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Background: Repeated exposure to propofol can affect their learning andmemory functions, but themechanism remains unclear.
The current study aimed to investigate the mechanism underlying the effect of hydrogen sulfide (H2S) on the alleviation of
propofol-induced learning andmemory impairment, mediated by promoting nuclear translocation of the nuclear factor erythroid
2-related factor 2 (Nrf2) and inhibiting apoptosis and pyroptosis in hippocampal neurons.
Methods: Rats used in this study were successively exposed to 200 mg/kg propofol for 8 consecutive weeks, followed by inhalation
of 10, 40 or 80 ppm H2S. Subsequently, the effects of different concentrations of H2S on learning and memory were assessed
using the water maze assay. Additionally, the effects of H2S on cell apoptosis and pyroptosis and nuclear translocation of Nrf2
in hippocampal neurons were also determined. Furthermore, NaHS (200 µmol/L) was used as an in vitro donor for H2S, and
rescue experiments were carried out following Nrf2 knockdown in H19-7 cells. Moreover, Nrf2 function was inhibited following
treatment with an intraperitoneal injection of ML385 (30 mg/kg) in the rats. The effects of H2S on reactive oxygen species (ROS)
generation, cell apoptosis, and pyroptosis in propofol-treated and Nrf2-deficient H19-7 cells were also investigated.
Results: Exposure to propofol for 8 weeks affected the ability of the rats to find underwater platforms (p < 0.01). Further, the
exposure induced cell apoptosis and NLR family pyrin domain containing 3 (NLRP3)-related pyroptosis (p < 0.01). Although
inhalation of 10 ppm H2S did not attenuate the aforementioned effects (p > 0.05), exposure to 40 and 80 ppm H2S significantly
alleviated propofol-induced injury in the hippocampal neurons (p< 0.01). However, the protective effect of 80 ppmH2Swasmore
obvious as compared to that of the other two doses (p< 0.01). In addition, Nrf2 knockdown aggravated the propofol-induced cell
pyroptosis and apoptosis as well as reversed the protective effect of H2S against these processes (p < 0.01). In vivo experiments
in this study demonstrated that Nrf2 inhibition abrogated the protective effects of H2S inhalation against learning and memory
impairment as well as propofol-induced cell apoptosis and pyroptosis in rats (p < 0.01).
Conclusions: H2S could attenuate propofol-induced damage in hippocampal neurons by promoting the nuclear translocation of
Nrf2 and inhibiting cell apoptosis and pyroptosis.
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Introduction
Propofol is a short-acting anesthetic that is commonly

used for epidural anesthesia and as an inhalation anesthetic
[1,2]. It is often used in gastroscopy and colonoscopy, par-
ticularly in patients who require repeated gastroenteroscopy
[3,4]. It has been reported that repeated exposure to propo-
fol can damage the hippocampal neurons in children, thus
affecting their learning and memory functions [5,6]. Addi-
tionally, a previous study reported that propofol exhibited
several adverse effects on neurological function in the el-
derly population [7]. However, the mechanism of propofol-
induced hippocampal injury remains unclear.

It has been reported that propofol induces oxidative
stress, which eventually leads to neuronal cell apoptosis in
vitro, while the inhibition of reactive oxygen species (ROS)
alleviates the neurotoxicity of propofol [8–10]. ROS is con-
sidered a key factor in the activation of the NLR family
pyrin domain containing 3 (NLRP3) [11], which not only
induces an inflammatory response but also cleaves and re-
leases the activated caspase-1 to induce pyroptosis [12].
In turn, caspase-1 cleaves gasdermin (GSDM) whereas N-
GSDM disrupts the integrity and permeability of the cell
membrane, which results in cell rupture [13]. A previous
study suggested that a high dose of propofol could induce
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NLRP3-dependent macrophage pyroptosis [14]. However,
it remains elusive whether repeated exposure to propofol in-
duces pyroptosis in the hippocampal neurons. Further, its
underlying mechanism of action also remains unclear.

Under physiological conditions, hydrogen sulfide
(H2S) commonly exists in the form of HS− ion. A study
demonstrated that H2S could inhibit NLRP3-dependent py-
roptosis in bronchial epithelial cells [15]. In corroboration,
another study also revealed that H2S could attenuate py-
roptosis and protect kidney against ischemic kidney injury
[16]. Nuclear factor erythroid 2-related factor 2 (Nrf2) is a
key antioxidant gene in vivo. The nuclear translocation of
the Nrf2 protein induces an antioxidant response [17,18],
thereby inhibiting the activation of NLRP3 and pyroptosis
[19]. Nrf2 is also an important signaling molecule in micro-
bial infections [20–23]. For example, the study of Harvey
et al. [20] suggested thatNrf2 up-regulated the macrophage
receptor with collagenous structure (MARCO). Further-
more, they reported that Nrf2 changed the composition of
the gut microbiota and colorectal cancer development [21].
Moreover, H2S can also activate Nrf2. Notably, H2S re-
duced the risk of cardiovascular disease in patients with
diabetes by activating the Nrf2 pathway [24]. Further-
more, another study demonstrated that H2S could also in-
hibit doxorubicin-induced and ROS-associated myocardial
fibrosis by activating Nrf2 [25]. However, whether H2S al-
leviates propofol-induced pyroptosis in hippocampal neu-
rons by activating the Nrf2 pathway has not been investi-
gated previously.

