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Sleep deprivation (SD) induces systemic inflammation that promotes neuronal
pyroptosis. The purpose of this study was to investigate the effect of an
antioxidant modafinil on neuronal pyroptosis and cognitive decline following SD.
Using a mouse model of SD, we found that modafinil improved learning and
memory, reduced proinflammatory factor (IL-1β, TNF-α, and IL-6) production, and
increased the expression of anti-inflammatory factors (IL-10). Modafinil treatment
attenuated inflammasome activity and reduced neuronal pyroptosis involving the
NLRP3/NLRP1/NLRC4-caspase-1-IL-1β pathway. In addition, modafinil induced an
upregulation of brain-derived neurotrophic factor (BDNF) and synaptic activity. These
results suggest that modafinil reduces neuronal pyroptosis and cognitive decline
following SD. These effects should be further investigated in future studies to benefit
patients with sleep disorders.
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INTRODUCTION

Sleep is a universal physiological phenomenon in a variety of mammals, including humans. A large
number of studies have shown that a lack of sleep can harm health. In mammals, long-term
sleep deprivation (SD) can lead to inattention, emotional instability (Yoo et al., 2007), increased
sensitivity to pain (Alexandre et al., 2017), induction of metabolic and cardiovascular diseases
(Broussard et al., 2012; Huang et al., 2020), and immune dysfunction (Bryant et al., 2004). In
extreme cases, it can lead to death. While the pace of life has increased, a scientific understanding of
healthy sleep management is currently lacking. In addition, most people rely on sedatives and sleep
drugs. It is true that sleep drugs can effectively improve sleep in the early stage, but their effects
continuously decline, leading to a need for increased drug dosage and long-term use, which leads
to drug addiction. Thus, drugs that can not only reduce the incidence of adverse reactions during
treatment but also help patients recover quickly are needed.

Modafinil is an arousal enhancer originally approved for the treatment of paroxysmal narcolepsy
(Bastuji and Jouvet, 1988). Recently, modafinil was shown to be effective in treating Parkinson’s
disease (Adler et al., 2003), attention-deficit/hyperactivity disorder (Turner et al., 2004), depression,
and drug addiction (Martinez-Raga et al., 2008; Kaser et al., 2017). Moreover, modafinil can protect
hippocampal neurons by inhibiting excessive autophagy and apoptosis in mice subjected to SD
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(Cao et al., 2019). Most recently, the effect of modafinil
on changes in lipid composition in the brain was
studied in Drosophila melanogaster by mass spectrometry
imaging. Modafinil was found to decrease the contents of
phosphatidylcholine and sphingomyelin and increase the
contents of phosphatidylcholine and PI. It was found that
modafinil enhances attention and improves learning, memory,
and cognitive function (Philipsen et al., 2021). However, to date,
the mode of action of modafinil is not completely clear, and
whether modafinil exerts effects similar to those of antioxidants
to effectively regulate neuronal inflammation in the brain after
SD and modulates neuronal pyroptosis after SD is unknown.
Therefore, in this study, we hypothesized that modafinil can
alleviate neuroinflammation and cognitive impairment such
as learning and memory deficits in mice subjected to SD by
inhibiting neuronal pyroptosis.

MATERIALS AND METHODS

Adult male C57BL/6 mice (10 weeks old, weighing 20–25 g)
were purchased from the Chinese Academy of Military Sciences
(Beijing). All animal husbandry and experimental procedures
complied with the newly revised regulations on the management
of experimental animals issued by the State Science and
Technology Commission on March 1, 2017, and were performed
in accordance with a protocol approved by the Animal Protection
and use Committee of Tianjin Medical University.

Sleep Deprivation Model
The treadmill SD model selected in this experiment was first
established at the United States Naval School of Aeronautics
(WEBB, 1957). This method has been continuously improved,
and scientists have gradually recognized that the experimental
results are relatively reliable and that this method decreases
the amount of stress imposed on the tested animals (Xu et al.,
2010). This method causes much less damage to animals than a
traditional water environment or electrical stimulation. Based on
the above factors, the treadmill SD method was used to establish
an animal model of acute SD (DB036, Beijing). The treadmill
conveyor belt was divided into equal-sized squirrel cages with
Plexiglas (30 cm × 30 cm × 40 cm). A fence-type squirrel cage
lid that was able to feed and water bottles was fastened to the
top of the cage, and the treadmill conveyor belt formed the
bottom of the squirrel cage. The mice were given free access to
food and water while exercising on the treadmill and housed in
a quiet animal room on a 12/12 h light/dark cycle with lights
on from 6: 00 to 18: 00 at a temperature of 20–22◦C and a
humidity of 60–65%. The treadmill speed was set to 2.5 m/min,
the running time was 3 s, and the rest time was 12 s. The
mice were made to run and stop on a cycle. To study the effect
of modafinil on the learning and memory of mice subjected
to SD, 36 mice were randomly divided into four groups: the
control group, SD group, and SD + modafinil (13 mg kg−1)
group. Studies have shown that modafinil can effectively alleviate
learning and memory deficits induced by SD in mice at three
doses (6.5, 13, and 26 mg kg−1) (Cao et al., 2019). The mice in

the control group were not given any treatment, the mice in the
SD+modafinil group and Control+modafinil group were given
13 mg kg−1 intragastrically, and the mice in the SD group were
given the same volume of normal saline for 3 consecutive days as
shown in Figure 1.

