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ABSTRACT: Kernicterus is a severe complication of extreme
neonatal hyperbilirubinemia. Prolonged exposure to high-level
unconjugated bilirubin (UCB) directly damages brain tissue.
Neuroinflammation is believed to contribute to UCB-induced
neurotoxicity. Pyroptosis has been as a highly inflammatory form of
programmed cell death. Therefore, this study aimed to explore
whether pyroptosis was involved in the pathogenesis of UCB
neurotoxicity in kernicterus model rats. VX-765, a specific inhibitor
of caspase-1, was intraperitoneally administered to the model rats
to observe its effects on the short-term and long-term outcomes of the model animals at the molecular, cellular, morphological, and
behavioral levels. The results indicated that UCB significantly induced the activation of caspase-1 and gasdermin D(GSDMD), and
VX-765 inhibited caspase-1-GSDMD pathway. Compared with those of the UCB group and the vehicle+UCB group, VX-765-
treated rats released lower levels of IL-1β and IL-18. Furthermore, H&E and TUNEL staining showed that nerve cells in the VX-
765-treated group were better preserved and had less DNA fragmentation. Most importantly, VX-765 improved both the short-term
and long-term neurological functions of kernicterus model rats. This study demonstrated that pyroptosis was involved in the
pathogenesis of kernicterus through caspase-1 activation, which could be inhibited by VX-765, exerting a neuroprotective effect in
kernicterus model rats.
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■ INTRODUCTION

Neonatal hyperbilirubinemia is a common condition that is
usually considered benign. However, there still remains a high
incidence of severe cases despite effective phototherapy and
exchange transfusion, especially when the condition is
accompanied by other concomitant causes. Prolonged
exposure to high-level unconjugated bilirubin (UCB) directly
damages brain tissue, leading to a set of bilirubin-induced
neurological dysfunctions and eventually to kernicterus, which
can be lethal.1,2

Recently, abundant studies have been carried out in vitro and
in vivo to explore the potential mechanisms of UCB
neurotoxicity, such as endoplasmic reticulum and oxidative
stress, neurodegeneration, and neuroinflammation, which are
believed to be key contributors to UCB-induced neuro-
toxicity.3,4 More importantly, the studies reported that
administration of minocycline had a remarkable anti-
inflammatory effects in a rat kernicterus model.4−6 However,
due to the effects on developing bones and teeth, minocycline
is clinically prohibited for newborns. Thus, we aim to further
explore whether there are new potential therapeutic pathways
that could be used to rescue UCB-induced neuroinflammation
in a rat kernicterus model.

Pyroptosis is a highly inflammatory form of programmed cell
death caused by the activation of inflammatory caspase
proteins, such as caspase-1 and caspase-11. Caspase-1 is
activated by the canonical inflammasomes, and when activated,
it cleaves gasdermin D(GSDMD) to generate an N-terminal
cleavage product (GSDMD-N) that triggers the formation of
pores on the cell membrane and release of inflammatory
cytokines interleukin(IL)-1β/18. Consequently, the pyroptotic
death of cells causes inflammatory damage of the surrounding
nerve cells.7−10 The release of IL-1β has been observed in a
kernicterus model rats.11 Moreover, pyroptosis plays a crucial
role in the pathogenesis of some neurological diseases, and
inhibition of caspase-1 activation may be a potential
intervention strategy.12−14 VX-765, a specific caspase-1
inhibitor, has been used to control intractable epilepsy and
some inflammatory diseases; in a phase II clinical trial of V-
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765, no severe adverse events were reported with its use for
more than 6 weeks.15−17 Furthermore, in a previous in vitro
experiment, the inhibition of caspase-1 by VX-765 could
partially reverse this UCB-induced neurotoxicity by preventing
cell lysis (the formation of plasma membrane pores) and
decreasing cytokines release in rat cortical astrocytes.18

Therefore, the purpose of this study was to explore whether
the pathogenesis of kernicterus was related to pyroptosis and

whether VX-765 improved the short-term and long-term
clinical outcomes of kernicterus model rats.