The current study mainly focused on cell apoptosis
and pyroptosis to test the effect of H2S on propofol-induced
hippocampal neuron damage and to elucidate the possible
protective mechanism of H2S on learning and memory in
rats through Nrf2. Our results could offer insights regard-
ing the basic theory for the clinical application of propo-
fol as well as novel strategies for preventing and mitigating
propofol-related neurotoxicity.

Materials and Methods

Animal Treatment
Fifty Sprague Dawley (SD) rats (10 weeks; 300–350

g, Shandong Experimental Animal Center, Jinan, China)
were randomly assigned into five groups: Control; propo-
fol (Pro), Pro+H2S-10, Pro+H2S-40, Pro+H2S-80. Rats
in Pro, Pro+H2S-10, Pro+H2S-40 and Pro+H2S-80 groups
were injected intraperitoneally with 200 mg/kg of propo-
fol (Catalogue no. H20084531, Jiuxu Pharmaceutical Co.,
Ltd., Jiuxu, China) once every 7 days for 8 weeks [7]. At
2 h after each propofol injection, the rats were treated with
H2S inhalation. Subsequently, the rats were placed in an 8 L
glass chamber. The inhaled air was composed of a mixture
of air and H2S (batch no. 202211213, Wuhan New Radar
Special Gas Co., Ltd., Wuhan, China). The H2S intake vol-
ume was adjusted by detecting the concentration of H2S at

the air outlet. Therefore, the concentration of H2S in the
device was set at 10, 40, or 80 ppm [26]. Rats inhaled H2S
for 8 h/day for 3 consecutive days until the next propofol in-
jection and H2S re-inhalation were administered. Rats were
anesthetized with 75 mg/kg ketamine (i.p.) and 5.0 mg/kg
diazepam (i.p.). The method of euthanasia was i.p. injec-
tion of pentobarbital Na (150 mg/kg).

In the subsequent experiments, forty rats were divided
into Control, Pro, Pro+H2S and Pro+H2S+ML385 groups.
Rats in the negative control (NC), Pro and Pro+H2S groups
received respective treatment as described above. Rats
in Pro+H2S+ML385 group were treated with 200 mg/kg
of propofol, 40 ppm H2S and 30 mg/kg ML385 for 24
h. For the inhibition of Nrf2 protein expression in vivo,
Nrf2 function was blocked following intraperitoneal injec-
tion of ML385 (30 mg/kg dissolved in dimethyl sulfoxide
(DMSO); Catalogue no. M8692, Abmole Bioscience Inc.,
Houston, TX, USA) 30 minutes before each H2S inhala-
tion [27]. Humane endpoints included rapid weight loss,
weakness, loss of appetite, and untreatable infections. The
maximum percent body weight loss of animals was 6%
at the end of the experiment. The experimental protocols
complied with the revised Animals (Scientific Procedures)
Act 1986 in the UK, and they were approved by the Ani-
mal Care Committee of Shandong Provincial Third Hospi-
tal (No. DWKYLL-2020008).

Morris Water Maze Assay
The temperature of the water maze (Catalogue no.

XR-XM101, Xinsoft Information Technology Co., Ltd.,
Shanghai, China) was adjusted to 25 ± 1 °C. The diameter
and height of the swimming maze were 160 and 40 cm, re-
spectively. In one quadrant of the pool, a platform was hid-
den at 0.5 cm underwater. The rats were placed sequentially
against a wall in the water maze. Time recording was ended
for a rat when it landed on the platform area within 90 sec.
When the rat could not board the platform area within 90
sec, it was gently guided onto the platform with a stick and
could stay for 30 sec for all rats. All the rats were trained
four times. The interval between each trial was >5 min.
Subsequently, the underwater platform was withdrawn, and
the animals were relocated to the same quadrant to record
the movement trajectory.

Nissl Staining
The rats were euthanized by decapitation using a guil-

lotine after administration of ketamine/xylazine solution
for anesthesia (75/10 mg/kg; i.p., Sigma-Aldrich, Merck
KGaA, Saint Louis, MO, USA). Complete cardiac arrest
and pupil dilation were considered to be indicative of death.
Following euthanasia, the hippocampus was removed from
each rat. Freshly obtained hippocampal tissues were fixed
in 10% neutral formalin and embedded in paraffin. Subse-
quently, the tissue samples were cut into 6 µm thick sec-
tions, deparaffinized, and rinsed with distilled water. The
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tissue sections were then put into a staining jar with Tolu-
idine Blue (Catalogue. no. ZY92, Zeye Bio, Shanghai,
China), which was followed by incubation at 50‒60 °C
for approximately 30 min. The samples were first rinsed
lightly with distilled water and thereafter with 70% ethanol.
Subsequently, the tissue sections were desiccated with 95%
ethanol, dehydrated with absolute ethanol, transparentized
in xylene, and sealed with neutral gum. The tissue sections
were obtained under a microscope (Keyence) and the im-
ages were obtained.

TUNEL Assay
The hippocampal tissues were fixed using 10% neu-

tral formalin. Thereafter, they were sectioned and deparaf-
finized. Following washing (5 min/wash) with xylene, the
tissues were rehydrated with a descending ethanol gradi-
ent. The tissues were treated with proteinase K for 15
min at 37 °C. Subsequently, the samples were incubated
with 100 µL TdT-mediated dUTP-biotin nick end label-
ing (TUNEL) reagent (Roche Diagnostics) and then incu-
bated with 100 µL streptavidin-labeled HRP antibody (di-
lution; 1:500; Catalogue no. N100, Thermo Fisher, Cleve-
land, OH, USA) for 30 min. This was followed by staining
with 100 µL DAB for 10 min. When a light brown back-
ground was observed under the microscope, the samples
were counterstained with hematoxylin for 3 sec. Follow-
ing dehydration, the tissues were treated with xylene and
sealed with neutral gum.