Morris Water Maze Test
The Morris Water Maze (MWM) apparatus used in this
experiment consisted of four parts: a circular pool (diameter
of 120 cm, height of 50 cm), a circular platform (diameter of
12 cm, height of 30 cm), a behavior tracking system and Morris
Water Maze analysis software. The experiment was carried
out 1 h after intragastric administration as follows: (1) In the
positioning navigation test, the circular pool was divided into
four equally sized quadrants (I, II, III, and IV) and the duration
of the experiment was 90 s. The circular platform was placed
in quadrant I, and then the mice were placed in the water
close to the pool wall with their backs to the circular platform.
The behavior tracking system was started simultaneously. Morris
Water Maze analysis software was used to record the swimming
time, swimming distance, and swimming trajectory of the mice
in searching for the circular platform over 90 s. If a mouse could
not find the target platform within 90 s, it was manually guided
to the platform and kept there for 15 s. Each animal was trained
four times a day with an interval of at least 30 min between
the two sessions for 6 consecutive days. The mice were blow-
dried immediately after each training and returned to the cage.
SD began on the seventh day and lasted for a total of 3 days,
and formal tests were conducted on the 10th day. (2) In the
spatial exploration test, the experimental parameters were the
same as those used in the positioning navigation test except that
the circular platform was removed. The experimenter placed the
mice in the water close to the pool wall with their backs to the
circular platform. At the same time, the behavior tracking system
was activated, and Morris Water Maze analysis software was used
to record the number of times the mice crossed the location of
the circular platform, the amount of time spent in the target
quadrant, the swimming speed, the total swimming distance,
and the swimming trajectory over at 90 s. After the last spatial
exploration test, all mice were sacrificed for tissue collection.

qRT-PCR
According to the manufacturer’s instructions, total RNA
was extracted from mouse hippocampal tissue using TRIzol
reagent (Invitrogen, Carlsbad, CA, United States). The
concentration of RNA was quantified with a NanoDrop ND-2000
spectrophotometer (Thermo Fisher Science). A FastKing RT Kit
was used for reverse transcription, and the SuperReal PREMix
Plus kit was used for qRT-PCR. The amplification conditions for
real-time PCR instrument were 95◦C for 15 min and 40 cycles of
95◦C for 10 s, and 60◦C for 32 s. The data were analyzed by the
2−11Ct method.

Western Blotting
Mouse hippocampal tissues were weighed, and protein extraction
buffer was added to each sample at a weight–volume ratio of
1:6 (1 ml RIPA cell lysis buffer was supplemented with 10 µl
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FIGURE 1 | The schematic representation of the experimental design. In the Morris Water Maze (MWM) test, mice were trained for adaptability on the first day,
followed by formal training for 2–6 days, positioning navigation testing for 7–10 days (also at the SD stage), and additional space exploration testing after positioning
navigation testing on the 10th day. The aim of testing all mice on the morning of day 7 was to exclude those with large individual differences. At the end of the day,
they were randomly divided into four groups: the normal group, the Control + MD group, the SD group, and the SD + MD group; subsequently, the sleep
deprivation stage was initiated, and the Control + MD group and SD + MD group were treated with modafinil. After the last spatial exploration test, all mice were
sacrificed for tissue collection.

PMSF and 10 µl protein phosphatase inhibitor). Then, the
samples were homogenized with grinding instrument (KZ-III-
F; Servicebio; China). The cleavage product was centrifuged
at 4◦C and 13,200 × g for 20 min, and the supernatant was
collected. Finally, the protein concentration was determined
with a BCA protein detection kit (Thermo, United States). The
proteins were then separated by SDS-PAGE (8, 10, or 12%) and
transferred onto a PVDF membrane for 1.5 h, and the membrane
was blocked with blocking buffer (TBST buffer containing 5%
skimmed milk powder) for 2 h. The membrane was incubated
overnight with NLRP1 (1:1,000; ab98181; Abcam), NLRP3 (1:250;
PA5-20838; Thermo Fisher Scientific), NLRC4 (1:1,000; 06-
1125; MilliporeSigma), GSDMD (1:1,000; ab209845; Abcam),
ASC (1:1,000; sc-22514-R; Santa Cruz Biotechnology, Dallas,
TX, United States), cleaved caspase-1 (1:1,000; 67314; CST),
IL-1β (1:1,000; 12242; CST), IL-18 (1:1,000; ab71495; Abcam),
brain-derived neurotrophic factor (BDNF) (11,000; OSB00018G;
Thermo Fisher Scientific), β-actin (1:5,000; 4971; CST), and
GAPDH (1:5,000; 2118; CST) primary antibodies at 4◦C. After
being washed with TBST, the membrane was incubated with the
respective secondary antibodies. For densitometry, a ChemiDo
XRS + imaging system (Bio-Rad, CA, United States) was used.
The average pixel density of each band was measured using
Quantity One software (Bio-Rad, CA, United States).

Immunofluorescence Staining
The mice were anesthetized by intraperitoneal injection of
5% chloral hydrate. After successful anesthesia, the mice were
perfused with 4◦C PBS until their livers turned white and then

decapitated. After overnight immersion in 4% paraformaldehyde,
the mice were fixed and then subjected to gradient dehydration
in 15 and 30% sucrose solution. After successful dehydration, the
olfactory bulbs and brain stems of the mice were excised, and the
brain tissues were embedded in OCT compound. Hippocampal
sections were fixed, permeabilized, and incubated with mouse
anti-caspase-1 (1:200) and rabbit anti-NeuN (1:200) antibodies
at 4◦C overnight. The next day, the sections were rinsed with
PBS and incubated with a mixture of secondary antibodies
(FITC-conjugated goat anti-mouse and TRITC-conjugated goat
anti-rabbit) for 1 h at room temperature. Finally, the sections
were sealed after incubated with DAPI, and the numbers of
cells coexpressing caspase-1 and neurons were counted under an
immunofluorescence microscope.