■ RESULTS AND DISCCUSSION
UCB Induced Activation of Whole Brain NLRP3,

Caspase-1, and GSDMD-N in a Kernicterus Model Rat.
First, the protein levels of cleaved caspase-1, p20 subunit (the
activated form of caspase-1), and NLRP3 of rat brain at
different time points were measured by Western blot. To

Figure 1. Expression levels of cleaved caspase-1 (p20), NLRP3, and GSDMD-N in the rat brain tissues of the different groups at different time
points. Error bars represent the mean ± SD. (A) Protein expression of cleaved caspase-1 and NLRP3 in the brain tissue of the UCB and control
groups were investigated by WB at different time points. (B) Expression levels of cleaved caspase-1 and NLRP3 in the brain tissue at different time
points were detected. ***, p < 0.001 compared with 24 h control group; n = 6. (C) The comparisons of the cleaved caspase-1 expression compared
with the control group, **, p < 0.01 compared with the corresponding control group, the cleaved caspase-1 expressed peaking at 7 days after the
establishment of the model. n = 6. (D) The comparisons of the NLRP3 expression compared with the control group at corresponding time points,
peaking at 7 days after the establishment of the model. **, p < 0.01 compared with the corresponding control group; n = 6. (E, F) VX-765+UCB
group significantly attenuated the activation of caspase-1 at 7 days after the model was established. ***, p < 0.001 compared with the control
group; ##, p < 0.01 compared with the UCB group ; n = 8 . Quantification of the relative expression is normalized against the levels of β-actin. (G)
Expression levels of cleaved GSDMD (GSDMD-N) in the brain tissue of the UCB and control groups were investigated by WB at different time
points. (H) The comparisons of the GSDMD-N expression compared with the control group at corresponding time points, peaking at 7 days after
the establishment of the model. ****, p < 0.0001 compared with the corresponding control group; n = 5. (I, J) VX-765+UCB group significantly
attenuated the activation of GSDMD-N after the model was established. *, p < 0.05 compared with the control group; #, p < 0.05 compared with
the UCB group; n = 5. Quantification of the relative expression is normalized against the levels of β-actin.
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minimize the animal suffering and to ensure the same genetic
background was used in every experiment, only one of each
brood was chosen as the control group within 24 h. As time
progressed, the expression of cleaved caspase-1 and NLRP3 of
the control group markedly increased from postmodeling day 1
to day 10. On postmodeling day 10, the protein levels of
cleaved caspase-1 and NLRP3 of the control group were
significantly higher than the control group at postmodeling day
1 (both p values of <0.001, Figure 1B). Moreover, after
standardization with the control group, the expression of
NLRP3 (Figure 1A,D), cleaved caspase-1 (Figure 1A,C), and
GSDMD-N (Figure 1G,H) of the model groups on post-
modeling day 7 significantly increased (p = 0.0011, p = 0.0012,
and p < 0.0001, respectively). The VX-765+UCB group
significantly inhibited the activation of caspase-1 (Figure 1E,F)
and GSDMD-N (Figure 1I,J) compared with the UCB group
at 7 d (p = 0.0013 and p = 0.0167, respectively).
Caspase-1 Activation Mediated UCB-Induced Cyto-

kines Release. To assess whether UCB-induced cytokines
release was mediated by activated caspase-1, the levels of IL-1β
and IL-18 were measured in the brain tissue of a newborn rat
kernicterus model. To minimize the animal suffering and to
ensure the same genetic background was used in every
experiment, only one of each brood was chosen as the control
within 24 h. The cytokines were released in a time-dependent
manner (Figure 2A,C). IL-1β secretion began to increase at 6
h (p = 0.0478, compared with the control group) after the
establishment of the model. From 12 to 72 h, the
concentration of IL-1β decreased and showed no significant
difference with the control group at the corresponding time
point (at 24 and 72 h for the control group) and then reached
the peak level at 7 d (p = 0.0174, compared with the control
group). Similarly, IL-18 peaked at 7 d (p = 0.009, compared
with the control group) after modeling and showed no
significant difference with the control group at any
corresponding time point. Furthermore, cytokine concen-

trations had almost no changes in the control group from
postmodeling day 1 to day 10 (data not shown). Therefore,
postmodeling day 7 was chosen as the representative time
point for these two cytokines in the four different groups to
investigate whether inhibition of caspase-1 activation reduced
the release of cytokines in the kernicterus model rats. The
results showed that the VX-765-pretreated rats significantly
decreased the levels of IL-1β (Figure 2B) and IL-18 (Figure
2D) compared with the vehicle+UCB rats (p = 0.0108, p =
0.0252, respectively) and UCB rats (p = 0.0026, p = 0.0242,
respectively).

