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Unconjugated bilirubin induces pyroptosis
in cultured rat cortical astrocytes
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Abstract

Background: Bilirubin-induced neurological dysfunction (BIND), a severe complication of extreme neonatal
hyperbilirubinemia, could develop into permanent neurodevelopmental impairments. Several studies have
demonstrated that inflammation and nerve cell death play important roles in bilirubin-induced neurotoxicity;
however, the underlying mechanism remains unidentified.

Methods: The present study was intended to investigate whether pyroptosis, a highly inflammatory form of
programmed cell death, participated in the bilirubin-mediated toxicity on cultured rat cortical astrocytes. Further, VX-
765, a potent and selective competitive drug, was used to inhibit the activation of caspase-1. The effects of VX-765 on
astrocytes treated with bilirubin, including the cell viability, morphological changes of the cell membrane and nucleus,
and the production of pro-inflammation cytokines, were observed.

Results: Stimulation of the astrocytes with unconjugated bilirubin (UCB) at the conditions mimicking those of jaundiced
newborns significantly increased the activation of caspase-1. Further, caspase-1 activation was inhibited by treatment with
VX-765. Compared with UCB-treated astrocytes, the relative cell viability of VX-765-pretreated astrocytes was improved;
meanwhile, the formation of plasma membrane pores was prevented, as measured by lactate dehydrogenase release,
trypan blue staining, and ethidium bromide (EtBr) uptake. Moreover, DNA fragmentation was partly attenuated and the
release of IL-1β and IL-18 was apparently decreased.

Conclusion: Pyroptosis is involved in the process of UCB-induced rat cortical astrocytes’ injury in vitro and may be the
missing link of cell death and inflammatory response exacerbating UCB-related neurotoxicity. More importantly,
the depression of caspase-1 activation, the core link of pyroptosis, attenuated UCB-induced cellular dysfunction
and cytokine release, which might shed light on a new therapeutic approach to BIND.
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Background
Neonatal hyperbilirubinemia remains a common
phenomenon among newborns. Although generally
harmless, some extremely hyperbilirubinemic neonates
may develop bilirubin-induced neurological dysfunction
(BIND), including acute bilirubin encephalopathy and
permanent neurological sequelae, kernicterus, charac-
terized by cerebral palsy, impaired mental development,
and neurological deafness [1]. Despite the dramatically

reduced incidence of BIND worldwide, owing to photo-
therapy and exchange transfusion, this condition
remains a severe problem in low-income and middle-
income countries, where neonates do not receive timely
and prompt intervention [2–4]. Apparently, under-
standing the mechanisms governing the neurotoxicity
of unconjugated bilirubin (UCB) is essential for the
development of new strategies of therapeutic interven-
tion. Thus, studies have been performed to increase the
understanding of bilirubin neurotoxicity.
Recently, growing evidence has indicated that inflamma-

tion plays an important role in the physiological and patho-
logical process of neurological dysfunction induced by
UCB [5–7]. Clinical literature suggests that infection
increased the risk of bilirubin encephalopathy in newborns
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[8]. In addition, the treatment of Gunn rats (rat model for
Crigler-Najjar syndrome) with the antibiotic minocycline
can effectively prevent the loss of cerebellar Purkinje and
granule neurons during the neonatal period and attenuate
UCB-induced central auditory dysfunction in rat pups [9–
11]. Interestingly, the neuroprotective properties of minocy-
cline are demonstrated in part via the suppression of glial
(astrocytic/microglial) activation, the inhibition of caspase-1
and caspase-3 expression, and the release of inflammatory
mediators [12, 13]. Notably, the activation of glial cells and
the secretion of pro-inflammation cytokines are the charac-
teristics of neuroinflammation [14]. Recent studies have
demonstrated that elevated levels of UCB activated astro-
cytes and microglia, as well as gliosis, with a subsequent
upregulation of inflammatory markers, such as tumor ne-
crosis factor alpha (TNF-α), interleukin (IL)-1β, and IL-6
[15–18]. In turn, the increased cytokines could further ex-
acerbate nerve cell death and inflammatory responses by
activating the MAPK and nuclear factor-kappaB (NF-κB)
signaling cascades [17, 19, 20]. Interestingly, blocking pro-
inflammatory cytokine production decreased UCB-induced
cell death, either by the loss of membrane integrity or by
apoptosis [7, 16, 17]. Thus, there may be a link between
inflammation responses and nerve cell death caused by
UCB, but the precise mechanism remains unclear.
Pyroptosis, a highly inflammatory form of cell

death, is mediated by the activation of caspase-1 [21,
22]. Cells undergo pyroptosis, resulting in rapid
plasma membrane rupture, osmotic lysis, deoxyribo-
nucleic acid (DNA) fragmentation, and the release of
pro-inflammatory cellular contents, which attracts
more cells to die [21–23]. Studies have confirmed
that this novel form of cell death may play a critical
role in the pathological process of nervous system
diseases, such as Alzheimer’s disease and epilepsy,
which are characterized by nerve cell damage and
sterile inflammation [24, 25]. As mentioned above,
cell death and inflammatory response are two signa-
ture events in the process of BIND. Thus, it is rea-
sonable to postulate that pyroptotic cell death may
provide the missing link between nerve cell injury
and inflammation caused by UCB. However, to our
knowledge, there are few studies examining pyroptotic
cell death participated in UCB-mediated neurotoxicity.
The aim of the present study was to investigate
whether pyroptosis contributes to UCB toxicity on as-
trocytes, the potent source of inflammatory cytokines
and dominant glial cells of the central nervous system
(CNS) [14]. Further, VX-765, a potent and selective
competitive drug, was used to inhibit the activation of
caspase-1. The effects of VX-765 on astrocytes treated
with bilirubin were observed, including cell viability,
morphological changes of the cell membrane and nu-
cleus, and pro-inflammatory cytokine production.

