO + LIDO) and hip-
pocampus were harvested after the Barnes maze test (B-CON, B-ISO, 

B-ISO + LIDO) for observation under microscope. Lidocaine was 
effective in reducing mitochondrial injury. The objects indicated by 
red arrows are mitochondria (magnification: × 40,000, scale bar in 
each panel = 1 μm) (Color figure online)
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key role in the incidence of POCD [31]. According to the 
findings of the present study, mitochondrial damage in H4 
cells treated with isoflurane and the cognitive impairment 
observed in rats after isoflurane anesthesia further confirm 
that mitochondrial damage could make an important role in 
the POCD process. Moreover, we found that lidocaine could 
attenuate the mitochondrial damage induced by isoflurane.

Our findings suggest that the mitochondria played an 
important role in the pathophysiological mechanism of 
POCD induced by isoflurane. Because mitochondria are of 
great importance in numerous biological processes, includ-
ing cell apoptosis, intracellular signaling, energy genera-
tion and the respiratory activities of cells [7, 34], the dam-
age to these dynamic organelles can alter performance in 
many ways. An abnormal mitochondrial morphology is 
one obvious sign of their damage. The normal structure of 
mitochondria disappeared and vacuoles appeared in H4 cells 
treated with isoflurane and in the hippocampi of cognitively 
impaired rats after isoflurane anesthesia. Our findings con-
firm that mitochondria damage is induced by isoflurane. 
Functionally, in our study, the mitochondrial membrane 
potential (ΔΨm) decreased, mitochondrial ETC complex 

dysfunction was observed, and apoptosis increased in H4 
cells treated with isoflurane and in the hippocampi of cog-
nitively impaired rats after isoflurane anesthesia. Addition-
ally, the ratio of Bax (the protein that promotes apoptosis) 
to Bcl-2 (the protein that inhibits apoptosis) increased in H4 
cells treated with isoflurane. The decrease in ΔΨm revealed 
a change in the mitochondrial outer membrane permeability 
(MOMP), which is mainly subjected to the mediation of 
Bcl-2 and Bax protein. Opening of mitochondrial permeabil-
ity transition pore (mPTP) and changes in calcium buffering 
make the cytosol accessible to proteins in the space between 
mitochondrial membranes, including the mitochondrial-to-
cytosol release of cytochrome c, which then contributes to 
the activation of caspases that function to promote cellular 
apoptotic activities [35, 36]. Thus, mitochondrial dysfunc-
tion was induced by isoflurane and, in turn, triggered the 
mitochondrial apoptosis pathway. In contrast, there has 
been an association between mitochondrial ETC complex 
dysfunction and nerve cell dysfunction as causal factors of 
many chronic age-related neurodegenerative diseases [37, 
38]. Studies have shown that the abnormality of any com-
plex enzyme (including complex I, II, III and IV) would 

Fig. 4  Lidocaine is effective 
in reducing the decrease in 
isoflurane-induced membrane 
potential (ΔΨm) of mitochondria 
in H4 cells and Fischer 344 
rat hippocampus. a. Lidocaine 
dose-dependently reduced 
the decrease in ΔΨm induced 
by isoflurane. b Lidocaine 
reduced the decrease in ΔΨm 
induced by isoflurane. The data 
are expressed as mean ± S.D. 
(n = 6). *P < 0.05 compared 
with the CON group. ^P < 0.05 
compared with the ISO group
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affect the function of ECT [39]. In our study, the activity 
of complex I and II increased, complex III did not change, 
and complex IV decreased after isoflurane treatment both in 
cells and in the animal experiment. Complex IV is the termi-
nal complex of the ECT, the reduced activity of which has 

been consistently observed in post-mortem disease samples 
from Alzheimer’s patients [40]. Furthermore, inhibition of 
the activity of complex IV could increase  Ca2+-independent 
glutamate release, which has been shown to be associated 
with excitotoxic cell death [38]. According to the findings 