Caspase-1 Activation Mediated UCB-Induced Mor-
phological Injury and DNA Fragmentation. Since the
cerebral cortex, hippocampus, and cerebellum are the regions
that are susceptible to bilirubin neurotoxicity, these regions
were chosen to analyze the pathological features in the
experiment. Morphological alteration on postmodeling day 7
was measured by H&E staining (Figure 3A). Compared with
the UCB group and the vehicle+UCB group, the cytoplasmic
condensation and endolysis, nuclear pyknosis, karyorrhexis,
and karyolysis were ameliorated in the VX-765+UCB group.
Meanwhile, UCB-induced DNA damage was examined by

TUNEL staining (Figure 3B). The vehicle+UCB and UCB
groups had a large number of TUNEL-positive cells in the
cerebral cortex, hippocampus, and cerebellum compared with
the control group, whereas the VX-765+UCB group only had a
few positively stained cells in the brain. The rate of DNA
fragmentation in the cortex was significantly reduced in the
VX-765-pretreated rats (10.09 ± 0.79%) compared with those
of the UCB group (23.12 ± 1.26%) and of the vehicle+UCB
group (22.50 ± 1.05%) (both p values of <0.001) (Figure 3C).
Similarly, the rate of DNA fragmentation in the hippocampus
was markedly decreased in the VX-765-pretreated rats (11.84
± 0.35%) compared with those of the UCB group (25.48 ±
2.19%) and of the vehicle+UCB group (24.79 ± 1.06%) (both
p values of <0.001) (Figure 3D). Furthermore, the rate of

Figure 2. Release of IL-1β and IL-18 in rat whole brain tissues of the different groups at different time points (ELISA). Error bars represent the
mean ± SD. (A) Release of IL-1β in the model rat brain tissue at different time points in the UCB and control groups. The peak time points of IL-
1β secretion were 6 h and 7 days after modeling . *, p < 0.05 compared with the control group; n = 5. (B) Release of IL-1β in the brain tissue were
significantly decreased in the rats of the VX-765+UCB group compared with that of the vehicle+UCB and of the UCB groups. **, p < 0.01
compared with the control group; ##, p < 0.01 compared with the UCB group; n = 5. (C) Release of IL-18 in the model rat brain tissue at different
time points in the UCB and control groups. The peak time point of IL-18 secretion was 7 days after modeling. **, p < 0.01 compared with the
corresponding control group; n = 5. (D) The levels of IL-18 in the brain tissue were significantly decreased in the rats of the VX-765+UCB group
compared with those of the vehicle+UCB group and of the UCB group. ***, p < 0.001 compared with the control group; #, p < 0.05 compared
with the UCB group; n = 5.
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Figure 3. Images of cerebral cortex, hippocampus, and cerebellum of brain tissue in the different groups captured under light microscopy (H&E
and TUNEL staining). Error bars represent the mean ± SD. (A) Morphological alteration on postmodeling day 7 was observed by H&E staining.
Images of the H&E staining of four groups were captured using light microscopy. The UCB-induced cortical, hippocampal, and cerebellar neurons
apparently exhibited cytoplasmic condensation, endolysis, nuclear pyknosis, karyorrhexis and karyolysis. However, the VX-765-treated group
showed less damage. (Scale bars, 50 μm). (B) TUNEL staining was used on postmodeling day 7. Images of the TUNEL assay of four groups were
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DNA fragmentation in the cerebellum was markedly
attenuated in the VX-765-pretreated rats (12.99 ± 2.03%)
compared with those of the UCB group (43.18 ± 3.03%) and
of the vehicle+UCB group (42.13 ± 4.37%) (both p values of
<0.001) (Figure 3E).
VX-765 Improved the General Condition of the Rats.