Cell Culture
The rat hippocampal neuron cell line H19-7 (cat. no.

CRL-2526, ATCC, Manassas, VA, USA) was maintained
in DMEM (Batch No. 11965092, Gibco, Carlsbad, CA,
USA) that was supplemented with 10% FBS, 100 mg/mL
streptomycin, and 100 U/mL penicillin (Batch No. 516106-
20MLCN, Millipore Sigma, Burlington, MA, USA). H19-
7 cells were subjected to short tandem repeat (STR) val-
idation and mycoplasma testing ang confirmed to be un-
contaminated. To select the optimal experimental concen-
tration, H19-7 cells were exposed to 50, 100, 150 and 200
µmol/L propofol for 24 h [28]. Following incubation in the
presence of propofol, H19-7 cells were co-treated with 100,
200 or 400 µmol/L NaHS (H2S donor) for 24 h. Next, cells
were divided into negative control (NC), Pro, Pro+siNrf2,
Pro+H2S, Pro+siNrf2+H2S groups. Cells in NC group re-
ceived no treatment; Cells in Pro group were treated with
150 µmol/L propofol for 24 h; Cells in Pro+siNrf2 group
were treated with 150 µmol/L propofol and siNrf2 trans-
fection for 24 h; Cells in Pro+H2S group were treated with
150 µmol/L propofol and 200 µmol/L NaHS for 24 h; Cells
in Pro+siNrf2+H2S group were treated with 150 µmol/L
propofol, siNrf2 transfection and 200 µmol/L NaHS for 24
h.

Cell Transfection
The small interfering (si) RNA clone targeting Nrf2,

and the corresponding negative control (NC) clone were
synthesized by Shanghai GenePharma Co., Ltd. (Shanghai,
China).

The sequences used were as follows: For siNrf2,
sense, 5′-GCCUGUAAGUCCUGGUCAUTT-3′ and anti-
sense, 5′-AUGACCAGGACUUACAGGCTT-3′; and for
NC, sense, 5′-UUCUCCGAACGUGUCACGUTT-3′ and
antisense, 5′-ACGUGACACGUUCGGAGAATT-3′. A to-
tal of 50 pmol (0.67 µg) of each clone was diluted in 25
µL serum-free DMEM (reagent A). Subsequently, 1 µL En-
transter TM-R4000 (Engreen Biosystem Co., Ltd., Beijing,
China) was mixed with 24 µL serum-free DMEM (reagent
B), and 25 µL of both the reagents (reagent A and reagent
B) were mixed thoroughly by aspirating 10 times with a
pipette. The mixture was allowed to stand for 15 min. Fi-
nally, 50 µL of the above transfection mixture was added to
the cells that were cultured in 0.45mL of complete medium.
The cells were collected after 36 h.

Determination of ROS Levels in Cells and Brain
Tissue

In order to evaluate the ROS levels in cells, a solution
of DCFH-DA was prepared by diluting the stock solution
with DMSO. Following awashwith phosphate buffer saline
(PBS), the cells were incubated in DMSO containing 10 µM
DCFH-DA at 37 °C for 30 min and then collected and an-
alyzed by flow cytometry to determine the mean fluores-
cence of 10,000 cells. To assess the ROS levels in brain tis-
sue, the tissue was homogenized in 40 mM Tris-HCl buffer
and then incubated with 10 µM 2′, 7′ dichlorofluorescein
diacetate in Tris-HCl buffer. After incubation in the dark at
37 °C for 15 min, the fluorescence intensity (FI) was mea-
sured at an excitation wavelength of 485 nm and an emis-
sion wavelength of 525 nm using a microplate reader.

CCK-8 Assay
For the cell counting kit-8 (CCK-8) assay, 100 µL of

cell suspension, which had a density of 5 × 104 cells/mL,
was added to 96-well plates. Each well was replicated five
times. The plates were incubated for 24‒48 h before 10
µL of CCK-8 solution was added to each well. The plates
were then gently shaken for 1 min at 37 °C to ensure uni-
form mixing. Furthermore, the cells were incubated for 2
h to facilitate dehydrogenation. Finally, the optical density
was measured with a microplate reader (Synergy H1 Hy-
brid Multi-Mode, BioTek Instruments, Inc., Winooski, VT,
USA) at 450 nm.

Flow Cytometry
Cells were collected and trypsinized without ethylene

diamine tetraacetic acid (EDTA). The PBS-washed cells un-
derwent two rounds of centrifugation for 5 min at 1000 ×g
at 4 °C, resulting in a total of 5 × 105 cells. These cells
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were mixed with 500 µL of binding buffer, and 5 µL each
of Annexin V-FITC and PI (Batch No. C1062L, Beyotime
Institute of Biotechnology, Shanghai, China) were added
to them. The mixture was incubated in the dark at 4 °C for
15 min to allow for the detection of apoptotic cells. Flow
cytometry (BD FACSCalibur™; BD Biosciences, Beijing,
China) was performed within 30 min to determine cell
apoptosis. Normal cells were used to set the cross-gate po-
sition and for fluorescence compensation.