Golgi Staining
A Golgi staining kit (PK401, FD Neuro Technologies, Inc.,
United States) was used according to the manufacturer’s
instructions. (1) At least 24 h before brain extraction, equal
volumes of solutions A and B were mixed, and the mixture was
kept at room temperature. (2) For brain extraction, the mice
in each group were decapitated. The blood on the surface of
the brain was quickly washed away with double distilled water,
and the tissues were soaked in the solution A and B mixture.
(3) After the tissues were incubated for 6 h or on the next
day, fresh solution A and B mixture was added, and the tissues
were incubated in the dark at room temperature for 2 weeks.
(4) The tissues were transferred to solution C and placed in
a dark environment at room temperature for at least 72 h
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(up to 1 week). The solution was replaced once after 24 h.
(5) A cryostat was used to cut the tissues into thick 100 µm
sections, and then the sections were placed glass slides and
dripped with solution C to unfold them. (6) The slices were dried
naturally in a dark and dry environment at room temperature.
(7) Then the sections were washed twice with double-distilled
water for 5 min each. (8) The slices were placed in a 1:1:2
mixture of solution D, solution E, and double-distilled water for
10 min. (9) Then, the slices were washed twice with double-
distilled water for 5 min each. (10) The slices were dehydrated
successively in 50, 75, and 95% ethanol for 5 min each, and
(11) with anhydrous ethanol four times for 5 min each. (12)
The sections were cleared in xylene, three times for 5 min each,
and (13) sealed with neutral resin, placed in the dark box to

dry, photographed, and analyzed. Finally, ImageJ software was
used to observe and record the morphology of dendritic spines
of hippocampal CA3 pyramidal neurons, record the number
and length of dendritic spines, and calculate the density of the
dendritic spines.

Statistical Analysis
The statistical analysis of all measurement data was carried out
by using GraphPad Prism 7 statistical software, and the data are
expressed as the mean ± SD. Groups were compared by one-
way analysis of variance (ANOVA) or two-way ANOVA. The
significance level was set as α = 0.05, and significant differences
are expressed as P-values (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001,
and ∗∗∗∗P < 0.0001).

FIGURE 2 | The effect of modafinil on learning and memory of SD. (A) The escape latency to reach the platform during the training sessions of the MWM test was
detected. ∗P < 0.05, ∗∗∗∗P < 0.0001, significantly different from Control; #P < 0.05, ##P < 0.01, ###P < 0.001, significantly different from Control + MD group;
HP < 0.05, significantly different from SD group; uP < 0.05, significantly different from SD + MD group. (B) The number of entries in the spatial acquisition trial was
decreased. (C) The time spent in the target quadrant in the probe trail was increased by modafinil treatment. (D) The swimming path length was recorded after SD.
(E) There was no significant difference in swimming speed among the four groups. (F) Representative swimming tracks of mice after SD for 72 h. All data presented
are means ± SD; N = 9–15 mice per group. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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FIGURE 3 | Pyroptosis induced by SD was inhibited by modafinil. (A,B) Western blot data showing that modafinil suppressed the increase in the expression of
NLRP3, NLRC4, NLRP1, ASC, caspase-1, GSDMD, and the downstream pro-inflammatory cytokines IL-1β and IL-18 in mice subjected to SD. All data presented
are means ± SD; N = 4–5 mice per group. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001.

FIGURE 4 | Modafinil decreased the expression of caspase-1 in the hippocampi of mice subjected to SD mice. (A) Representative pictures of double staining of
caspase-1 and NeuN in the hippocampi of mice obtained by a fluorescence microscope. (B,C) Western blot analysis of caspase-1 expression in the hippocampi of
mice subjected to SD and treated with vehicle or modafinil. All data presented are means ± SD; N = 4–5 mice per group. (D) Immunofluorescence analysis and
quantification of the expression level of caspase-1. All data presented are means ± SD; N = 5–10 mice per group. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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RESULTS

Modafinil Alleviates Cognitive
Impairment in Sleep Deprivation Mice
Before SD, all mice were subjected to the Morris Water Maze.
The mice exhibited the same level of performance in the
spatial exploration and positioning navigation tests. As shown in
Figure 2A, modafinil treatment alleviated memory deterioration
in mice in the hidden platform test (P < 0.01). SD obviously
impaired the spatial memory of the mice (P < 0.001). As shown
in Figures 2B–E, after 72 h of SD, the number of times of
passing through the hidden platform (P = 0.0197), the time
of staying in the target quadrant (P = 0.0176), and the total
distance of swimming (P = 0.0005) in the SD group were less
than those in the control group. However, after administration
of modafinil, the mice in the modafinil group passed through
the hidden platform more often (P = 0.0401), stayed longer in

the target quadrant (P = 0.0414), and swam longer (P = 0.0447).
There was no significant difference in swimming speed among
the four groups (P > 0.05). The typical swimming trajectories of
each group are shown in Figure 2F. Interestingly, although there
was a tendency of memory enhancement in the Control + MD
group compared with the Control group, there was no statistical
significance. Therefore, in this study, we focused on the related
mechanisms of modafinil in animals with sleep disorders as
opposed to in healthy animals.