The clinical manifestation score was assessed every 2 h within
the first 6 h after the model was established (Figure 4A). In the
vehicle+UCB, VX-765+UCB, and UCB groups, abnormal
neurological manifestations, such as opisthotonus and
latericumbent positioning, were observed, and the scores of
these groups were markedly higher than the control group (p <
0.001). However, the score of the VX-765+UCB group was
significantly lower than the vehicle+UCB group and the UCB
group (p < 0.001).
The difference in body weight was not statistically significant

among the four groups when the VX-765 or vehicle solution
was injected from day 2 to day 5 after birth (Figure 4B). On
postmodeling day 1 (day 6), the VX-765+UCB group showed
significantly lower body weight than the control group (p =
0.0012); thereafter, there were no significant differences in
weight gain between these two groups. Meanwhile, the body
weight of the vehicle+UCB or of the UCB group was
significantly lower than the control group after modeling(p <
0.001).
The mortality was calculated for each group from postnatal

day 5 (postmodeling day 0) to day 28. The VX-765-pretreated
group had a significantly lower mortality rate of 17.65%
compared with that of the UCB group (41.94%) and of the
vehicle+UCB group (40.00%) (p = 0.0394 and 0.0472,
respectively, χ2 test, n = 30−34).
VX-765 Exerted Long-Term Neuroprotective Effects.

The neurological evaluation system developed by Garcia et al.
was used to observe the effect of VX-765 on the prognosis of
nervous system in kernicterus model rats.19 As shown in Figure
5A, the VX-765-pretreated rats demonstrated a significant

improvement both in motor ability and in sensation function
(scoring 15.89 ± 0.86) compared with the vehicle+UCB group
(scoring 12.46 ± 0.45) and the UCB group (scoring 12.42 ±
1.00) (both p values of <0.001). More excitingly, there were no
marked differences in neurological function between the VX-
765+UCB group and the control group (scoring 16.47 ±
0.67).
A rotarod test was conducted to evaluate coordination and

balance ability (Figure 5B). The residence time of the VX-765-
pretreated rats (88.17 ± 8.32 s) was significantly higher than
the vehicle+UCB rats (62.25 ± 7.21 s) and the UCB group
rats (60.27 ± 7.39 s) (both p values of <0.001). What’s more,
there were no significant differences in the time spent on the
apparatus between the VX-765+UCB group and the control
group (91.82 ± 9.99 s).
An open field test was perfomed to assess the motor

function (Figure 5C). The total 30 min movement distance of
the four groups of rats was the following: the control group
traveling 2620 ± 398.2 cm/30 min, the UCB group traveling
2676 ± 335.2 cm/30 min, the vehicle+UCB group traveling
2544 ± 298.5 cm/30 min, and the VX-765+UCB group
traveling 2611 ± 329.5 cm/30 min. There was no statistical
difference among all groups.
The Morris water maze was used to assess the spatial

learning and memory capability of the rats. The tests detected
motor function in the Morris water maze, and there were no
obvious differences in the average swimming speed (Figure
5D(I)) and the daily swimming speed between the any two
groups (Figure 5D(II)). To test the learning ability and
memory, the VX-765+UCB group showed a shorter escape
latency (6.99 ± 1.96 s) than the vehicle+UCB (14.27 ± 1.74 s)
and UCB (15.93 ± 1.41 s) groups, (both p values of <0.001)
on the sixth day, whereas no significant differences were found
in escape latency compared with the control group (6.13 ±
2.46 s) (Figure 5D(III)). In addition, the vehicle+UCB rats
(28.89 ± 11.93%) and the UCB rats (28.38 ± 7.14%) spent

Figure 3. continued

captured using light microscopy. The UCB group and vehicle+UCB group were obesrved more TUNEL-positive staining cells in the cerebral
cortex, hippocampus, and cerebellum compared with the VX-765+UCB group. (Scale bars, 50 μm). (C−E) The DNA fragmentation rates were
calculated based on randomly counting approximately 200 cells. The TUNEL-positive staining cell rates were significantly reduced in the VX-765-
treated group compared with the UCB group and the vehicle+UCB group in the cerebral cortex, hippocampus and cerebellum. ***, p < 0.001
compared with the control group; ###, p < 0.001compared with the UCB group; n = 4.