Methods
Materials
Reagents
Dulbecco’s modified Eagle’s medium (DMEM) and fetal
bovine serum (FBS) were obtained from Gibco (Grand
Island, NY, USA). Bilirubin, ethidium bromide (EtBr),
Hoechst 33342, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2-H-tetrazolium bromide (MTT), human serum albumin
(HSA), and trypan blue were purchased from Sigma-
Aldrich, Co. (St. Louis, MO, USA). Ethidium homodimer-
2 (EthD2) was purchased from Invitrogen (Thermo Fisher
Scientific). VX-765 was purchased from Selleck Chemicals
(Houston, TX, USA). Anti-caspase-1 antibody (ab1872)
and anti-NLR family pyrin domain containing 3 (NLRP3)
(ab91413) were purchased from Abcam (Cambridge, UK).
Anti-glial fibrillary acidic protein (GFAP) antibody (3670),
anti-β-actin (3700), an HRP-conjugated anti-rabbit sec-
ondary antibody (7074P2), and an HRP-conjugated anti-
mouse secondary antibody (7076P2) were purchased from
Cell Signaling Technology. IL-1β enzyme-linked immuno-
sorbent assay (ELISA) kit and IL-18 ELISA kit were from
USCN Life Science, Inc. (Wuhan, China). Lactate de-
hydrogenase (LDH) cytotoxicity detection kit was ob-
tained from Beyotime Biotechnology (Shanghai, China).
All other chemicals and reagents were from Beyotime Bio-
technology unless otherwise specified.

Experimental animals
All animal procedures were approved by the Ethics
Committee of Chongqing Medical University (Permit
SYXK2007-0016). All experimental Sprague Dawley rats
(SPF grade) were obtained from the Animal Experiment
Center of Chongqing Medical University. The animal stud-
ies were conducted in accordance with the Guide for the
Care and Use of Laboratory Animals of the National
Institutes of Health. Efforts were made to minimize animal
suffering and to reduce the number of animals used.

Methods
Cell culture
Rat primary astrocyte cultures were prepared from the
cerebral cortices of 3-day-old Sprague Dawley rats as de-
scribed by McCarthy and de Vellis [26], with minor modifi-
cations. Briefly, following removal of the meninges, blood
vessels, and white matter, the cerebral cortex was cut into
small pieces and washed in cold DMEM. The pieces were
then treated with 0.25% trypsin at 37 °C for 30 min. After
neutralizing the trypsin in DMEM containing 10% FBS, the
cells were resuspended in DMEM and plated on T75 flasks
pre-coated with poly-L-lysine at a density of 2.0 × 105 cells/
cm [2]. The cultures were maintained in a humidified at-
mosphere of 95% air/5% CO2 at 37 °C. The media were
changed twice weekly. On the 7th–9th day in vitro, the cul-
tured astrocytes were detached by exposure to 0.25%

Feng et al. Journal of Neuroinflammation  (2018) 15:23 Page 2 of 10



trypsin/0.02% EDTA and subsequently seeded onto poly-D-
lysine-coated 6-/24- or 96-well plates. Finally, the astro-
cytes were used when a confluent monolayer formed with
> 95% of the cells stained positively for the astrocytic
marker GFAP.

Cell treatment
Bilirubin solution preparation was as follows: bilirubin
was dissolved in DMSO solution (10 mM) immediately
prior to use, and the pH was adjusted to 7.4 with HCl
(0.1 M). All experiments with UCB were performed under
light protection to avoid photodegradation. VX-765 was
dissolved in DMSO solution (50 mM) and stored at − 80 °
C. The cells were randomly divided into three groups:
control, UCB, and VX-765 groups. The astrocytes in the
UCB group were stimulated in culture with 50 μM UCB
in the presence of 100 μM human serum albumin at con-
ditions mimicking those of hyperbilirubinemic newborns
for the indicated times [7, 10, 27, 28]. In addition, cells in
the VX-765 group were pretreated with 50 μM VX-765
for 1 h prior to incubation with the same concentration of
UCB and human serum albumin. Additionally, the control
group was treated with equal volumes of DMEM and
human serum albumin.

MTT reduction
The modified indirect MTT method was performed to in-
vestigate cell viability under UCB stimulation, which could
eliminate the interference of bilirubin deposits [29]. Briefly,
astrocytes were cultured on 96-well plates. Following treat-
ment, the supernatants were removed, and the cells were
incubated with 200 μl of MTT (0.5 mg/ml) for 4 h in the
dark at 37 °C. After incubation, the medium was discarded,
and MTT formazan crystals were dissolved in 160 μl of
isopropanol/HCl (0.04 M) with gentle shaking for 15 min
at room temperature. The absorbance of each well was
transferred to another 96-well plate. Then, the optical
density (OD) of the dissolved formazan product was deter-
mined at 570 nm using a microplate. After background
OD subtraction, the results were expressed as a percentage
of the average control. Each experiment was performed in
triplicate plates and repeated three times.

Lactate dehydrogenase assay
The release of LDH in the astrocyte culture supernatant
was regarded as an indicator of the destruction of cell
membrane integrity. The LDH cytotoxicity detection kit
was used according to the manufacturer’s instructions.
Treatment with LDH release reagent was used as a posi-
tive control to test the maximum LDH release. The
absorbance was measured at 490 nm using a microplate
reader. All readings were corrected for the potential inter-
ference of UCB absorption, and the results were expressed
as a percentage of LDH release.

Trypan blue exclusion
Trypan blue exclusion was performed to analyze the loss
of cell membrane integrity based on the principle that
an intact cell membrane (a property of viable cells) is
necessary for the exclusion of certain dyes. After treat-
ment, both adherent cells harvested by trypsinization
and non-adherent cells floating in the medium were col-
lected. Subsequently, 4% trypan blue was added to the
resuspended cells at a 1:10 dilution, followed by incuba-
tion for 3 min. The number of trypan blue-positive cells
was counted by using a hemocytometer in triplicate and
expressed as a percentage. The cytotoxic effect of biliru-
bin in the presence or absence of the caspase-1 inhibitor
VX-765 was evaluated.

EtBr and EthD2 staining
Two different membrane-impermeant dyes, EtBr (molecu-
lar weight (MW) 394 Da) and EthD2 (MW 1293 Da), were
used to examine the size of the membrane pore [30]. The
astrocytes were plated onto poly-D-lysine-coated glass cov-
erslips in 24-well plates. At the indicated time point, the
adherent cells were washed with PBS, stained with either
EtBr at 25 μg/ml or EthD2 at 25 μg/ml, and counterstained
with the Hoechst 33342 according to the manufacturer’s
instructions. The coverslips were analyzed using a fluores-
cence microscope (Nikon, Japan). The means and standard
deviations were derived from counting a minimum of four
random microscopic fields from two different coverslips
per sample.