Western Blot Analysis
Cells were collected and incubated on ice with Ra-

dio Immunoprecipitation Assay (RIPA) lysis solution for
30 min. Total proteins were isolated after centrifugation
at 12,000 ×g for 20 min at 4 °C. Cytoplasmic and nuclear
protein extracts were separated using the Minute™ Cyto-
plasmic and Nuclear Fractionation kit (Catalogue. no. SC-
003, Invent Biotechnologies, Inc., Plymouth, MN, USA).
Bicinchoninic acid (BCA) kit (cat. no. P0012S, Bey-
otime, Shanghai, China) was used for the quantitative de-
tection of the proteins. Further, 10% SDS-PAGE was
used to separate the proteins. Thereafter, the membranes
were incubated with primary rabbit antibodies at a dilu-
tion of 1:1000 and kept overnight at a temperature of 4
°C. The following primary antibodies were used: anti-
NLRP3 (1:1000, catalogue no. ab263899, Abcam, Cam-
bridge, MA, USA), anti-pro-caspase-1 (1:2000, catalogue
no. ab108333, Abcam, Cambridge, MA, USA), anti-
cleaved caspase-1 (1:2000, catalogue no. ab256469, Ab-
cam, Cambridge, MA, USA), anti-GSDM-D (1:2000, cat-
alogue no. ab219800, Abcam, Cambridge, MA, USA),
anti-Nrf2 (1:2000, catalogue no. ab92946, Abcam, Cam-
bridge, MA, USA), Glyceraldehyde-3- phosphate dehydro-
genase (GAPDH) (1:1000, catalogue no. ab181602, Ab-
cam, Cambridge, MA, USA) and anti-H3 (1 µg/mL, cata-
logue no. ab8580, Abcam, Cambridge, MA, USA; all from
Abcam, Cambridge, MA, USA). The membranes were
washed twice with TBS containing 0.1% Tween and incu-
bated with the appropriate secondary antibody (at a dilution
of 1:2000; Catalogue no. ab6721, Abcam, Cambridge, MA,
USA) for 2 h at 37 °C. Thereafter, the membranes were
washed three times with TBS containing 0.1% Tween 20
(TBST). Finally, the protein bands were visualized using an
ECL kit (Beijing Solarbio Science & Technology Co., Ltd,
Beijing, China) and analyzed using Image Pro Plus Version
6.0 (Media Cybernetics, Inc. Rockville, MD, USA).

2’,7’-Dichlorofluorescein (DCF) Assay
Fresh frozen sections (20 µm) or cells were directly

immersed in H2DCF-DA (10 µmol/L; Invitrogen, Thermo
Fisher Scientific, Inc., Cleveland, OH, USA). Thereafter,
they were fixed and incubated in the dark for 1 h. The fluo-
rescence intensity was measured at 485 nm (excitation) and
538 nm (emission) with a a microplate reader (Synergy H1
Hybrid Multi-Mode, BioTek Instruments, Inc., Winooski,
VT, USA).

Statistical Analysis
The mean± standard deviation (SD) was used to rep-

resent the data. To compare the differences among multi-
ple groups, analysis of variance (ANOVA) was employed
followed by Tukey’s multiple comparison test. Further,
an unpaired t-test was used to compare the differences be-
tween the two groups. GraphPad Prism version 7.0 (Graph-
Pad Software Inc., San Diego, CA, USA) was used for all
the statistical analyses. A statistically significant difference
was determined by a p-value < 0.01.

Results

H2S Alleviates Propofol-Induced Learning and
Memory Dysfunction

To elucidate the effects of H2S on propofol-induced
neurotoxicity in vivo, rats were divided into the following
five groups (n = 5): control, propofol (Pro), Pro+H2S-10,
Pro+H2S-40, and Pro+H2S-80 groups. Rats were treated
with 10, 40 and 80 ppm H2S following propofol exposure.
The water maze test results showed that the escape latency
of rats in the Pro group increased significantly as compared
to normal rats (p < 0.01). Although 10 ppm H2S had no
significant effect on the rats in the Pro group (p > 0.05),
treatment with 40 and 80 ppm H2S notably reduced their
escape latency (p < 0.01). Additionally, the escape la-
tency of rats in the Pro+H2S-80 group was significantly
lower as compared to that in rats of the Pro+H2S-40 group
(Fig. 1A,B, p< 0.01). Furthermore, the percentage of time
that the rats spent in the target quadrant and the number
of crossing platforms were markedly decreased in the Pro
group as compared to the control group (p< 0.01). The in-
halation of 40 and 80 ppm H2S had a protective effect on
the learning and memory ability of rats, and the effect of
80 ppm H2S was significantly better than that of 40 ppm
(Fig. 1C,D, p < 0.01). While hippocampal neurons are the
main cells implicated in learning and memory functions,
they are also considered to be the major mediators of propo-
fol activity. Accordingly, hippocampal neuron injury was
observed in tissues. The results also demonstrated that H2S
alleviated propofol-induced damage to hippocampal neu-
rons, while the protective effect with 80 ppmH2S was more
obvious than that with 40 ppm (Fig. 1E, p < 0.01). The
aforementioned findings suggested that H2S could attenu-
ate propofol-mediated toxicity in the hippocampal neurons.
Furthermore, since the effect of 80 ppm H2S was more pro-
nounced than that of 40 ppm H2S, 80 ppm H2S was used
for subsequent experiments to analyze the mechanism of
regulation of H2S.