Figure 4. Rats’ general condition (clinical manifestation scores) and body weights at different time points. Error bars represent the mean ± SD. (A)
The clinical manifestations were scored every 2 h within the first 6 h after the treatment, the vehicle+UCB and UCB groups exhibited significantly
higher scores than the VX-765+UCB group. *, p < 0.05, ***, p < 0.001 compared with the control group; ###, p < 0.001 compared with the UCB
group; n = 15. (B) The body weights showed no significant differences between the VX-765+UCB group and the control group, whereas on day 6
after the model was established, the rat body weights in both the vehicle+UCB group and the UCB groups were significantly lower than the control
group. **, p < 0.01, ***, p < 0.001 compared with the control group; ###, p < 0.001 compared with the UCB group; n = 15.
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Figure 5. Assessments of the long-term neurological outcomes of the rats in the different groups. Error bars represent the mean ± SD:
***, p < 0.001 compared with the control group; ###, p < 0.001 compared with the UCB group. (A) Neurological function assessment system
described by Garcia et al. The scores of the vehicle+UCB and the UCB groups were significantly lower than the VX-765+UCB group, whereas no
significant differences were observed with the control group; n = 11−15. (B) Rotarod test. The vehicle+UCB and UCB groups spent less time on
the accelerating rotarod than the VX-765+UCB group; no significant differences were observed with the control group; n = 11−15. (C) Open field
test. The four groups were no significant differences in the total distance traveled in 30 min. p > 0.05 compared with the control group; n = 11−15.
(D) Morris water maze. (I) Average swimming speed. The average swimming speed among the four groups were no significant differences. p >
0.05. (II) Daily swimming speed. There were no significant differences in the daily swimming speed over 7 days of testing among the four groups.
p > 0.05. (III) Escape latency in the hidden-platform training. The rats in the VX-765+UCB group showed a shorter latency for escape onto the
platform than the vehicle+UCB and the UCB group, whereas no significant differences were observed with the control group. ***, p < 0.001
compared with the control group; ###, p < 0.001 compared with the UCB group. (IV) The percentage of time spent in the safety quadrant during
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less time in the safety quadrant than the VX-765-pretreated
rats (48.48 ± 7.34%) (both p values of <0.001), whereas no
significant differences in time spent in the safety quadrant were
found compared with the control group (51.68 ± 7.44%)
(Figure 5D(IV)). Furthermore, there were obvious increases in
the number of times the rats crossed the platform location in
the VX-765-pretreated rats compared with the vehicle+UCB
group and the UCB group, (3.73 ± 0.79) versus (1.27 ± 1.16)
and (1.13 ± 0.99) (both p values <0.001), respectively,
whereas the number of times that the VX-765-pretreated rats
crossed over the platform was similar to the control group
(3.93 ± 1.22) (Figure 5D(V)).
Neuroinflammation, a basic immune response of the brain in

response to a variety of exogenous pathogens and host-derived
injury signals, has been identified to be involved in the
pathogenesis of various neurological diseases. At present, an
increasing number of studies have demonstrated that
inflammation plays a critical role in neurological diseases,
especially in the injury of the developing brain, which is closely
related to perinatal neuroinflammation, possibly causing higher
susceptibility to various neurodegenerative diseases in
adulthood.20 In the nervous system, neuroinflammation can
be initiated through the activation of glial cells and cytokines
release in response to invading agents, which could promote
tissue repair and exert a neuroprotective function. However,
excessive inflammation may lead to tissue damage.20−23

Kernicterus is a type of permanent neurological dysfunction
due to prolonged exposure of the brain to high-level UCB,
which can be life-threatening.24 Previous studies have
confirmed that the neurotoxicity of UCB not only induced
nerve cell death but was also closely related to the
inflammation of neural tissues.3,4,25 Pyroptosis is a mode of
death involving swelling and lysis of cells, which leads to the
release of a large amount of cell content and then triggers
strong inflammation.26 In recent years, pyroptosis is considered
to be related to the occurrence and development of several
nervous system diseases, including brain infection, trauma, and
chronic neurodegenerative diseases.7,13,14,27 Many research
groups proved that inflammasomes, particularly NLRP3, were
responsible for the activation of caspase-1 and the secretion of
inflammatory cytokines, triggering pyroptosis and other
inflammatory responses.8 NLRP3 is abundantly expressed in
CNS diseases in response to various exogenous pathogens,
such as bacteria and viruses, and to endogenous signals, such as
ATP, uric acid, and amyloid.7,22,28,29 In this study, UCB
induced the upregulation of the NLRP3 protein in the brain of
the kernicterus model rats, consistent with the location of
activated caspase-1, which was time-dependent and peaked at 7
d after the model was established. The elevated levels of
NLRP3 and activated caspase-1 suggested that the NLRP3
inflammasome pathway might be involved in UCB-induced
pyroptosis in vivo. Inflammatory caspases can cleave the
domain between the N-terminal and C-terminal of GSDMD.
GSDMD, or more accurately, its N-terminal, is enough to
cause pyroptosis, regardless of the cellular system.10,26,30 This