Modafinil Reduces Pyroptosis in
Hippocampus Tissues of Sleep
Deprivation Mice
As our understanding of pyroptosis has improved, pyroptosis has
been gradually associated with the pathophysiological processes
of many diseases. However, there are few reports on the
relationship between pyroptosis and SD. In this experiment, the

FIGURE 5 | Modafinil altered the expression of inflammatory cytokines in the hippocampi of mice subjected to SD. Modafinil upregulated the expression of IL-1β IL-6
and TNF-α and downregulated the expression of IL-10. All data presented are means ± SEM; N = 5–8 mice per group. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗∗P < 0.0001.
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expression of many proteins involved in pyroptosis was altered
in the hippocampi of SD mice. As shown in Figure 3, the
expression of NLRP3 (P < 0.0001), NLRC4 (P = 0.0004), NLRP1
(P = 0.0048), ASC (P = 0.0246), GSDMD (P = 0.0125), IL-1β

(P = 0.0004), and IL-18 (P < 0.0001) in the hippocampus was
increased in the SD group compared with the control group.
Modafinil antagonizes the effects of SD on the expression of
NLRP3 (P = 0.0003), NLRC4 (P = 0.003), NLRP1 (P = 0.0007),

FIGURE 6 | Modafinil decreased BDNF expression and alleviated dendritic spine loss in hippocampal CA3 pyramidal neurons in mice subjected to SD. (A,B)
Western bot analysis of BDNF expression in the hippocampus. All data presented are means ± SD; N = 3–5 mice per group. (C,D) The density of CA3 pyramidal
neurons, as measured by Golgi staining, was decreased in mice subjected to SD, and modafinil reversed this decrease. All data presented are means ± SD; N = 7–8
mice per group. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗∗P < 0.0001.

FIGURE 7 | The canonical inflammasome pathway. SD can activate inflammasomes in cells and further recruit ASC and pro-caspase-1 to form inflammasome
complex. Active caspase-1 cleaves GSDMD to produce GSDMD pores on the cell membrane; active caspase-1 can activate pro-IL-1β and pro-IL-18, and then
IL-1β and IL-18 are released from the GSDMD pores.
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ASC (P = 0.0356), GSDMD (P = 0.0468), IL-β (P = 0.0428), and
IL-18 (P = 0.0002).

Modafinil Alleviates Pyroptosis in
Hippocampal Neurons of Sleep
Deprivation Mice
We found that the pyroptotic cells in SD model mice were
mainly neurons. Next, we evaluated neuronal pyroptosis in mice
subjected to SD. Weak caspase-1 immunoreactivity was observed
in the normal group, but strong caspase-1 immunoreactivity
was observed in the cytosol in mice subjected to SD. The
neuronal markers NeuN and caspase-1 were detected by double
immunofluorescence. The number of caspase-1-positive neurons
in the mouse hippocampus was significantly higher in the
group subjected to SD for 72 h than in the control group
(P = 0.0458). There were significantly fewer caspase-1-positive
neurons in the modafinil group than in the SD group (P = 0.0392)
(Figures 4A,D). This finding was consistent with the western
blot results. Caspase-1 expression was significantly increased
in the SD group (P = 0.0054), and modafinil treatment
effectively decreased the expression of this protein (P = 0.0003)
(Figures 4B,C).

Modafinil Suppresses Inflammatory
Activity in Hippocampus of Sleep
Deprivation Mice
In recent years, the relationship between IL-1β, TNF-α, IL-6, and
SD has been widely discussed. It was found that the expression of
IL-1β and TNF-α in the serum, heart, liver, kidney, and pancreas
is significantly increased in mice subjected to SD (Periasamy
et al., 2015). There was a significant correlation between the
degree of synaptic damage and synaptic transmission. As shown
in Figure 5, qRT-PCR showed that the expression of IL-1β

(P = 0.0083) (Figure 5A), TNF-α (P = 0.0043) (Figure 5B),
and IL-6 (P = 0.0119) (Figure 5C) was increased and that the
expression of IL-10 (P = 0.0246) (Figure 5D) was decreased
in the hippocampus in mice subjected to SD compared with
control mice. Accordingly, modafinil decreased the expression
of IL-1β (P = 0.023) (Figure 5A), TNF-α (P = 0.0021)
(Figure 5B), and IL-6 (P = 0.0319) (Figure 5C) and increased
the expression of IL-10 (P < 0.0001) (Figure 5D) in the mouse
hippocampus after SD.

Modafinil Promotes Brain-Derived
Neurotrophic Factor Expression and
Synaptic Plasticity in Hippocampus of
Sleep Deprivation Mice
Brain-derived neurotrophic factor is thought to be the most
important neurotrophin in the central nervous system and is
associated with learning and memory (Parkhurst et al., 2013).
As shown in Figures 6A,B, Western blotting showed that the
protein expression of BDNF in the hippocampus was significantly
decreased after 72 h of SD (P = 0.0481). The protein expression
of BDNF in the hippocampus was significantly increased in the
modafinil group compared with the model groups (P = 0.0001).