H2S Promotes the Nuclear Translocation of Nrf2 and
Alleviates Cell Apoptosis and Pyroptosis

To further analyze the mechanism underlying the pro-
tective effect of H2S on propofol-induced hippocampal
neuron injury, the rats were treated with different concen-
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Fig. 1. Hydrogen sulfide (H2S) alleviates learning and memory dysfunction in propofol-treated rats. (A–D) Morris water maze
assay was performed to evaluate the effect of inhalation of 10, 40 and 80 ppm f H2S on learning and memory. (E) Nissl staining was
used to evaluate the effects of different concentrations of H2S on hippocampal neuronal injury. ∗∗∗p < 0.001 vs. the control group; ##p
< 0.01, and ###p< 0.001 vs. the propofol (Pro) group; ^^p< 0.01 vs. Pro+H2S-40 group. The data are expressed as the mean± standard
deviation (SD); N = 10.

trations of H2S. Thereafter, cell apoptosis and pyroptosis
were assessed. The results demonstrated that treatment with
H2S inhibited the propofol-induced apoptosis in the rats in
a dose-dependent manner (p < 0.01). However, the effect
of 10 ppmH2S on cell apoptosis was not significant as com-
pared to that of 80 ppm (Fig. 2A, p > 0.05). Propofol also
upregulated NLRP3 and cleaved caspase-1 and GSDM-D
in the hippocampal tissue (p < 0.01). However, exposure
to 10 ppm H2S did not affect the expression of the above
proteins. In contrast, both 40 and 80 ppm H2S inhibited
propofol-induced NLRP3 activation and pyroptosis (p <

0.01). Interestingly, NLRP3-dependent pyroptosis signif-
icantly decreased in the Pro+H2S-80 group as compared to
that in the Pro+H2S-40 group (Fig. 2B,C, p< 0.01). As de-
scribed previously, the treatment of rats with propofol pro-

motes the inhibition ofNrf2, which eventually results in cell
apoptosis and pyroptosis. To this end, the nuclear translo-
cation of the Nrf2 protein was investigated further. The re-
sults demonstrated that propofol promotedNrf2 retention in
the cytoplasm. However, treatment with 10 ppm H2S had
no apparent effect on the localization of Nrf2. Furthermore,
under propofol exposure, the inhalation of 40 and 80 ppm
H2S significantly promoted the entry of Nrf2 into the nu-
cleus. Additionally, the nuclear (n)-Nrf2/cytoplasmatic (c)-
Nrf2 ratio was notably decreased in the Pro+H2S-80 group
as compared to that in the Pro+H2S-40 group (Fig. 2D,E, p
< 0.01). The aforementioned findings indicated that H2S
could alleviate propofol-induced Nrf2 inhibition and atten-
uate apoptosis and pyroptosis.
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Fig. 2. H2S promotes the nuclear translocation of nuclear factor erythroid 2-related factor 2 (Nrf2) and alleviates apoptosis and
pyroptosis in hippocampal neurons. (A) A TdT-mediated dUTP-biotin nick end labeling (TUNEL) assay was carried out to evaluate
the effects of different H2S concentrations on the apoptosis of hippocampal neurons. (B,C) A comparison of the expression levels of NLR
family pyrin domain containing 3 (NLRP3)-related pyroptosis markers in the hippocampus of rats is shown for each group. (D,E) Ratios
of the nuclear Nrf2 to Cytoplasmic Nrf2 in the hippocampus of rats is shown for each group. ∗∗∗p < 0.001 vs. the control group; ##p <

0.01 vs. the Pro group; ^^p < 0.01 vs. the Pro+H2S-40 group. H3, Histone H3; GSDM-D, gasdermin-D; GAPDH, Glyceraldehyde-3-
phosphate dehydrogenase. The data are expressed as the mean ± SD; N = 10.

Nrf2 Silencing Abrogates the Protective Effects of
H2S on Propofol-Induced Apoptosis

To uncover the key role ofNrf2 in mitigating propofol-
related neurotoxicity via H2S, Nrf2-deficient hippocampal
neurons were established (Fig. 3A,B). To determine the op-
timal experimental concentration of propofol in vitro, hip-
pocampal neurons were treated with 0, 100, 150 and 200
µmol/L of propofol. The results showed that treatment with
≤150 µmol/L propofol inhibited the viability of H19-7 cells
in a dose-dependent manner (p < 0.01). Further, the in-
hibitory effects of 150 and 200 µmol/L propofol on cell vi-

ability were not significantly different (Fig. 3C, p > 0.05).
Additionally, treatment with ≤150 µmol/L propofol inhib-
ited the nuclear translocation of Nrf2 in a dose-dependent
manner (Fig. 3D,E, p < 0.01). Therefore, 150 µmol/L of
propofol was used for the subsequent in vitro experiments.
Furthermore, the cells were co-treated with 100, 200 and
400 µmol/L NaHS for 24 h to activate H2S. All three H2S
concentrations could promote the nuclear translocation of
Nrf2 (p < 0.01). Additionally, the n-Nrf2/c-Nrf2 ratio was
not significantly different between the groups that were
treated with 200 and 400 µmol/L NaHS, p > 0.05). How-
ever, the n-Nrf2/c-Nrf2 ratio was higher in the aforemen-
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Fig. 3. Nrf2 silencing abrogates the protective effects of H2S on propofol-induced apoptosis in hippocampal neurons. (A,B)
Comparison of the transfection efficiency of H19-7 cells transfected with si-Nrf2. (C) The effects of different concentrations of propofol
on the viability of H19-7 cells are shown here. (D,E) The effects of different concentrations of propofol on the nuclear translocation
of Nrf2 in H19-7 cells are shown here. (F,G) The effects of different concentrations of NaHS (H2S donor) on the nuclear translocation
of Nrf2 in H19-7 cells are presented here. (H) The effects of Nrf2 silencing and exogenous H2S on the viability of cells treated with
propofol are shown here. (I,J) The effects of Nrf2 silencing and exogenous H2S on apoptosis of cells treated with propofol are shown
here. ∗p < 0.05 vs. the NC group; ∗∗p < 0.01 vs. the negative control (NC) group; ∗∗∗p < 0.001 vs. the NC group; ##p < 0.01 vs. the
Pro group; ^^p < 0.01 vs. the Pro+siNrf2 group; &&p < 0.01 vs. the Pro+H2S group. Si-Nrf2, small interfering RNA against nuclear
factor erythroid 2-related factor 2. The data are expressed as the mean ± SD; N = 3.