study demonstrated that UCB activated GSDMD dependent
pyroptosis, coinciding with the peak time of caspase-1
activation.
Meanwhile, the levels of IL-1β and IL-18 were increased

when caspase-1 activation peaked. However, IL-1β is a strong
proinflammatory factor; the amounts of secreted IL-1β were
low in the early stage of the model, which may be related to the
anti-inflammatory function of microglia, such as IL-10, limiting
IL-1β release.31,32 Conversely, 7 d later, the model established
the peak of inflammatory factor release, speculating the
progression of inflammatory damage. Moreover, the secretion
of IL-18 easily prolongs inflammation and causes the
occurrence of chronic inflammation.33 Consistent with the
control cortical impact injury model, proinflammatory micro-
glia cells were mainly expressed after 7 d.31 At this time,
microglia are not enough to limit the damage. Astrocytes are
also considered to have damage and protective effects. In
multiple sclerosis, the astrocytes were depleted in the early
stage to aggravate the course of the disease, while they were
knocked out in the later stage to improve the clinical
outcomes.34 Overall, these studies show that microglia and
astrocytes play a major role in maintaining brain balance in the
early stages of the disease, while in the long run, their
contribution to harmful neuroinflammatory responses is major.
It has been widely accepted that the activation of pro-IL-1β

and pro-IL-18 into mature inflammatory cytokines is catalyzed
by activated caspase-1, while GSDMD cannot hydrolyze IL-
1β/18 to make them mature. GSDMD is the substrate of
caspase-1, and its N-terminal is cut off during the activation of
caspase-1, and this cleavage is necessary for pyroptosis and IL-
1β/18 secretion, so local inflammatory response is induced by
the formation of pores in the cell membrane.35,36 Eventually,
DNA cleavage in the pyroptosis process results in cell death.7

When caspase-1 and GSDMD were activated at 7 d after the
model was established, increased DNA cleavage was detected
in the regions that are susceptible to bilirubin, suggesting that
caspase-1 activation and pyroptosis were most likely involved
in the pathogenesis of UCB neurotoxicity. Thus, we examined
whether the administration of VX-765 exerted neuroprotective
effects through the inhibition of the caspase-1-GSDMD
pathway. Maroso et al.37 and Ravizzaet et al.38 reported that
systemic injection of VX-765 significantly reduced seizure
activity by inhibiting the release of the inflammatory cytokine
IL-1β. In addition, Heneka et al.39 and Tan et al.12 reported
that by silencing caspase-1 in a mouse AD model, the clearance
rate of β-amyloid protein, the major pathogenic factor of AD,
was enhanced, and the cognitive impairment and the other
related neurological sequelae of the model animals were
evidently attenuated. Clearly, in the study, UCB activates
caspase-1, the latter then cleaved GSDMD, leading to
increased cytokines release and DNA fragmentation. VX-765-
pretreatment decreased the activation of caspase-1 and
GSDMD-N and preserved the neurons’ morphology in the
cortex, hippocampus, and cerebellum. In addition, the VX-765-
pretreated rats exhibited less abnormal neurological manifes-

Figure 5. continued

the probe trial of the Morris water maze. The vehicle+UCB and UCB groups spent less time in the safety quadrant than the VX-765-treated rats,
without significant differences from the control group. (V) The number of times that the rats crossed over the platform in the probe trial of the
Morris water maze. The VX-765-treated rats crossed over the platform more times than the vehicle+UCB and UCB groups, without significant
differences from those of the control group. (E) Representative swimming paths of the four groups during the probe trial of the Morris water maze.
For Morris water maze testing, n = 11−15.
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tations and lower mortality than the untreated model rats,
similar to the achievement of minocycline reported in
UGT1−/− mice.4 Thus, VX-765 exerted a neuroprotective
effect for UCB-related neurotoxicity, which might be a
potential treatment for kernicterus.
Early bilirubin exposure causes long-term memory and