Western blot analysis
Total protein was extracted using a protein extraction
kit with PMSF (1 mM), and the protein concentration
was determined using the BCA assay. An equal amount
of protein (50 μg) was loaded, separated by 12% SDS-
PAGE, and transferred to PVDF membranes (Bio-Rad).
The membranes were blocked with 5% non-fat milk
(room temperature, 1 h), incubated overnight at 4 °C
with a primary antibody (anti-caspase-1, anti-NLRP3, or
anti-β-actin), and then incubated with an HRP-
conjugated anti-rabbit secondary antibody (room
temperature, 1 h). The protein bands were visualized
with the G-BOX Imaging System (Syngene, Cambridge,
UK) using an ECL assay kit (Bio-Rad).

ELISA
The levels of the IL-1β and IL-18 proteins in cultured
supernatants were measured by ELISA assays accord-
ing to the manufacturer’s instructions. The absorb-
ance of the samples was measured using a microplate
reader at an optical density of 450 nm. All samples
were tested in triplicate.
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TdT-mediated dUTP nick end labeling assay
Nuclear DNA fragmentation was detected by TdT-
mediated dUTP nick end labeling (TUNEL) staining
according to the manufacturer’s instructions. The cells
were counterstained with DAPI and analyzed with
fluorescence microscopy. TUNEL-positive nuclei emit-
ted green fluorescence, whereas TUNEL-negative ap-
peared blue. TUNEL-positive nuclei (green) were
determined by randomly counting ten fields of the
section, and the results are expressed as a percentage
of the total nucleus population. The means and
standard deviations were derived from counting a
minimum of four random microscopic fields from
two different coverslips per sample.

Statistical analysis
The statistical analyses were performed with SPSS,
version 17.0. The data are presented as the means
and SD. A normality test and a homogeneity test for
variance were initially performed. If the data were in
compliance with a normal distribution and homogen-
eity of variance, an ANOVA with Bonferroni’s post
hoc test or a Student’s t test was performed; other-
wise, a rank sum test was used. The categorical data
were analyzed using the chi-square test. p < 0.05 was
considered statistically significant.

Results
UCB induced caspase-1 activation in cultured rat cortical
astrocytes
First, we used western blotting to investigate whether
caspase-1 was activated in primary cultured astrocytes
exposed to 50 μM UCB. The increased expression of
the p20 subunit of caspase-1 (an activated form of
caspase-1) was strongly detected at 6 h (p = 0.0026)
and 12 h (p = 0.0022) and returned to baseline levels
at 24 h compared with the control group (0 h)
(Fig. 1a).

VX-765 prevented caspase-1 activation of UCB-treated
astrocytes
Subsequently, whether treatment with VX-765 could
inhibit caspase-1 activation in the cultured cortical
astrocytes upon UCB challenge was investigated.
Based on the pharmacological characteristics of VX-
765 and the peak time of caspase-1 activity in the as-
trocytes, VX-765 was administered at 1 h before UCB
treatment. The activation of caspase-1 was examined
by western blotting after incubating with UCB for 6
and 12 h, respectively. The caspase-1 activation at
6 h (p = 0.0021, Fig. 1b) and 12 h (p < 0.001, Fig. 1c)
was significantly inhibited in the VX-765 group com-
pared with the UCB group.

Fig. 1 Caspase-1 activation in astrocytes treated with UCB. a Caspase-1 activity was measured by cleaved caspase-1 (p20) using western blotting at
different time points after astrocyte treatment with UCB. **p< 0.01, versus the control group (0 h) using a two-tailed Student’s t test with Dunnett’s test. b
VX-765 treatment inhibited the activation of caspase-1 at 6 h after UCB stimulation. **p< 0.01, versus the control group; ##p< 0.01, versus the UCB group
using one-way ANOVA with Bonferroni’s post hoc test. c Caspase-1 activity was significantly attenuated in the VX-765 group at 12 h after UCB treatment.
**p< 0.01, versus the control group; ###p< 0.001, versus the UCB group using one-way ANOVA with Bonferroni’s post hoc test. The intensity of the bands
was quantitated by scanning densitometry, standardized with respect to β-actin protein, and normalized to the values of the control group. Three
independent experiments were performed in duplicate. Error bars, SD
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Involvement of caspase-1 activation in UCB induced a loss
of cell viability
Modified indirect MTT assay was performed to assess the
effect of VX-765 on the UCB-induced loss of cell viability
in astrocytes. The results showed that cell viability declined
in a time-dependent manner after exposure to UCB. Incu-
bation with UCB markedly reduced the relative survival
rate to 52.98 ± 11.52% of control values at 24 h (p = 0.0002,
Fig. 2a). Next, the survival rate in each group was measured
after UCB stimulation for 24 h. The survival rate of VX-
765-treated astrocytes was 65.43 ± 10.34%, which was
significantly higher than that of UCB-treated cells at 49.87
± 8.63% (p = 0.0103, Fig. 2b).

Caspase-1 activation is involved in UCB-induced plasma
membrane rupture
Then, the cell membrane integrity of astrocyte exposure
to UCB was investigated. The release of LDH, a major
component of the cytoplasm, was also examined to
explore UCB-induced cell membrane disruption. The
results showed that UCB induced membrane injury in
astrocytes in a time-dependent manner, which peaked at
24 h (Fig. 3a). Next, the cells in different groups were
treated as previously described for 24 h. The percentage of
LDH release in the UCB-treated group was 14.13 ± 5.50%,
which was significantly higher than that of the control
group (p = 0.0194). Additionally, the percentage of trypan
blue dye staining, an index of the loss of cell membrane
integrity, was significantly higher in astrocytes incubated
at 24 h with UCB compared to that in the control group
(p < 0.001). In addition, the blockade of caspase-1 activity
with VX-765 reduced LDH release from 14.13 ± 5.50 to
2.52 ± 1.24% (p = 0.0314, Fig. 3b) as well as the rate of try-
pan blue-positive cells (p < 0.001, Fig. 3c), which showed

strong suppression in astrocyte rupture under UCB
challenge.
Next, staining with small membrane-impermeant dyes