tioned groups compared with that in the 100 µmol/L group
(Fig. 3F,G, p< 0.01). Finally, 200 µmol/L NaHS was used
for subsequent experiments. Based on the above exper-
iments, H19-7 cells were divided into the following five
groups: NC, Pro (150 µmol/L) group, Pro+siNrf2, Pro+H2S
(200 µmol/L NaHS), and Pro+siNrf2+H2S groups. Nrf2 si-
lencing further exacerbated the propofol-induced decrease
in cell viability as well as apoptosis. In addition, H2S
attenuated propofol-induced injury and apoptosis in vitro

(p < 0.01). Furthermore, the protective effects of H2S
on propofol-induced neurons were significantly inhibited
following the knockdown of Nrf2 (Fig. 3H–J, p < 0.01).
The above results indicated that Nrf2 silencing abrogated
the protective effect of H2S on the hippocampal neurons,
which supported the critical role of Nrf2 in the mitigation
of propofol-related neurotoxicity by H2S.
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Fig. 4. Nrf2 silencing abrogates the protective effect of H2S on propofol-induced ROS production and NLRP3-dependent pyrop-
tosis. (A) The effects of Nrf2 silencing and treatment with exogenous H2S on propofol-induced ROS production are shown here. (B,C)
The effects of Nrf2 knockdown and treatment with exogenous H2S on propofol-induced GSDM-D upregulation are shown here. (D,E)
The effects of Nrf2 silencing and treatment with exogenous H2S on propofol-induced activation of NLRP3 are shown here. ∗∗∗p< 0.001
vs. the NC group; ##p < 0.01 vs. the Pro group; ^^p < 0.01 vs. the Pro+siNrf2 group; &&p < 0.01 vs. the Pro+H2S. ROS, reactive
oxygen species. The data are expressed as the mean ± SD; N = 3.

Nrf2 Knockdown Abrogates the Protective Effect of
H2S against Propofol-Induced ROS Production and
NLRP3-Dependent Pyroptosis

The in vitro results in this study showed that H19-
7 cell exposure to propofol led to the generation of ROS.
Additionally, Nrf2 silencing exacerbated propofol-induced
oxidative stress, whereas H2S inhalation reduced the pro-
duction of ROS. However, following cell transfection with
si-Nrf2, the inhibitory effect of H2S on propofol-induced
ROS production was alleviated (Fig. 4A, p < 0.01). Fur-
thermore, H2S attenuated propofol-induced pyroptosis in
vitro. Therefore, Nrf2 knockdown aggravated propofol-
induced pyroptosis as well as reversed the inhibitory effect
of H2S on pyroptosis (Fig. 4B,C, p < 0.01). This finding
indicated that Nrf2 silencing could inhibit the protective ef-
fects of H2S on pyroptosis in hippocampal neurons. In addi-
tion, Nrf2 silencing also exacerbated propofol-induced ac-
tivation of the NLRP3 inflammasome and promoted the hy-
drolysis of pro-caspase-1 into active cleaved caspase-1 (p<
0.01). Overall, the results demonstrated that H2S inhibited
NLRP3 activation, which was reversed by Nrf2 silencing
(Fig. 4D,E, p < 0.01). These findings suggested that the
mechanism underlying the effect of H2S on the alleviation
of propofol-induced pyroptosis was dependent on Nrf2.

Nrf2 Inhibition Reverses the Inhibitory Effect of H2S
on the Activation of ROS and NLRP3 in
Propofol-Induced Hippocampal Neurons in Rats

To elucidate the critical role of Nrf2 regarding the
protective effects of H2S on propofol-induced oxidative
stress and NLRP3 activation in vivo, rats were assigned into
four groups as follows: control, Pro, Pro+H2S group, and
Pro+H2S+ML385 groups. The rats were treated with 80
ppm H2S. The results demonstrated that the function of the
Nrf2 protein was inhibited by an intraperitoneal injection of
ML385. Histological analysis of the hippocampal tissues
revealed that ML385 inhibited H2S-mediated Nrf2 nuclear
translocation in vivo (Fig. 5A,B, p < 0.01). Furthermore,
H2S significantly inhibited the propofol-induced accumu-
lation of ROS and NLRP3 activation. The inhibitory ef-
fect of H2S on ROS production and NLRP3 activation was
significantly reduced when Nrf2 function was inhibited by
ML385 (Fig. 5C–E, p< 0.01). This finding verified that the
mechanism underlying the effect of H2S on the alleviation
of propofol-inducedROS production andNLRP3 activation
was dependent on Nrf2 in vivo.
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Fig. 5. Nrf2 inhibition attenuates the effect ofH2S on propofol-induced activation ofROS andNLRP3 in rat hippocampal neurons.
(A,B) The effects of ML385 and H2S on propofol-induced nuclear translocation of Nrf2 in rat hippocampal neurons are shown here. (C)
The effects of Nrf2 silencing and H2S on propofol-induced ROS production in hippocampal tissues are presented here. (D,E) The effects
of Nrf2 knockdown and H2S on propofol-induced activation of NLRP3 in hippocampal tissues are shown here. ∗∗∗p < 0.001 vs. the
control group; ##p < 0.01 vs. the Pro group; ^^p < 0.01 vs. the Pro+H2S group. The data are expressed as the mean ± SD; N = 10.