balance abnomalities, whose functional regions are both
susceptible to bilirubin, such as the cerebellum and hippo-
campus.40 Similarly, 3 days of bilirubin exposure on newborn
rat induced Alzheimer’s disease like pathological behavior later
on.41 Thus, a series of behavioral tests were also conducted to
evaluate the effect of VX-765 on the long-term neurological
outcomes of the model rats. The VX-765-pretreated
kernicterus rats achieved significantly better performance
both in fine motor ability and in sensitive function than that
of the untreated model group and improved the motor and
balance ability. Likewise, as a major component of the limbic
system, the hippocampus plays a crucial role in cognitive
development, especially in spatial learning and memory, which
enables navigation.42 The VX-765-pretreated group demon-
strated improved learning and memory compared with that of
the untreated model group in the Morris water maze. In short,
VX-765 treatment improved the long-term behavioral ability of
model rats.
Taken together, this study employed the kernicterus rat

model to prove that pyroptosis is involved in the pathogenesis
of bilirubin encephalopathy. Additionally, the inhibition of
caspase-1 activation by VX-765 could partially reverse the
UCB-induced neurotoxicity, exerting a neuroprotective effect
not only in the acute phase but also in the chronic phase of
kernicterus. It is reasonable to hypothesize that the inhibition
of the pyroptosis pathway could be a potential treatment
option for the prevention of kernicterus. Figure 6 summarized
the proposed mechanism of VX-765 in the intervention of
kernicterus.

■ METHODS
Experimental Animals. Experimental SPF Sprague-Dawley rats

were purchased from the Animal Experimental Center of Chongqing
Medical University. All animal experiments are conducted in
accordance with the guidelines specified by the Animal experiment
Management Committee and approved by the Ethics Committee of
Chongqing Medical University (license number SYXK2007-0016).
The rats were exposed to a 23 ± 2 °C environment and 12 h/12 h
light/dark cycle and were free to eat and drink.

Animal Treatment and Model Establishment. At postnatal
day 2, the rat pups were randomly divided into four groups (as
described above): control group, UCB group, vehicle+UCB group,
and VX-765+UCB group. VX-765 (Selleck Chemicals), dissolved in
2% DMSO in 30% PEG-300 (Sigma-Aldrich) in double-distilled
water, was injected at 50 mg/kg intraperitoneally in VX-765+UCB
group of rats daily (i.e., at 10:00 a.m.) for 4 consecutive days, whereas
those of the control group and of vehicle+UCB group were
intraperitoneally administered equal volumes of DMSO, PEG-300,
and double-distilled water. At postnatal day 5, the last injection was
done at 45 min before kernicterus model was established, and the
vehicle+UCB group, VX-765+UCB group, and UCB group were
given an injection of bilirubin solution 10 μg/g (body weight). The
control group was given an injection of equal volumes of double-
distilled water (pH = 8.5).

The establishment method of the rat kernicterus model was the
same as described previously.43 The Sprague-Dawley rat pups (10−15
g) were anesthetized with diethyl ether. Then, release of the
cerebrospinal fluid from the cisterna magna was done using a
microinjector. Finally, the bilirubin solution was injected into cistern
magna, and the control group was injected with the same amount of
control solution. The bilirubin (Sigma-Aldrich) was dissolved in a 0.5
M NaOH solution, the mixture was diluted in double-distilled H2O,
and the pH was adjusted with HCl (0.5 M) to 8.5, the sample finally
prepared as a transparent orange solution (10 mg/mL).44

A total of 265 rats were used, regardless of gender. From the 1st to
10th day after the model establishment, animals of control and UCB
group were euthanized and whole brain tissues were collected for WB
and ELISA. At 7th day after the model establishment, animals of four
groups were euthanized and whole brain tissues were collected for
WB, ELISA, and histology staining. At postnatal day 28, the mortality
was calculated, while behavioral experiments were performed which
included the animals’ conformance to modeling standard and
excluded animals unable to complete the tests.

Western Blotting (WB). The total protein of brain tissue was
extracted by NP-40 lysate (Beyotime Biotechnology) containing
complete protease inhibitor PMSF (1 mM) (Beyotime Biotechnol-
ogy), and the BCA method (Beyotime Biotechnology) was used to
determin the ptotein concentrations. The 12% SDS−PAGE gel was
prepared, and the sample was added according to the protein
concentration. After electrophoresis, the protein was transferred to
PVDF membrane and then sealed with 5% skim milk at room
temperature for 1 h. The primary antibody (anti-caspase-1, anti-
NLRP3, or anti-β-actin, all at 1:500, Abcam; anti-GSDMD, 1:1000,
Abbexa) was incubated overnight in a 4° shaking table. The secondary
antibody (all at 1:1000, Cell Signaling Technology) was incubated at
room temperature for 1 h, and ECL assay kit (Bio-Rad) was used to
visualize the protein bands.