Similarly, as shown in Figures 6C,D, dendritic spines on neurons
in the CA3 region of the hippocampus were abundant and highly
dense in the control group. The density of dendritic spines on
neurons in the CA3 region was significantly decreased in the SD
group (P = 0.0045). Compared with that in the SD group, the
density of dendritic spines on hippocampal CA3 neurons in the
modafinil group was increased (P = 0.0416).

CONCLUSION

This study focused for the first time on the role and mechanism
of pyroptosis mediated by the NOD-like receptors (NLRs)
inflammasome in SD as shown in Figure 7. The major discoveries
are that: (1) modafinil alleviates NLRs inflammasome-
mediated pyroptosis in mice subjected to SD; (2) modafinil
alleviates inflammation induced by neuronal pyroptosis
in mice subjected to SD; (3) modafinil promotes BDNF
activation in the hippocampi of mice subjected to SD, which
is beneficial for synaptic plasticity; and (4) modafinil improves
learning and memory in mice subjected to SD. In summary,
targeting the regulation of impaired neuronal pyroptosis and
neuroinflammation may be a promising therapeutic strategy for
the future treatment of SD.

The term “pyroptosis” was originally to describe a particular
type of regulatory cell death (Cookson and Brennan, 2001).
That is somewhat similar to apoptosis but is dependent on
the inflammatory molecule caspase-1 (Galluzzi et al., 2018).
Pyroptosis has been a hot topic in recent years, and an increasing
number of studies have shown that it is closely related to a
variety of diseases. Pyroptosis is widely involved in intestinal
diseases (Bulek et al., 2020), liver diseases (Liu et al., 2020),
kidney diseases (Komada and Muruve, 2019), hematological
diseases (Johnson et al., 2018), nervous system diseases (Feng
et al., 2020), atherosclerotic diseases (Fidler et al., 2021),
cancer, and metabolic diseases (Sharma and Kanneganti, 2021).
Inflammasome activation is also a key process in severe COVID-
19 (Vora et al., 2021). Consistent with previous studies, SD does
induce the activation of pyroptosis, but research in this area is
relatively insufficient (Fan et al., 2021). Unlike in previous studies,
modafinil was able to protect hippocampal neurons by inhibiting
excessive autophagy and apoptosis in sleep-deprived mice (Cao
et al., 2019). In this study, modafinil inhibited the further
activation of pyroptosis and reduced cognitive impairment in
sleep-deprived mice. In-depth study of pyroptosis is helpful
for elucidating its role in the occurrence, development and
prognosis of related diseases and provides new ideas for clinical
prevention and treatment.

Early research has shown that modafinil has a variety of
positive effects on awakening, movement, and cognitive ability
(Minzenberg and Carter, 2008). The new study also found that
modafinil enhances attention and improves learning, memory,
and cognitive function (Philipsen et al., 2021). At the same time,
SD inhibits the expression of BDNF in the hippocampus, which
in turn disrupts synaptic plasticity, leading to neurologic decline
in the hippocampus and, ultimately, a decline in learning and
memory (Zagaar et al., 2016). However, the mechanism has not

Frontiers in Neuroscience | www.frontiersin.org 8 March 2022 | Volume 16 | Article 816752

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-816752 February 25, 2022 Time: 15:46 # 9

Xiong et al. Modafinil Reduces Pyroptosis After SD

been fully identified. In this study, an inflammatory response
that inhibited the expression of BDNF and the development
of synaptic plasticity in the hippocampus was found to be
activated in sleep-deprived mice. Modafinil reduced further
inflammation, boosting BDNF activation in the hippocampus
and synaptic plasticity in mice. Moreover, behavioral tests
showed that modafinil significantly alleviated learning
and memory impairment in sleep-deprived mice, possibly
through inhibition of neuronal pyroptosis and inflammatory
activation.

Studies have shown that skeletal muscle, as an endocrine
organ, can release many muscle cytokines during exercise
and play an anti-inflammatory role (Hoffmann and Weigert,
2017). As a simple and convenient aerobic exercise, treadmill
exercise can inhibit neuroinflammation and microglial activation
(Mee-Inta et al., 2019). Treadmill exercise can also prevent
inflammation and learning and memory impairment caused
by acute SD and reverse the cognitive decline caused by
SD (Kojima et al., 2020). In addition, treadmill exercise
reduced chronic allergic lung inflammation and airway
remodeling in mice (Vieira et al., 2007). Treadmill exercise
could increase myeloid-derived suppressor cells (MDSCs)
by stimulating the secretion of IL-10 from macrophages
through the IL-10/STAT3/S100A9 signaling pathway, thereby
achieving heart protection (Feng et al., 2021). Depression
symptoms were alleviated by reducing the number of microglia
and inhibiting microglial activation and neuroinflammation
in the hippocampus. Treadmill exercise lessens hepatic
inflammation during non-alcoholic steatohepatitis by reducing
the accumulation of hepatic monocyte-derived inflammatory
macrophages and bone marrow precursor cells (Fredrickson
et al., 2021). Treadmill exercise plays a beneficial role in
promoting neurogenesis and functional recovery by activating
the CD200/CD200R signaling pathway and improving the
inflammatory environment after stroke (Sun et al., 2019).
These studies suggest that treadmill exercise has a favorable
effect on the balance between pro- and anti-inflammatory
and reinforce its potential therapeutic role in reducing
the risk of neuroinflammation-related diseases. However, it
takes a long time for treadmill exercise to exert its anti-
inflammatory effects. In this experiment, intermittent and
brief treadmill exercise was mainly used to disturb the sleep
of mice, and whether it affected the inflammatory process
needs further study.

