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ORGAN TOXICITY AND MECHANISMS

Bilirubin‑induced ER stress contributes to the inflammatory 
response and apoptosis in neuronal cells
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inflammation and apoptosis, and that targeting ER stress 
may represent a potential therapeutic approach to decrease 
UCB-induced neurotoxicity.
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Introduction

Elevated level of unconjugated bilirubin (UCB) is respon-
sible for the clinical manifestation of neonatal jaundice. 
In most cases, this is a transient phenomenon without any 
clinical consequences. When hyperbilirubinemia is pro-
longed and severe, abnormal accumulation of bilirubin may 
lead to bilirubin encephalopathy or to a more severe condi-
tion (kernicterus) characterized by irreversible neurologi-
cal sequelae (Shapiro 2004; Watchko and Tiribelli 2013). 
At the molecular level, several studies showed the effects 
of UCB toward plasma membrane, mitochondria, endo-
plasmic reticulum (ER), calcium homeostasis and redox 
state (Watchko 2006). Among the different cellular com-
partments, ER has an important role in UCB metabolism. 
Once entered the cell, UCB is bound to ligandins and shut-
tled directly to the ER. In the hepatocyte, ER is the site of 
bilirubin conjugation by UGT1A1 (Kamisako et al. 2000). 
When bilirubin glucuronidation capacity is reduced or 
absent, bilirubin oxidation by cytochrome P450 enzymes, 
that are localized primarily in the membrane of ER (Neve 
and Ingelman-Sundberg 2010), has been suggested to sig-
nificantly contribute in the elimination of the pigment 
(Abu-Bakar 2005; Gambaro et al. 2016).

The ER is a highly dynamic organelle, and its com-
plex functions can be significantly influenced by a 
multitude of parameters both inside the cell and in its 
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microenvironment (Schönthal 2012). When cells are 
exposed to stimuli that rupture the protein folding mech-
anism, ER stress occurs and cells activate a signaling 
pathway defined as unfolded protein response (UPR) that 
determine cell fate (Malhotra and Kaufman 2007; Tsang 
et al. 2010; Walter and Ron 2011). The UPR consists of 
three main membrane-associated proteins as PKR-like 
ER Kinase (PERK), inositol requiring enzyme 1 (IRE-
1) and activating transcription factor 6 (ATF6). Stress 
conditions result in the recruitment of a chaperon called 
glucose-related protein 78 (GRP78) away from UPR 
sensors and their activation. Activated PERK leads to a 
general inhibition of translation (through eIF2α phos-
phorylation) with specific induction of the transcription 
factors ATF3, ATF4 and CHOP, while IRE-1 and ATF6 
generate an active transcription factors XBP1-spliced 
and ATF6 (after its cleavage in Golgi), respectively (Lai 
et al. 2007; Schröder and Kaufman 2005). The primary 
role of UPR is to restore ER homeostasis and provide 
cell survival. However, under sustained and irreversible 
ER stress, a switch to pro-apoptotic signaling occurs 
(Urra et al. 2013), where caspases-3 activation and 
CHOP induction play a critical role in ER stress-medi-
ated apoptosis (Hitomi et al. 2004; Zinszner et al. 1998; 
Oyadomari and Mori 2004). Furthermore, ER stress is 
associated with several events that contribute to cell 
injury such as oxidative stress and inflammation (Chaud-
hari et al. 2014). Chronic ER stress elicits inflammatory 
response through complex mechanisms (Hasnain et al. 
2012) that include the induction of several cytokines and 
NFкB activation as one of the key player (Hotamisligil 
2010; Garg et al. 2012).

We have previously described the induction of ER stress 
genes in SH-SY5Y neuronal cells treated with a toxic 
dose of bilirubin (Calligaris et al. 2009). We subsequently 
observed the induction of ATF3 mRNA after 4 h of UCB 
exposure, representing the earliest response to UCB insult 
(Qaisiya 2014). Elevated concentration of UCB causes the 
induction of ER stress markers in hepatic-derived cells 
(Oakes and Bend 2010; Müllebner et al. 2015) and oligo-
dendrocyte precursor cells (Barateiro et al. 2012). Other 
in vitro studies demonstrated the induction of inflamma-
tory response genes by UCB through the cytokine receptors 
and NFкB activation in primary culture of neurons (Falcão 
et al. 2006) and microglia (Brites 2012), while in astrocytes 
the results are still controversial (Brites 2012; Yueh et al. 
2014). The involvement of cytokine receptor activation by 
UCB is confirmed in an in vivo study where the absence 
of Toll-like receptor 2 blocked the induction of TNFα and 
IL-6 (Yueh et al. 2014).

Until now, no evidence is available regarding the con-
tribution of ER stress in mediating inflammatory response 
or cell death induced by UCB. In the present work, we 

performed an in vitro comparative study using two human 
neuronal cell lines (undifferentiated SH-SY5Y cells and 
differentiated GI-ME-N cells) and one human astrocytoma 
cell line (U87 cells) to study the effects of UCB toward cell 
toxicity, ER stress and inflammation. We also analyzed the 
signaling pathways that linked ER stress to inflammation 
and the contribution of ER stress to apoptosis.