ELISA. Total protein of brain tissue was extracted from NP40
lysate (Beyotime Biotechnology), and the operation was performed

Figure 6. Proposed mechanism of UCB induced neurotoxicity and VX-765 in the intervention of kernicterus.
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according to the instructions of the ELISA kit (RayBiotech). The
absorbance value at 450 nm of each well was detected by microplate
(BioTek), and the standard curve was established and calculated.
Then, the levels of the IL-1β and IL-18 proteins were measured. Each
sample was measured in duplicate.
Histology. After 7 days of modeling, the brains of rats in each

group were sacrificed and fixed with 4% paraformaldehyde. After
paraffin embedding, the cortex, hippocampus (cornu ammonis 1
(CA1), CA2, and CA3), and cerebellar paraffin slices (4 mm) were
cut. Hematoxylin−eosin (H&E) and terminal deoxynucleotidyl-
transferase-mediated nick end labeling (TUNEL) staining (Roche
Applied Science) were conducted according to the instructions. The
morphological alternation in the hippocampus, cerebral cortex, and
cerebellum were observed by light microscopy (Nikon).
Dynamic Assessment of the Clinical Manifestations. After

modeling, the following typical neurological manifestations of
bilirubin encephalopathy were observed every 1 h, including clenched
fists, opisthotonus, latericumbent positioning, and rolling. Any
manifestation would be scored one point, which is recorded 3 times
within 6 h after modeling. The clinical manifestations were measured
by the double-blind method.43

Body Weights. The body weight was daily recorded from the
second day after birth up until the third day after the model
establishment (day 2 to day 8 after birth).
Mortality. The mortality of rats in each group was recorded for 28

consecutive days after the model establishment.
Neurological Evaluation. The neurological function was

assessed at postnatal 28 using the neurological evaluation system
described by Garcia et al.,19 which included spontaneous activity,
climbing, forepaw outstretching, symmetry in the movement of the
four limbs, body proprioception, and response to vibrissae touch.
With a full score of 18, the lower the score, the more serious is the
neurological damage. The neurological functions were measured by
the double-blind method.
Rotarod Test. At the age of 28 days, the rotatod test was carried

out to detect the ability of coordination and balance. The rats were
acclimatized to the environment and instrument 1 day in advance.
The experimental rats were placed on the equipment, and the
rotational speed was increased from 10 to 80 rpm. The test was
carried out every 3 min, from the rats staying on the rotating rod until
it fell off or ended for 3 min. The exercise time of each rat was
recorded when the rats fell off the rotating rod, and the experiment
was repeated 4 times for each rat, and the average time was calculated.
Open Field Test. The open field test was used to observe the

mobility of 28-day-old rats. The rats in each group were placed in the
center of a square field (60 cm × 60 cm × 60 cm) and allowed to
move freely for 30 min. ANY-maze software was used to record video
and data and to measure the distance of walking in 30 min to reflect
the animal’s mobility.45

Morris Water Maze. The spatial learning and memory abilities of
the rats were evaluated using the Morris water maze at 28 days.11

Briefly, a water maze consists of a circular pool filled with black ink
(25 ± 1 °C). The experiment lasted for 7 days. The first day was
adaptive training, and the platform training was removed once. During
the positioning navigation training on days 2−6, the experimental rats
were put into water. If the platform was not found over 60 s, the
animals were guided to the platform and stayed there for 10 s. Each
experimental rat was trained 4 times a day with at least 15−20 min
interval between training sessions. On the seventh day, the platform
was removed and a probe test was carried out in 60 s. The
experimental animals were put into the water from the opposite side
of the platform quadrant, and the searching time of the experimental
animals in the target quadrant and the times of crossing the platform
were recorded within 60 s.
Statistical Analysis. The data were statistically analyzed by Prism

package (GraphPad Software, La Jolla, CA, USA) and were presented
as the mean ± standard deviation. After the data were tested by the
normality and variance homogeneity test, the significant differences
between groups were analyzed by an ANOVA with Bonferroni’s post-

test. The categorical data were analyzed by χ2 test. A p value of <0.05
was consider statistically significant.
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