was performed to further investigate the pore formation
of astrocytes treated with UCB. Two red membrane-
impermeant dyes with different MWs, including EtBr
(MW 394 Da) and EthD2 (MW 1293 Da), were used.
The cells were stained with EtBr or EthD2 and counter-
stained with the membrane-permeable dye Hoechst
33342 (blue). The cells in the control group were stained
with Hoechst 33342 but excluded both impermeant dyes
(Fig. 3d, h). In contrast, cells pretreated with Triton X-
100, which could increase the permeability of the cell
membrane, enabled the influx of EtBr and EthD2 (Fig. 3g,
k). After 24 h of stimulation, a large number of EtBr-
positive cells were observed in the UCB-treated group
(Fig. 3e), whereas only a few cells were positively stained
with the larger EthD2 dye (Fig. 3i). These findings indi-
cated pore formation in astrocyte membranes, with di-
ameters enabling the influx of small molecules but
excluding larger molecules in UCB-treated astrocytes.
Consistently, we observed that the inhibition of caspase-
1 activation with VX-765 strongly decreased EtBr uptake
from 18.72 ± 3.47 to 5.39 ± 1.88% under UCB challenge
(p < 0.001, Fig. 3e, f ). However, VX-765 treatment had
little influence in EthD2 uptake (Fig. 3i, j). These results
indicated that caspase-1 activation is involved in the loss
of membrane integrity characteristics of EtBr uptake in
astrocytes treated with UCB.

Caspase-1 activation participated in UCB-induced DNA
fragmentation
TUNEL staining was performed to assess the DNA dam-
age induced by UCB (Fig. 4a). Compared with the con-
trol group, a large number of TUNEL-positive cells were

Fig. 2 Involvement of caspase-1 activation in the UCB-induced loss of cell viability. Cell viability was determined with modified indirect MTT assay and
presented as a percentage of the control. a The cell viability after treatment with 50 μM UCB was decreased in a time-dependent manner. *p < 0.05,
versus the control group (0 h); **p < 0.01, versus the control group (0 h); ***p < 0.001, versus the control group (0 h) using the chi-square test. b The
cells in different groups were treated as previously described for 24 h. ***p < 0.001, versus the control group; #p < 0.05, versus the UCB group using the
chi-square test. Four independent experiments were performed in duplicate

Feng et al. Journal of Neuroinflammation  (2018) 15:23 Page 5 of 10



Fig. 3 Caspase-1 activation involved in UCB-induced plasma membrane rupture. a Rat cortical astrocytes were treated as previously described for the
indicated time periods. The supernatant was collected for the determination of released LDH activity. *p< 0.05, versus the control group (0 h); **p< 0.01,
versus the control group (0 h) using a two-tailed Student’s t test with Dunnett’s test. b LDH released into the supernatant by a cell loss of membrane
integrity at 24 h was quantified. *p< 0.05, versus the control group; #p< 0.05, versus the UCB group using one-way ANOVA with Bonferroni’s post hoc test.
Four independent experiments were performed in duplicate. c The cells positive of trypan blue staining in different groups were counted at 24 h after
stimulation. ***p< 0.001, versus the VX-765 group; ###p< 0.001, versus the UCB group using one-way ANOVA with Bonferroni’s post hoc test. After treat-
ment, the cells were stained with the membrane-permeable dye Hoechst 33342 (blue) and the membrane-impermeant dyes (red), EtBr (MW 394) or EthD2
(MW 1293). Adherent cells were visualized by fluorescence microscopy (× 40 objective). Representative images are shown. The cells in the control group
excluded both EtBr (d) and EthD2 (h). As a positive control, cells treated with Triton X-100 caused the uptake of EtBr (g) and EthD2 (k). Cells cultured with
UCB showed a higher influx of EtBr (e) and a smaller influx of EthD2 (i). The caspase-1 inhibitor, VX-765, prevented astrocytic EtBr uptake (f) but had no
significant effect on EthD2 uptake (j). The positive cells (red) were determined by randomly counting a minimum of four fields from two different coverslips
per sample and expressed as a percentage of the total nucleus population (l). The results were representative of five independent experiments. Error
bars, SD

Fig. 4 Caspase-1 activation participated in UCB-induced DNA fragmentation. a DNA fragmentation was measured by TUNEL staining (green). Adherent
cells were visualized by fluorescence microscopy (× 40 objective). Representative images are shown. Fewer TUNEL-positive cells were observed in the
VX-765 group than in the UCB group. b Qualitative analysis of DNA fragmentation was determined by randomly counting ten fields of the section and
expressed as a percentage of the total nucleus population. The rate of DNA fragmentation was significantly reduced in the VX-765-treated astrocytes
compared with the cells in the UCB group. **p < 0.01, versus the control group; ##p < 0.01, versus the UCB group using one-way ANOVA with Bonferroni’s
post hoc test. Three independent experiments were performed in duplicate. Error bars, SD
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observed in the UCB-treated group (p = 0.0014, Fig. 4b).
After treatment with a specific caspase-1 inhibitor, only
a few cells were positively stained in the VX-765-
pretreated group. The DNA fragment rates were calcu-
lated based on the average total number of cells and the
number of TUNEL-positive cells in cultured rat cortical
astrocytes in ten randomly selected fields. The results
showed that the rate of DNA fragmentation was signifi-
cantly reduced in the VX-765 group compared with the
UCB group (p = 0.0026, Fig. 4b).

Involvement of caspase-1 activation in UCB-induced cyto-
kine release
To evaluate whether caspase-1 activation was involved in
UCB-induced cytokine release, the secretion of IL-1β and
IL-18 cytokines was first detected in the culture super-
natant of astrocytes. The cytokines were released in a
time-dependent manner (Fig. 5a). IL-1β secretion began
to increase at 3 h after UCB treatment, peaked at 12 h (p
= 0.0035), and then decreased. IL-18 was upregulated at
3 h, peaked at 6 h (p = 0.0058) after model establishment,
and then gradually declined. Therefore, we selected 12
and 6 h as the representative time points to measure the
levels of these two cytokines and investigate whether in-
hibition of caspase-1 activity could reduce cytokine release
in astrocytes under UCB challenge. The ELISA results
showed that the secretion of IL-1β (12 h) and IL-18 (6 h)
was significantly decreased in VX-765-pretreated astro-
cytes compared with the UCB group (p = 0.0187 and p =
0.0085, Fig. 5b, c).