In conclusion, our study demonstrates that modafinil
suppresses neuronal pyroptosis and inflammation following SD.

The potential benefit of modafinil in patients with sleep disorders
may deserve further investigation in future studies.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found in the article/
supplementary material.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Protection and Use Committee of Tianjin Medical University.
Written informed consent was obtained from the owners for the
participation of their animals in this study.

AUTHOR CONTRIBUTIONS

PL and YZu were responsible for study design. XX developed
methodology. XX, YZu, LC, ZY, TH, MG, ZH, XG, WL, YW,
and DW carried out the experiments. FC and QL provided
technical support. XX and YZu interpreted the results, performed
data analysis, and prepared the figures and tables. XX wrote
the manuscript. PL supervised the study. All authors read and
approved the final manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Grant Nos. 81772060, 82072166, and
82102318); the Key Projects of Science and Technology support
of Tianjin Key R&D Plan (Grant No. 20YFZCSY00030);
the Natural Science Foundation of Tianjin (Grant No.
19JCQNJC10200); and the Tianjin Health and Health Committee
Foundation (Grant No. KJ20177).

ACKNOWLEDGMENTS

We appreciate Chunsheng Kang, Shu Zhang, Xiao Liu, Hao
Liang, Weiyun Cui, and Lei Zhou from Tianjin Neurological
Institute for their technical support.

REFERENCES
Adler, C. H., Caviness, J. N., Hentz, J. G., Lind, M., and Tiede, J. (2003).

Randomized trial of modafinil for treating subjective daytime sleepiness in
patients with Parkinson’s disease. Mov. Disord. 18, 287–293. doi: 10.1002/mds.
10390

Alexandre, C., Latremoliere, A., Ferreira, A., Miracca, G., Yamamoto, M.,
Scammell, T. E., et al. (2017). Decreased alertness due to sleep loss increases
pain sensitivity in mice. Nat. Med. 23, 768–774. doi: 10.1038/nm.4329

Bastuji, H., and Jouvet, M. (1988). Successful treatment of idiopathic
hypersomnia and narcolepsy with modafinil. Prog. Neuropsychopharmacol.

Biol. Psychiatry 12, 695–700. doi: 10.1016/0278-5846(88)90
014-0

Broussard, J. L., Ehrmann, D. A., Van Cauter, E., Tasali, E., and Brady, M. J.
(2012). Impaired insulin signaling in human adipocytes after experimental sleep
restriction: a randomized, crossover study. Ann. Intern. Med. 157, 549–557.
doi: 10.7326/0003-4819-157-8-201210160-00005

Bryant, P. A., Trinder, J., and Curtis, N. (2004). Sick and tired: Does sleep have a
vital role in the immune system? Nat. Rev. Immunol. 4, 457–467. doi: 10.1038/
nri1369

Bulek, K., Zhao, J., Liao, Y., Rana, N., Corridoni, D., Antanaviciute, A., et al.
(2020). Epithelial-derived gasdermin D mediates nonlytic IL-1beta release

Frontiers in Neuroscience | www.frontiersin.org 9 March 2022 | Volume 16 | Article 816752

https://doi.org/10.1002/mds.10390
https://doi.org/10.1002/mds.10390
https://doi.org/10.1038/nm.4329
https://doi.org/10.1016/0278-5846(88)90014-0
https://doi.org/10.1016/0278-5846(88)90014-0
https://doi.org/10.7326/0003-4819-157-8-201210160-00005
https://doi.org/10.1038/nri1369
https://doi.org/10.1038/nri1369
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-816752 February 25, 2022 Time: 15:46 # 10

Xiong et al. Modafinil Reduces Pyroptosis After SD

during experimental colitis. J. Clin. Invest. 130, 4218–4234. doi: 10.1172/JCI13
8103

Cao, Y., Li, Q., Liu, L., Wu, H., Huang, F., Wang, C., et al. (2019). Modafinil protects
hippocampal neurons by suppressing excessive autophagy and apoptosis in
mice with sleep deprivation. Br. J. Pharmacol. 176, 1282–1297. doi: 10.1111/
bph.14626

Cookson, B. T., and Brennan, M. A. (2001). Pro-inflammatory programmed
cell death. Trends Microbiol. 9, 113–114. doi: 10.1016/s0966-842x(00)01
936-3

Fan, K., Yang, J., Gong, W. Y., Pan, Y. C., Zheng, P., and Yue, X. F. (2021). NLRP3
inflammasome activation mediates sleep deprivation-induced pyroptosis in
mice. PeerJ 9:e11609. doi: 10.7717/peerj.11609

Feng, L., Li, G., An, J., Liu, C., Zhu, X., Xu, Y., et al. (2021). Exercise training
protects against heart failure via expansion of myeloid-derived suppressor cells
through regulating IL-10/STAT3/S100A9 Pathway. Circ. Heart Fail 2021:8550.
doi: 10.1161/CIRCHEARTFAILURE.121.008550

Feng, Y. S., Tan, Z. X., Wu, L. Y., Dong, F., and Zhang, F. (2020). The involvement
of NLRP3 inflammasome in the treatment of Alzheimer’s disease. Ageing Res.
Rev. 64:101192. doi: 10.1016/j.arr.2020.101192