Nrf2 Inhibition Blocks the Protective Effect of H2S
on Propofol-Induced Hippocampal Neurons

As previously described, exposure to 80 ppm H2S
notably reduced propofol-induced nerve injury. Addition-
ally, the protective effect of H2S on learning and mem-
ory dysfunction was attenuated with the inhibition of Nrf2
(Fig. 6A–D, p < 0.01). The analysis of cell apoptosis
revealed that H2S exposure decreased cell apoptosis in
propofol-induced hippocampal neurons. However, the an-
tiapoptotic effect of H2S was reversed with the inhibition
of Nrf2 (Fig. 7A,B, p < 0.01). In addition, GSDM-D was
downregulated in the Pro+H2S group as compared to that
in the Pro group. The protein expression levels of GSDM-
D were significantly higher in the Pro+H2S+ML385 group
than that in the Pro+H2S group (Fig. 6C,D, p < 0.01).
The aforementioned results suggested that Nrf2 could play
a central role in the mechanism underlying the effect of
H2S on inhibiting propofol-induced hippocampal neuronal
apoptosis and pyroptosis.

Discussion

Propofol is commonly used in several conditions,
which include painful examinations (gastroscopy), analge-
sia for tumors, and mechanical ventilation [29–31]. How-
ever, it has been reported that propofol adversely affects
the development of the hippocampus [32,33]. Some stud-
ies have investigated possible solutions to prevent propofol-
related neurotoxicity. For example, Shibuta et al. [34]
examined the impact of preconditioning on the neurotox-
icity caused by propofol during the developmental stage
and discovered that propofol preconditioning did not reduce
PPF-induced neural cell death under any circumstances.
Moreover, another study demonstrated that Microrna-17-
5p offered protection against neurotoxicity and impairment
in autophagy caused by the use of propofol as anesthesia
[35]. Additionally, lncRNA BDNF-AS was found to re-
duce propofol-induced apoptosis in HT22 cells by regulat-
ing the BDNF/TrkB pathway [36]. Xiao et al. [37] deter-
mined that dexmedetomidine mitigated the long-term neu-
rotoxic effects of propofol on the developing brains of rats
by amplifying the PI3K/Akt signaling pathway.
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Fig. 6. Nrf2 inhibition abrogates the protective effect of H2S on propofol-induced impaired learning and memory. Morris water
maze assay was carried out to evaluate the effect of inhalation of 80 ppm H2S and Nrf2 silencing on learning and memory. (A) Repre-
sentative images of the Morris water maze assay are shown here. (B) Escape latency is demonstrated here. (C) The percentage of time
spent in the target quadrant is presented here. (D) The number of times rats crossed platforms is shown here. ∗∗∗p< 0.001 vs. the control
group; ##p < 0.01 vs. the Pro group; ^^p < 0.01 vs. the Pro+H2S group. The data are expressed as the mean ± SD; N = 10.

The body secretes specific levels of endogenous H2S
generated by cysteine substances, and it acts via the dila-
tion of blood vessels and regulation of energy metabolism
[38,39]. H2S is also involved in nerve conduction for the
protection of nerve function. Further, it enhances calcium
influx by regulating the N-methyl-D-aspartate receptors
[40], which serve a significant role in hippocampal long-
term potentiation and memory [41]. Another study demon-
strated that H2S could alleviate Alzheimer’s disease by reg-
ulating glycogen synthase kinase 3β [42]. Furthermore,
H2S could also attenuate anxiety and depression in ani-
mals by upregulating Sirtuin 1 in the hippocampus [43]. To
investigate whether H2S could alleviate propofol-induced
toxicity in hippocampal neurons, rats were treated with in-
halation of 10, 40 and 80 ppm H2S. The water maze assay
revealed that exposure to propofol for up to 8 weeks could
affect the ability of rats to find the underwater platforms.
Additionally, Nissl staining results showed that propofol in-
duced neuronal injury. Although the inhalation of 10 ppm
H2S could not alleviate the above effects, treatment with
40 and 80 ppm H2S notably attenuated propofol-induced
injury in the hippocampal neurons. The protective effect
of 80 ppm H2S was more evident as compared to that of
40 ppm. This may also be due to the fatigue-like effects of
high concentrations of H2S in rats. The safety and toxicity
of H2S in rats require to be analyzed further. These findings
suggested that H2S could alleviate propofol-related neuro-
toxicity in vivo.