UCB induced the increased expression of NLRP3
A previous study demonstrated that the activation of
caspase-1 was mediated by cytosolic multiprotein com-
plexes, termed inflammasomes [31]. Increasing evidence
has demonstrated that the NLRP3 inflammasome is asso-
ciated with sterile inflammatory responses in various CNS
disorders. Thus, the protein level of NLRP3 was assessed
in total astrocyte lysates by western blotting. The results

indicated that astrocytes treated with UCB exhibited obvi-
ously increased NLRP3 expression at 6 and 12 h (p =
0.0013 and p = 0.0012) compared with the control group
(Fig. 6a, b).

Discussion
Bilirubin-induced neurological dysfunction (BIND), a se-
vere complication of neonatal hyperbilirubinemia, still
occurs worldwide and leads to a high rate of mortality
or lifelong neurological impairments [1, 2, 32, 33]. For
years, research efforts have been made to understand
how UCB induces neurotoxicity. Although remarkable
advances were made, many challenges remained. The
present study aimed to identify whether cultured rat cor-
tical astrocytes undergo a novel form of cell death, pyr-
optosis, upon UCB challenge.
Notably, astrocytes, as the most abundant type of glial

cells, are key mediators involved in the inflammatory re-
sponses in several CNS diseases [14]. Recently, several in
vitro and in vivo studies have indicated that UCB-
activated astrocytes release a variety of pro-inflammation
cytokines, such as IL-1β and TNF-α, and eventually
undergo time-dependent cell death [5, 7, 15–17, 34, 35].
Subsequently, these neuroinflammatory molecules re-
leased by active astrocytes induce recruitment and activa-
tion of additional glial cells secreting neuroinflammatory
molecules, causing further cell damage [16]. Moreover, in-
jury of astrocyte function had been closely associated with
neurological sequelae [36]. Therefore, astrocytes were
used in the present study.
To determine the central role of caspase-1 activation

in pyroptosis [21, 23], western blotting was performed.
The results showed that caspase-1 was time-dependently
activated in cultured rat cortical astrocytes exposed to
UCB, peaking at 6 h and returning to normal levels at
24 h. Caspase-1, as a member of intracellular cysteine
proteases belonging to inflammatory caspases, plays a
considerable role in the processing and secretion of pro-
inflammatory cytokines, cleaving cytoplasmic proteins

Fig. 5 Involvement of caspase-1 activation in UCB-induced cytokine release. a The release of IL-1β and IL-18 at different time points in the cultured rat
astrocytes. IL-1β and IL-18 secretion peaked at 12 and 6 h, respectively, after UCB administration. **p< 0.01, versus the control group (0 h) using a two-
tailed Student’s t test with Dunnett’s test. The levels of IL-1β (b) and IL-18 (c) were dramatically decreased in the VX-765 group compared with the control
group. **p< 0.01, versus the control group; #p< 0.05, versus the UCB group; ##p< 0.01, versus the UCB group using one-way ANOVA with Bonferroni’s post
hoc test. Three independent experiments were performed in duplicate. Error bars, SD
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and cell survival in nervous system pathologies [21, 23, 37].
For example, the activation of caspase-1 promoted neur-
onal injury in experimental models of Alzheimer’s disease
[24, 38, 39]. Additionally, caspase-1-deficient mice show
resistance to hypoxic-ischemic developmental brain injury
[40, 41]. However, the precise effect of caspase-1 activity
on astrocytes under UCB challenge remains unknown.
Therefore, an inhibitor was used to observe whether
caspase-1 activation exacerbates the pathophysiology of
this damage or contributes to repair mechanisms. In the
present study, VX-765, a novel available prodrug of a po-
tent and selective competitive inhibitor of caspase-1 was
used. To date, this caspase-1 inhibitor is the first to enter
clinic development for the treatment of inflammatory and
autoimmune conditions without any signs of toxicity [37,
42]. Based on the pharmacokinetics of VX-765, the admin-
istration of VX-765 at 1 h prior to UCB treatment could
prevent UCB-induced caspase-1 activation in astrocytes.
The present study indicated that UCB increased the

release of LDH in a time-dependent manner, consistent
with the results of previous reports [15], suggesting that
the loss of cell membrane integrity was involved in
UCB-induced astrocyte dysfunction [15, 16]. Notably, al-
though the membrane defects in astrocytes treated with

UCB have been well described, the details concerning
pore formation in the plasma membrane remain un-
known. According to a previous study, pyroptotic cells
form plasma membrane pores between 1.1 and 2.4 nm
in diameter [43, 44]. Thus, staining with small mem-
brane-impermeant dyes of different molecular weights
was conducted [30]. Interestingly, the results demon-
strated that the UCB-treated astrocytes are permeable to
small molecules, such as EtBr (MW 394 Da), while ex-
cluding the larger molecules, such as EthD2 (MW
1293 Da), based on the diameter of the membrane pore
[30]. In addition, the EtBr uptake by astrocytes exposed to
UCB was significantly reduced after treatment with VX-
765, indicating that UCB could induce membrane pore
formation with a functional diameter of 1.1–2.4 nm.
Moreover, preventing EtBr uptake by the inhibition of
caspase-1 activation suggested that pore formation was
caspase-1 dependent [30]. Moreover, the data showed that
VX-765 prevented UCB-induced LDH release and trypan
blue staining. Taken together, these data demonstrated
that the prevention of caspase-1 activation with VX-765
improved the survival rate of astrocytes under UCB chal-
lenge, partly owing to alleviating membrane damage.
Next, TUNEL staining was employed to investigate