Fig. 5  In H4 cells and Fischer 344 rat hippocampus, the isoflurane-
induced activity of the complexes in the mitochondrial electron trans-
fer chain is altered by lidocaine. a H4 cells were treated with or with-
out a 2-h 3% isoflurane exposure with or without lidocaine. b. Male 
experimental Fischer 344 rats aged 18  months were treated with or 

without a 2-h 1.2% isoflurane exposure with or without injection of 
lidocaine. The activity of complex I–IV in the mitochondrial respira-
tory chain was assayed. The data are expressed as the mean ± S.D. 
(n = 6). *P < 0.05 compared with the CON group. ^P < 0.05 compared 
with the ISO group



1711Neurochemical Research (2019) 44:1703–1714 

1 3

of the present experiment, complex IV activity declined in 
response to isoflurane, which indicated that the excitotoxic 
cell death in neurons might result from exposure to isoflu-
rane. Additionally, except for complex IV, the activity of I, II 
and III did not decreased on effect of isoflurane, suggesting 
that the target of mitochondrial damage induced by isoflu-
rane might be complex IV.

Lidocaine has been reported to have neuroprotective 
functions by reducing the release of ischemic excitotoxin 
[41]. Additionally, excitotoxic death might result from 
mitochondrial damage and excessive mitochondrial cal-
cium accumulation [42]. According to the findings of the 
present experiment, lidocaine was effective in attenuating 
mitochondrial damage induced by isoflurane, specifically in 
reducing the mitochondrial structure damage and the decline 
in mitochondrial membrane potential (ΔΨm), as well as in 
reversing isoflurane-induced changes in complex activity 
in the mitochondrial electron transfer chain and inhibiting 
the apoptotic activities induced by isoflurane. The potential 
mechanism underlying lidocaine-attenuated mitochondrial 

Fig. 6  Lidocaine is effective in inhibiting H4 cell isoflurane-induced 
apoptotic activities. The apoptotic rate of cells after intervention was 
then examined by immunofluorescence flow cytometry. The data are 
expressed as mean ± S.D. (n = 6). *P < 0.05 compared with the CON 
group. ^P < 0.05 compared with the ISO group

Fig. 7  In Fischer 344 rat hippocampus, the apoptotic activity 
induced by isoflurane is inhibited by lidocaine treatment. Aa Con-
trol group, Ab isoflurane group, Ac isoflurane + lidocaine group. The 

graphs in B display the data quantitation. The data are presented as 
mean ± S.E.M. (n = 6). *P < 0.05 compared with the CON group. 
^P < 0.05 compared with the ISO group (Color figure online)
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damage induced by isoflurane might be associated with a 
reduction of excitotoxin release, even excitotoxic cell death, 
induced by isoflurane. However, some existing studies have 
reported results that are inconsistent with our findings. Lido-
caine have been reported to be involved in mitochondrial 
dysfunction and implicated in the intrinsic mitochondrial 
death pathway [42]. The different results may be explained 
by the concentration of lidocaine used. Michael [43] found 
that a concentration of lidocaine of 2.3 mM (0.06%) and 
higher caused neuronal death in that study. Robert [44] indi-
cated that lidocaine concentrations of 3–6 mM (0.08–0.16%) 
induced apoptotic activities that may result from overex-
pressed Bcl-2 or from the deficiency of caspase-9. In our 
study, the maximum lidocaine concentration was 100 μg/mL 
(0.37 mM, 0.01%), which was lower than the above effec-
tive apoptotic concentration. The neuroprotective effects of 
lidocaine found in this study may indicate multiple effects 
of lidocaine other than  Na+ blockade and have important 
implication for the prevention and treatment of POCD.

Our study has several limitations. First, we found that 
complex IV might be the target of mitochondrial damage 
induced by isoflurane, but we did not explore the effect of 
lidocaine and isoflurane on complex IV in terms of whether 

it is related to  Ca2+-independent glutamate release leading to 
excitotoxic cell death. Second, we found that lidocaine was 
only effective in attenuating isoflurane-induced POCD by 
reducing mitochondrial damage, but the underlying mecha-
nism is still unclear and requires further analysis.

In conclusion, our study provides evidence that lido-
caine is effective in attenuating isoflurane-induced POCD 
by reducing mitochondrial damage in vitro and vivo. The 
finding of our study may have pragmatic implications stimu-
lating a larger number of studies on the exact mechanisms 
underlying the neurotoxicity of isoflurane anesthesia and 
target interventions in isoflurane-induced POCD.
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