Fidler, T. P., Xue, C., Yalcinkaya, M., Hardaway, B., Abramowicz, S., Xiao,
T., et al. (2021). The AIM2 inflammasome exacerbates atherosclerosis in
clonal haematopoiesis. Nature 592, 296–301. doi: 10.1038/s41586-021-03
341-5

Fredrickson, G., Barrow, F., Dietsche, K., Parthiban, P., Khan, S., Robert, S.,
et al. (2021). Exercise of high intensity ameliorates hepatic inflammation and
the progression of NASH. Mol. Metab. 53:101270. doi: 10.1016/j.molmet.2021.
101270

Galluzzi, L., Vitale, I., Aaronson, S. A., Abrams, J. M., Adam, D., Agostinis, P.,
et al. (2018). Molecular mechanisms of cell death: recommendations of the
Nomenclature Committee on Cell Death 2018. Cell Death Differ. 25, 486–541.
doi: 10.1038/s41418-017-0012-4

Hoffmann, C., and Weigert, C. (2017). Skeletal muscle as an endocrine organ: the
role of myokines in exercise adaptations. Cold Spring Harb. Persp. Med. 7:29793.
doi: 10.1101/cshperspect.a029793

Huang, T., Mariani, S., and Redline, S. (2020). Sleep irregularity and risk of
cardiovascular events: the multi-ethnic study of atherosclerosis. J. Am. Coll.
Cardiol. 75, 991–999. doi: 10.1016/j.jacc.2019.12.054

Johnson, D. C., Taabazuing, C. Y., Okondo, M. C., Chui, A. J., Rao, S. D., Brown,
F. C., et al. (2018). DPP8/DPP9 inhibitor-induced pyroptosis for treatment of
acute myeloid leukemia. Nat. Med. 24, 1151–1156. doi: 10.1038/s41591-018-
0082-y

Kaser, M., Deakin, J. B., Michael, A., Zapata, C., Bansal, R., Ryan, D., et al.
(2017). Modafinil improves episodic memory and working memory cognition
in patients with remitted depression: a double-blind, randomized, placebo-
controlled study. Biol. Psychiatry Cogn. Neurosci. Neuroimag. 2, 115–122. doi:
10.1016/j.bpsc.2016.11.009

Kojima, S., Abe, T., Morishita, S., Inagaki, Y., Qin, W., Hotta, K., et al. (2020). Acute
moderate-intensity exercise improves 24-h sleep deprivation-induced cognitive
decline and cerebral oxygenation: A near-infrared spectroscopy study. Respir.
Physiol. Neurobiol. 274:103354. doi: 10.1016/j.resp.2019.103354

Komada, T., and Muruve, D. A. (2019). The role of inflammasomes in kidney
disease. Nat. Rev. Nephrol. 15, 501–520. doi: 10.1038/s41581-019-0158-z

Liu, J., Du, S., Kong, Q., Zhang, X., Jiang, S., Cao, X., et al. (2020). HSPA12A
attenuates lipopolysaccharide-induced liver injury through inhibiting caspase-
11-mediated hepatocyte pyroptosis via PGC-1alpha-dependent acyloxyacyl
hydrolase expression. Cell Death Differ. 27, 2651–2667. doi: 10.1038/s41418-
020-0536-x

Martinez-Raga, J., Knecht, C., and Cepeda, S. (2008). Modafinil: a useful
medication for cocaine addiction? Review of the evidence from
neuropharmacological, experimental and clinical studies. Curr. Drug Abuse
Rev. 1, 213–221. doi: 10.2174/1874473710801020213

Mee-Inta, O., Zhao, Z. W., and Kuo, Y. M. (2019). Physical exercise inhibits
inflammation and microglial activation. Cells 8:691. doi: 10.3390/cells8070691

Minzenberg, M. J., and Carter, C. S. (2008). Modafinil: a review of neurochemical
actions and effects on cognition. Neuropsychopharmacol. 33, 1477–1502. doi:
10.1038/sj.npp.1301534

Parkhurst, C. N., Yang, G., Ninan, I., Savas, J. N., Yates, J. R., Lafaille, J. J., et al.
(2013). Microglia promote learning-dependent synapse formation through
brain-derived neurotrophic factor. Cell 155, 1596–1609. doi: 10.1016/j.cell.2013.
11.030

Periasamy, S., Hsu, D. Z., Fu, Y. H., and Liu, M. Y. (2015). Sleep deprivation-
induced multi-organ injury: role of oxidative stress and inflammation. Excli J.
14, 672–683. doi: 10.17179/excli2015-245

Philipsen, M. H., Ranjbari, E., Gu, C., and Ewing, A. G. (2021). Mass spectrometry
imaging shows modafinil, a student study drug, changes the lipid composition
of the fly brain. Angew. Chem. Int. Ed. Engl. 60, 17378–17382. doi: 10.1002/anie.
202105004

Sharma, B. R., and Kanneganti, T. D. (2021). NLRP3 inflammasome in cancer
and metabolic diseases. Nat. Immunol. 22, 550–559. doi: 10.1038/s41590-021-
00886-5

Sun, H., Li, A., Hou, T., Tao, X., Chen, M., Wu, C., et al. (2019). Neurogenesis
promoted by the CD200/CD200R signaling pathway following treadmill
exercise enhances post-stroke functional recovery in rats. Brain Behav. Immun.
82, 354–371. doi: 10.1016/j.bbi.2019.09.005