DNA fragment. The present study showed that UCB treat-
ment obviously increased DNA cleavage in astrocyte at
24 h after model establishment. TUNEL staining is typic-
ally performed to observe cell apoptosis, considering that
DNA fragmentation is a criterion of apoptosis [45]. How-
ever, recent abundant evidence suggests that the degrad-
ation of chromosomal DNA is also detected during
pyroptosis, resulting in TUNEL-positive staining [43, 46].
Unfortunately, the enzyme directly responsible for DNA
fragmentation during pyroptosis remains unknown [43].
Here, the experiment demonstrated that the blockade of
caspase-1 activation with VX-765 apparently reduced
TUNEL-positive astrocytes compared with that in the
UCB-treated group. Thus, the DNA damage observed in
the presence of UCB may, in part, be attributed to the ac-
tivation of caspase-1. Additionally, the protective role of
VX-765 in UCB-induced neurotoxicity might account for
the decreased nuclear damage. Notably, previous studies
have demonstrated that preventing caspase-3-related
apoptosis could also attenuate UCB-induced DNA frag-
mentation [47]. Thus, it is therefore reasonable to specu-
late that both apoptosis and pyroptosis are involved in
UCB-induced DNA fragmentation in astrocytes; however,
additional studies are needed to determine which cell
death process exerts a more important role.
Pyroptosis was characterized by not only rapid plasma

membrane rupture but also the release of pro-inflammatory
intracellular contents, particularly IL-1β and IL-18, attract-
ing more cells to die [21, 42, 46]. Caspase-1 was activated
during pyroptosis, initiating the release of mature IL-1β and

Fig. 6 UCB induced the increased expression of NLRP3. Rat cortical
astrocytes were treated as previously described for the indicated
time periods. Total cell lysates were analyzed by western blotting. a
Protein NLRP3 was measured by western blotting at different time
points after astrocyte treatment with UCB. b The intensity of the
bands was quantified by scanning densitometry, standardized with
respect to β-actin protein, and normalized to the values of the
control group (0 h). **p < 0.01, versus the control group (0 h) using a
two-tailed Student’s t test with Dunnett’s test. Three independent
experiments were performed in duplicate. Error bars, SD
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IL-18 [21, 46]. Additionally, IL-1β induced a fast increase in
extracellular glutamate contents, which affected the excito-
toxicity of cells exposed to glutamate, leading to neural
damage [48]. However, the pro-inflammatory cytokines acti-
vated by the MAPK signaling pathway and NF-κB signaling
pathway via binding to IL-1 receptor 1 recruit more cyto-
kines and immune cells, resulting in deleterious cell injury
[5, 6, 20, 34, 35]. In the present study, IL-1β and IL-18 ex-
pression increased in UCB-treated astrocytes, whereas VX-
765 could prevent this inflammatory cascade and inhibit the
activation of caspase-1. Moreover, VX-765 alleviated the
membrane damage of astrocytes, which might also prevent
the release of cytokines. Consequently, it was proposed that
VX-765 might reverse the bilirubin-induced neurotoxicity
via suppressing pro-inflammatory cytokines and the subse-
quent inflammatory cascade, which may shed light on
therapeutic targets against BIND.
According to the recent studies, the activation of

caspase-1 is mediated by various inflammasomes [21, 49].
The present study focused on the NLRP3 inflammasome,
the most extensively studied and clinically implicated
inflammasome, which can be activated by a variety of dan-
gerous signals, leading to sterile inflammatory responses
involved in several neurological diseases [31, 50, 51]. Fol-
lowing the detection of stimulation signals, NLRP3 oligo-
merizes with ASC, resulting in autocatalytic cleavage and
caspase-1 activation [51]. In the present study, UCB
induced NLRP3 protein up-expression compared with that
in the control group, which is in parallel with the activation
of caspase-1. The increasing level of NLRP3 expression as
well as the caspase-1 activity suggested that the NLRP3
inflammasome pathway may be involved in UCB-induced
pyroptosis. However, the precise molecular mechanism by
which the NLRP3 inflammasome is activated remains
unknown. Therefore, additional studies are needed.

Conclusions
In conclusion, the results of the present study suggest that
the pyroptotic cell death modality is involved in UCB-
induced neurotoxicity. Pyroptosis may play a vital role in
the inflammation and development of BIND, which might
be mediated by NLRP3 inflammation. More importantly,
the prevention of caspase-1 activation, the core link of
pyroptosis, reduced UCB-induced loss of cell viability and
cytokine release, which might shed light on a new strategy
to protect the developing brain against UCB neurotoxicity.

Abbreviations
ANOVA: Analysis of variance; BIND: Bilirubin-induced neurological
dysfunction; CNS: Central nervous system; DMEM: Dulbecco’s modified
Eagle’s medium; DNA: Deoxyribonucleic acid; ELISA: Enzyme-linked
immunosorbent assay; EtBr: Ethidium bromide; EthD2: Ethidium homodimer-
2; FBS: Fetal bovine serum; GFAP: Glial fibrillary acidic protein; HSA: Human
serum albumin; IL-18: Interleukin-18; IL-1β: Interleukin-1β; LDH: Lactate
dehydrogenase; MTT: 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide; NLRP3: NLR family pyrin domain containing 3; OD: Optical density;

PMSF: Phenylmethylsulfonyl fluoride; SDS-PAGE: Sodium dodecyl sulfate
polyacrylamide gel electrophoresis; TNF-α: Tumor necrosis factor alpha;
TUNEL: TdT-mediated dUTP nick end labeling; UCB: Unconjugated bilirubin

Acknowledgements
We thank Prof. Li Shen and Qiannan Zhang for critically reading and revising
the manuscript. We are also grateful to Yan Zhang, Xiaohuan Li, Shou Yang,
and Xi Lai for their excellent technical assistance during the experiments.

Funding
This work was supported by the National Natural Science Foundation of
China (Grant 81200459) and the Project of Basic and Frontier Research Plan
of Chongqing (CSTC2013jcyjA0020).

Availability of data and materials
The datasets generated and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Authors’ contributions
ZH, JF, and ML conceived and designed the experiments. JF, ML, and QW
performed the experiments. ZH, JF, and ML analyzed the data. JF, ML, QW,
and SL contributed to the reagents/materials/analysis tools. JF, QW, and SS
performed the additional experiments. ZH, JF and ML wrote the paper. All
authors read and approved the final manuscript.