Subsequently, the current study aimed to elucidate the
mechanism of propofol-induced hippocampal injury as well
as the ameliorating effect of H2S. The results verified that
propofol could induce the accumulation of ROS by inhibit-
ing Nrf2 function, thereby promoting neuronal cell apop-
tosis [44,45]. It has been reported that ROS is a key fac-
tor in the activation of NLRP3-related pyroptosis [46,47].
Further, apoptosis and pyroptosis of the hippocampal neu-
rons can directly impair neuronal function, thereby affect-
ing learning and memory abilities. Hence, inhibiting apop-
tosis and pyroptosis is considered a key step in improving
learning and memory [48,49]. The results of the current
study demonstrated that inhalation of 40 and 80 ppm H2S
inhibited propofol-induced apoptosis as well as cell pyrop-
tosis. The inhibitory effects of 80 ppm H2S were more po-
tent as compared to those of 40 ppm. Furthermore, H2S
inhalation also promotes the nuclear translocation of Nrf2.
After entry into the nucleus, Nrf2 promotes the transcrip-
tion of the superoxide dismutase (SOD) antioxidant factor
and eventually inhibits the accumulation of ROS, which in
turn attenuates cell apoptosis and pyroptosis [50,51]. Patra
et al. [22] found that a decline in Nrf2 coincided with the
active nuclear absence ofNrf2, leading to decreased expres-
sion of Nrf2 target genes like heme oxygenase-1 (HO-1),
NAD(P)H quinone dehydrogenase 1, and SOD1. Addition-
ally, Ying et al. [23] studied Nrf2 knockdown in cells and
demonstrated that for the initiation of an effective innate de-
fense response, Nrf2 was crucial for primary bovine mam-
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Fig. 7. Nrf2 knockdown attenuates the effect of H2S on propofol-induced apoptosis and pyroptosis in hippocampal neurons.
TUNEL assay was used to detect the apoptosis rate of hippocampal neurons. To assess the effects of inhalation of 80 ppm H2S and Nrf2
silencing on pyroptosis in hippocampal neurons, the expression levels of gasdermin-D were determined using Western blot analysis.
(A) Representative images of the TUNEL assay are shown here. (B) TUNEL assay results are shown here. (C) The relative protein
expression levels of GSMD-D are presented here. (D) Representative Western blot analysis results are shown. ∗∗∗p < 0.001 vs. the
control group; ##p < 0.01 vs. the Pro group; ^^p < 0.01 vs. the Pro+H2S group. The data are expressed as the mean ± SD; N = 10.

mary epithelial cells. Further, the overexpression of nuclear
Nrf2 intensified the inflammatory response triggered by S.
aureus, which is an unusual factor causing various infec-
tions [23]. This may also be an underlying mechanism for
brain injury protection. H2S is involved in regulating Nrf2
and ameliorating fatty liver injury, ischemic myocardial in-
jury, and traumatic brain injury via the activation of Nrf2
[52,53]. The aforementioned findings preliminarily sug-
gested that H2S could alleviate propofol-induced learning
and memory impairment by activating Nrf2 to inhibit cell
apoptosis and pyroptosis.

To elucidate the mechanism by which Nrf2 allevi-
ates propofol-induced neurotoxicity via H2S, in vitro res-
cue experiments were carried out usingNrf2-deficient H19-
7 cells. H2S was produced using a culture medium sup-
plemented with NaHS. The rescue experiments revealed
that the inhibition of Nrf2 expression not only aggravated
propofol-induced cell pyroptosis and apoptosis but also ab-
rogated the protective effects of H2S. Finally, in vivo exper-

iments also demonstrated that inhibition of Nrf2 reversed
the protective effects of H2S inhalation on learning and
memory as well as propofol-induced cell apoptosis. These
findings suggested that themechanism underlying the effect
of H2S on the alleviation of pyroptosis and apoptosis and
protection of hippocampal function were inseparable from
Nrf2. Some other studies have also reported the effect of
H2S in apoptosis and pyroptosis. Hu et al. [54] found that
H2S attenuated uranium-induced pyroptosis in kidney cells.
Further, Zhang et al. [55] discovered that an injectable silk
fibroin (SF)-based hydrogel with continuous H2S delivery
reduced neuronal pyroptosis and improved functional re-
covery after severe intracerebral hemorrhage. In another
study, it was demonstrated that H2S mitigated pyroptosis
induced by cigarette smoke via the TLR4/NF‑κB signal-
ing pathway [15]. Cheng et al. [56] showed that NaHS,
which is an external H2S donor, significantly enhanced cell
viability, reduced apoptosis ratio, and decreased caspase-3
activity along with the Bax/Bcl-2 ratio in PC12 cells that
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were exposed to arecoline. All these studies suggested the
regulation of apoptosis and pyroptosis via H2S.

The present study had some limitations. First, regard-
ing propofol, the in vivo environment and in vitro cellu-
lar environment of clinical patients are different. Second,
only one cell type was used in the current study to ver-
ify the effects of propofol and NaHS. In addition, no py-
roptosis/NLRP3 inhibitors were used for the rescue exper-
iments. Our next research focus would be to investigate
the effect of H2S on regulating Nrf2. However, the current
study only analyzed the mechanism based on the Nrf2 path-
way, and other mechanisms of H2S require to be studied
further. In addition, inhibiting cell apoptosis and pyropto-
sis may not be the only mechanism for the effects of H2S.
Hence, other mechanisms involved should also be explored
in future studies. Regarding the clinical application of H2S,
it may be administered as NaHS, through H2S inhalation, or
via an H2S donor. However, their concentration and safety
for clinical application need to be studied.

Conclusions

In conclusion, the current study suggested that re-
peated exposure to propofol could promote hippocampal
neuronal apoptosis and pyroptosis by inhibiting the nuclear
translocation of Nrf2. Additionally, H2S could protect neu-
ral function by activating Nrf2. Further, administering H2S
could be used as a novel approach in clinical settings for
protecting the learning and memory abilities of patients
treated with propofol. Therefore, propofol-treated patients
could be administered with H2S inhalation to protect their
learning and memory abilities. However, the route of ad-
ministration of H2S, its pharmacodynamic relationship and
toxicity, and the mechanism underlying the effect of H2S
on the alleviation of propofol-induced neurotoxicity should
be investigated further. The possible applications of H2S in
clinical settings include gas inhalation, NaHS delivery, or
silk fibroin-based hydrogel with sustained H2S delivery.
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