Turner, D. C., Clark, L., Dowson, J., Robbins, T. W., and Sahakian, B. J. (2004).
Modafinil improves cognition and response inhibition in adult attention-
deficit/hyperactivity disorder. Biol. Psychiatry 55, 1031–1040. doi: 10.1016/j.
biopsych.2004.02.008

Vieira, R. P., Claudino, R. C., Duarte, A. C., Santos, A. B., Perini, A., Faria, N. H.,
et al. (2007). Aerobic exercise decreases chronic allergic lung inflammation
and airway remodeling in mice. Am. J. Respir. Crit. Care Med. 176, 871–877.
doi: 10.1164/rccm.200610-1567OC

Vora, S. M., Lieberman, J., and Wu, H. (2021). Inflammasome activation at the
crux of severe COVID-19. Nat. Rev. Immunol. 2021:588. doi: 10.1038/s41577-
021-00588-x

WEBB, W. B. (1957). Antecedents of sleep. J. Exp. Psychol. 53, 162–166. doi:
10.1037/h0043239

Xu, A., Sakurai, E., Kuramasu, A., Zhang, J., Li, J., Okamura, N., et al. (2010).
Roles of hypothalamic subgroup histamine and orexin neurons on behavioral
responses to sleep deprivation induced by the treadmill method in adolescent
rats. J. Pharmacol. Sci. 114, 444–453. doi: 10.1254/jphs.10177fp

Yoo, S. S., Gujar, N., Hu, P., Jolesz, F. A., and Walker, M. P. (2007). The human
emotional brain without sleep–a prefrontal amygdala disconnect. Curr. Biol. 17,
R877–R878. doi: 10.1016/j.cub.2007.08.007

Zagaar, M. A., Dao, A. T., Alhaider, I. A., and Alkadhi, K. A. (2016). Prevention
by regular exercise of acute sleep deprivation-induced impairment of late phase
LTP and related signaling molecules in the dentate gyrus. Mol. Neurobiol. 53,
2900–2910. doi: 10.1007/s12035-015-9176-4

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Xiong, Zuo, Cheng, Yin, Hu, Guo, Han, Ge, Li, Wang, Wang,
Wang, Zhang, Zhang, Liu, Chen and Lei. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 10 March 2022 | Volume 16 | Article 816752

https://doi.org/10.1172/JCI138103
https://doi.org/10.1172/JCI138103
https://doi.org/10.1111/bph.14626
https://doi.org/10.1111/bph.14626
https://doi.org/10.1016/s0966-842x(00)01936-3
https://doi.org/10.1016/s0966-842x(00)01936-3
https://doi.org/10.7717/peerj.11609
https://doi.org/10.1161/CIRCHEARTFAILURE.121.008550
https://doi.org/10.1016/j.arr.2020.101192
https://doi.org/10.1038/s41586-021-03341-5
https://doi.org/10.1038/s41586-021-03341-5
https://doi.org/10.1016/j.molmet.2021.101270
https://doi.org/10.1016/j.molmet.2021.101270
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1101/cshperspect.a029793
https://doi.org/10.1016/j.jacc.2019.12.054
https://doi.org/10.1038/s41591-018-0082-y
https://doi.org/10.1038/s41591-018-0082-y
https://doi.org/10.1016/j.bpsc.2016.11.009
https://doi.org/10.1016/j.bpsc.2016.11.009
https://doi.org/10.1016/j.resp.2019.103354
https://doi.org/10.1038/s41581-019-0158-z
https://doi.org/10.1038/s41418-020-0536-x
https://doi.org/10.1038/s41418-020-0536-x
https://doi.org/10.2174/1874473710801020213
https://doi.org/10.3390/cells8070691
https://doi.org/10.1038/sj.npp.1301534
https://doi.org/10.1038/sj.npp.1301534
https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.17179/excli2015-245
https://doi.org/10.1002/anie.202105004
https://doi.org/10.1002/anie.202105004
https://doi.org/10.1038/s41590-021-00886-5
https://doi.org/10.1038/s41590-021-00886-5
https://doi.org/10.1016/j.bbi.2019.09.005
https://doi.org/10.1016/j.biopsych.2004.02.008
https://doi.org/10.1016/j.biopsych.2004.02.008
https://doi.org/10.1164/rccm.200610-1567OC
https://doi.org/10.1038/s41577-021-00588-x
https://doi.org/10.1038/s41577-021-00588-x
https://doi.org/10.1037/h0043239
https://doi.org/10.1037/h0043239
https://doi.org/10.1254/jphs.10177fp
https://doi.org/10.1016/j.cub.2007.08.007
https://doi.org/10.1007/s12035-015-9176-4
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Modafinil Reduces Neuronal Pyroptosis and Cognitive Decline After Sleep Deprivation
	Introduction
	Materials and Methods
	Sleep Deprivation Model
	Morris Water Maze Test
	qRT-PCR
	Western Blotting
	Immunofluorescence Staining
	Golgi Staining
	Statistical Analysis

	Results
	Modafinil Alleviates Cognitive Impairment in Sleep Deprivation Mice
	Modafinil Reduces Pyroptosis in Hippocampus Tissues of Sleep Deprivation Mice
	Modafinil Alleviates Pyroptosis in Hippocampal Neurons of Sleep Deprivation Mice
	Modafinil Suppresses Inflammatory Activity in Hippocampus of Sleep Deprivation Mice
	Modafinil Promotes Brain-Derived Neurotrophic Factor Expression and Synaptic Plasticity in Hippocampus of Sleep Deprivation Mice

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