Ethics approval
All animal procedures were approved by the Ethics Committee of
Chongqing Medical University (Permit SYXK2007-0016). All experimental
Sprague Dawley rats (SPF grade) were obtained from the Animal Experiment
Center of Chongqing Medical University. The animal studies were conducted
in accordance with the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health. Efforts were made to minimize animal suf-
fering and to reduce the number of animals used.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Neonatology, Children’s Hospital of Chongqing Medical
University, Chongqing 400014, China. 2Ministry of Education Key Laboratory
of Child Development and Disorders, Chongqing 400014, China. 3Chongqing
Key Laboratory of Translational Medical Research in Cognitive Development
and Learning and Memory Disorders, Chongqing 400014, China. 4Chongqing
International Science and Technology Cooperation Center for Child
Development and Disorders, Chongqing 400014, China. 5China International
Science and Technology Cooperation base of Child development and Critical
Disorders, Chongqing, China.

Received: 14 March 2017 Accepted: 12 January 2018

References
1. Bhutani VK, Wong R. Bilirubin-induced neurologic dysfunction (BIND). Semin

Fetal Neonatal Med. 2015;20(1):1.
2. Olusanya BO, Ogunlesi TA, Slusher TM. Why is kernicterus still a major cause

of death and disability in low-income and middle-income countries. Arch
Dis Child. 2014;99(12):1117–21.

3. Brites D, Fernandes A. Bilirubin-induced neural impairment: a special focus on
myelination, age-related windows of susceptibility and associated co-morbidities.
Semin Fetal Neonatal Med. 2015;20(1):14–9.

4. Yu C, Li H, Zhang Q, He H, Chen X, Hua Z. Report about term infants with severe
hyperbilirubinemia undergoing exchange transfusion in Southwestern China
during an 11-year period, from 2001 to 2011. PLoS One. 2017;12(6):e0179550.

Feng et al. Journal of Neuroinflammation  (2018) 15:23 Page 9 of 10



5. Brites D. The evolving landscape of neurotoxicity by unconjugated bilirubin:
role of glial cells and inflammation. Front Pharmacol. 2012;3:88.

6. Silva SL, Vaz AR, Barateiro A, et al. Features of bilirubin-induced reactive microglia:
from phagocytosis to inflammation. Neurobiol Dis. 2010;40(3):663–75.

7. Fernandes A, Brites D. Contribution of inflammatory processes to nerve cell
toxicity by bilirubin and efficacy of potential therapeutic agents. Curr Pharm
Des. 2009;15(25):2915–26.

8. Hansen TW. Guidelines for treatment of neonatal jaundice. Is there a place
for evidence-based medicine. Acta Paediatr. 2001;90(3):239–41.

9. Liaury K, Miyaoka T, Tsumori T, et al. Minocycline improves recognition memory
and attenuates microglial activation in Gunn rat: a possible hyperbilirubinemia-
induced animal model of schizophrenia. Prog Neuro-Psychopharmacol Biol
Psychiatry. 2014;50:184–90.

10. Geiger AS, Rice AC, Shapiro SM. Minocycline blocks acute bilirubin-induced
neurological dysfunction in jaundiced Gunn rats. Neonatology. 2007;92(4):219–26.

11. Daood MJ, Hoyson M, Watchko JF. Lipid peroxidation is not the primary
mechanism of bilirubin-induced neurologic dysfunction in jaundiced Gunn
rat pups. Pediatr Res. 2012;72(5):455–9.

12. Kim HS, Suh YH. Minocycline and neurodegenerative diseases. Behav Brain
Res. 2009;196(2):168–79.

13. Li C, Yuan K, Schluesener H. Impact of minocycline on neurodegenerative
diseases in rodents: a meta-analysis. Rev Neurosci. 2013;24(5):553–62.

14. Sofroniew MV, Vinters HV. Astrocytes: biology and pathology. Acta
Neuropathol. 2010;119(1):7–35.

15. Fernandes A, Barateiro A, Falcão AS, et al. Astrocyte reactivity to
unconjugated bilirubin requires TNF-α and IL-1β receptor signaling
pathways. Glia. 2011;59(1):14–25.

16. Fernandes A, Falcão AS, Silva RF, et al. Inflammatory signalling pathways
involved in astroglial activation by unconjugated bilirubin. J Neurochem.
2006;96(6):1667–79.

17. Li M, Song S, Li S, Feng J, Hua Z. The blockade of NF-κB activation by a
specific inhibitory peptide has a strong neuroprotective role in a Sprague-
Dawley rat kernicterus model. J Biol Chem. 2015;290(50):30042–52.

18. Gordo AC, Falcão AS, Fernandes A, Brito MA, Silva RF, Brites D. Unconjugated
bilirubin activates and damages microglia. J Neurosci Res. 2006;84(1):194–201.

19. Fernandes A, Falcão AS, Silva RF, Brito MA, Brites D. MAPKs are key players in
mediating cytokine release and cell death induced by unconjugated bilirubin
in cultured rat cortical astrocytes. Eur J Neurosci. 2007;25(4):1058–68.

20. Vodret S, Bortolussi G, Jašprová J, Vitek L, Muro AF. Inflammatory signature
of cerebellar neurodegeneration during neonatal hyperbilirubinemia in
Ugt1 (-/-) mouse model. J Neuroinflammation. 2017;14(1):64.

21. Bergsbaken T, Fink SL, Cookson BT. Pyroptosis: host cell death and
inflammation. Nat Rev Microbiol. 2009;7(2):99–109.

22. Cookson BT, Brennan MA. Pro-inflammatory programmed cell death. Trends
Microbiol. 2001;9(3):113–4.

23. Tait SW, Ichim G, Green DR. Die another way—non-apoptotic mechanisms
of cell death. J Cell Sci. 2014;127(Pt 10):2135–44.

24. Tan MS, Tan L, Jiang T, et al. Amyloid-β induces NLRP1-dependent neuronal
pyroptosis in models of Alzheimer’s disease. Cell Death Dis. 2014;5:e1382.

25. Tan CC, Zhang JG, Tan MS, et al. NLRP1 inflammasome is activated in patients
with medial temporal lobe epilepsy and contributes to neuronal pyroptosis in
amygdala kindling-induced rat model. J Neuroinflammation. 2015;12:18.

26. McCarthy KD, de Vellis J. Preparation of separate astroglial and
oligodendroglial cell cultures from rat cerebral tissue. J Cell Biol. 1980;
85(3):890–902.

27. Ahlfors CE, Wennberg RP, Ostrow JD, Tiribelli C. Unbound (free) bilirubin:
improving the paradigm for evaluating neonatal jaundice. Clin Chem. 2009;
55(7):1288–99.

28. Falcão AS, Bellarosa C, Fernandes A, et al. Role of multidrug resistance-
associated protein 1 expression in the in vitro susceptibility of rat nerve cell
to unconjugated bilirubin. Neuroscience. 2007;144(3):878–88.

29. Ngai KC, Yeung CY, Karlberg J. Modification of the MTT method for the
study of bilirubin cytotoxicity. Acta Paediatr Jpn. 1998;40(4):313–7.

30. Fink SL, Cookson BT. Caspase-1-dependent pore formation during
pyroptosis leads to osmotic lysis of infected host macrophages. Cell
Microbiol. 2006;8(11):1812–25.

31. Jha S, Srivastava SY, Brickey WJ, et al. The inflammasome sensor, NLRP3,
regulates CNS inflammation and demyelination via caspase-1 and
interleukin-18. J Neurosci. 2010;30(47):15811–20.

32. Watchko JF, Tiribelli C. Bilirubin-induced neurologic damage—mechanisms
and management approaches. N Engl J Med. 2013;369(21):2021–30.

33. Olusanya BO. Societal impact of bilirubin-induced hearing impairment in
resource-limited nations. Semin Fetal Neonatal Med. 2015;20(1):58–63.

34. Barateiro A, Chen S, Yueh MF, et al. Reduced myelination and increased glia
reactivity resulting from severe neonatal hyperbilirubinemia. Mol Pharmacol.
2016;89(1):84–93.

35. Yueh MF, Chen S, Nguyen N, Tukey RH. Developmental onset of bilirubin-induced
neurotoxicity involves Toll-like receptor 2-dependent signaling in humanized UDP-
glucuronosyltransferase1 mice. J Biol Chem. 2014;289(8):4699–709.

36. Allaman I, Bélanger M, Magistretti PJ. Astrocyte-neuron metabolic
relationships: for better and for worse. Trends Neurosci. 2011;34(2):76–87.

37. Cornelis S, Kersse K, Festjens N, Lamkanfi M, Vandenabeele P. Inflammatory
caspases: targets for novel therapies. Curr Pharm Des. 2007;13(4):367–85.

38. Heneka MT, Kummer MP, Stutz A, et al. NLRP3 is activated in Alzheimer’s
disease and contributes to pathology in APP/PS1 mice. Nature. 2013;
493(7434):674–8.

39. Saresella M, La Rosa F, Piancone F, et al. The NLRP3 and NLRP1 inflammasomes
are activated in Alzheimer’s disease. Mol Neurodegener. 2016;11:23.

40. Hara H, Friedlander RM, Gagliardini V, et al. Inhibition of interleukin 1beta
converting enzyme family proteases reduces ischemic and excitotoxic
neuronal damage. Proc Natl Acad Sci U S A. 1997;94(5):2007–12.

41. Deshmukh M. Caspases in ischaemic brain injury and neurodegenerative
disease. Apoptosis. 1998;3(6):387–94.

42. Doitsh G, Galloway NL, Geng X, et al. Cell death by pyroptosis drives CD4 T-
cell depletion in HIV-1 infection. Nature. 2014;505(7484):509–14.

43. Bergsbaken T, Cookson BT. Macrophage activation redirects yersinia-infected
host cell death from apoptosis to caspase-1-dependent pyroptosis. PLoS
Pathog. 2007;3(11):e161.

44. Fink SL, Bergsbaken T, Cookson BT. Anthrax lethal toxin and Salmonella
elicit the common cell death pathway of caspase-1-dependent pyroptosis
via distinct mechanisms. Proc Natl Acad Sci U S A. 2008;105(11):4312–7.

45. Fink SL, Cookson BT. Apoptosis, pyroptosis, and necrosis: mechanistic description
of dead and dying eukaryotic cells. Infect Immun. 2005;73(4):1907–16.

46. Miao EA, Rajan JV, Aderem A. Caspase-1-induced pyroptotic cell death.
Immunol Rev. 2011;243(1):206–14.

47. Vaz AR, Delgado-Esteban M, Brito MA, Bolaños JP, Brites D, Almeida A.
Bilirubin selectively inhibits cytochrome c oxidase activity and induces
apoptosis in immature cortical neurons: assessment of the protective effects
of glycoursodeoxycholic acid. J Neurochem. 2010;112(1):56–65.

48. Fernandes A, Vaz AR, Falcão AS, Silva RF, Brito MA, Brites D.
Glycoursodeoxycholic acid and interleukin-10 modulate the reactivity of rat
cortical astrocytes to unconjugated bilirubin. J Neuropathol Exp Neurol.
2007;66(9):789–98.

49. Ogura Y, Sutterwala FS, Flavell RA. The inflammasome: first line of the
immune response to cell stress. Cell. 2006;126(4):659–62.

50. Gao L, Dong Q, Song Z, Shen F, Shi J, Li Y. NLRP3 inflammasome: a
promising target in ischemic stroke. Inflamm Res. 2017;66(1):17–24.

51. Barlan AU, Griffin TM, McGuire KA, Wiethoff CM. Adenovirus membrane
penetration activates the NLRP3 inflammasome. J Virol. 2011;85(1):146–55.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Feng et al. Journal of Neuroinflammation  (2018) 15:23 Page 10 of 10


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Materials
	Reagents
	Experimental animals

	Methods
	Cell culture
	Cell treatment
	MTT reduction
	Lactate dehydrogenase assay
	Trypan blue exclusion
	EtBr and EthD2 staining
	Western blot analysis
	ELISA
	TdT-mediated dUTP nick end labeling assay
	Statistical analysis


	Results
	UCB induced caspase-1 activation in cultured rat cortical astrocytes
	VX-765 prevented caspase-1 activation of UCB-treated astrocytes
	Involvement of caspase-1 activation in UCB induced a loss of cell viability
	Caspase-1 activation is involved in UCB-induced plasma membrane rupture
	Caspase-1 activation participated in UCB-induced DNA fragmentation
	Involvement of caspase-1 activation in UCB-induced cytokine release
	UCB induced the increased expression of NLRP3

	Discussion
	Conclusions
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