Materials and methods

Cell cultures

SH-SY5Y neuroblastoma cells were maintained in EMEM/
F12 1:1 medium supplemented with 15 % fetal bovine 
serum (FBS). Human NB cell line (defined as GI-ME-N) 
comes from the Bank of Biological Material Interlab Cell 
Line Collection, Advanced Biotechnology Center, Genoa, 
Italy, and were kindly provided by Dr. Mariapaola Nitti. 
They were maintained in RPMI 1640 medium, supple-
mented with 10 % FBS. U87 astrocytoma cells were main-
tained in DMEM medium supplemented with 10 % FBS. 
Mouse embryonic fibroblasts (MEF) knockout for CHOP 
(CHOP KO) (Zinszner et al. 1998) were kindly provided by 
Prof. Patrizia Agostinis Laboratory of Cell Death Research 
and Therapy, Belgium. MEF cells were maintained in 
DMEM high-glucose medium supplemented with 10 % 
FBS. All media were supplemented with 1 % penicillin/
streptomycin solution (100 U/mL penicillin, 100 mg/mL 
streptomycin), 2 mM l-glutamine and 1 % nonessential 
amino acids (Sigma–Aldrich, USA).

Treatments

Because UCB toxicity is related to the amount of the free 
bilirubin (Bf) (Ahlfors et al. 2009) and considering that the 
threshold value of bilirubin toxicity in vitro occurs at Bf 
of 70 nM (Ostrow et al. 2003), cells at 80 % of confluence 
were treated with toxic Bf concentration (140 or 300 nM) 
for the indicated time. UCB dissolved in DMSO (3 µg/µL) 
was added to complete cell medium, and its concentration 
was verified spectrophotometrically at 468 nm. The Bf con-
centration was calculated according to protocol described 
by Roca et al. (Roca et al. 2006). Control experiments were 
performed by exposing the cells to the same final concentra-
tion of DMSO. Phenylbutyric acid (4-PBA, Sigma Aldrich) 
was prepared by titrating equimolecular amount of 4-PBA 
with sodium hydroxide to pH 7.4. SH-SY5Y cells were pre-
treated with 2 mM of 4-PBA for 2 h and then treated with 
0.6 % DMSO or 140 nM Bf for additional 8 or 24 h in the 
presence of 4-PBA. Thapsigargin (Sigma Aldrich) was used 
at 2 µM final concentration as a positive control to induce 
ER stress. Pyrrolidinedithio carbamate ammonium (PDTC, 
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Sigma–Aldrich) was used as a selective NFкB inhibitor. 
SH-SY5Y cells were pre-treated with 100 µM of PDTC for 
2 h to and then treated with 0.6 % DMSO, 140 nM Bf and 
100 ng/mL lipopolysaccharide (LPS, Sigma–Aldrich) for 
additional 8 h in the presence of the inhibitor.

Quantification of intracellular UCB level

SH-SY5Y, GI-ME-N and U87 cells at 80 % conflu-
ence were incubated with 140 nM Bf for 4, 8, and 24 h, 
or 0.6 % DMSO. After treatment time, cells were col-
lected by centrifugation and washed three times in PBS. 
Intracellular UCB level was quantified using method of 
high-performance liquid chromatography with diode array 
detector (Agilent, Santa Clara, USA) according to Zelenka 
(Zelenka 2008). Briefly, cells were suspended with physi-
ological solution, sonicated and mixed with internal stand-
ard (mesobilirubin). This solution was extracted with 
methanol/chloroform/hexan (10/5/1, v/v/v) at pH 6.2. The 
lower phase was transferred into new vial that contained 
hexane and carbonate buffer (pH 10). The resulting polar 
droplet was loaded onto Luna C-8 reverse phase column 
(Phenomenex, Torrance, USA), and separated pigments 
were detected at 440 nm. Protein concentration in the cell 
suspension was determined by DC protein assay (Bio-Rad, 
USA), and results were expressed as nmol/mg of protein. 
All steps were performed at dim light.

Analysis of cell viability and toxicity

Cells toxicity was determined by the mean of LDH release 
using CytoTox-oneTM homogenous membrane integ-
rity assay (Promega, USA) following the manufacturer’s 
instructions. Percent of dead cells were calculated relative 
to cells treated with lysis buffer to obtain 100 % of LDH 
release. Cells viability were determined by 3(4,5-dimethyl-
thiazolyl-2)-2,5 diphenyl tetrazolium (MTT) assay accord-
ing to manufacturer’s instructions.

Western blot

Total proteins were extracted by lysing the cells in ice-cold 
cell lysis buffer (Cell Signaling Technology, USA). Protein 
concentration was determined by the bicinchoninic acid 
protein assay (BCA) according to manufacturer’s instruc-
tions. Equal amounts of protein were separated by 12 % 
SDS–polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred to PVDF membranes (Bio-Rad Laborato-
ries). Membranes were blocked in 5 % milk or 4 % BSA 
in T-TBS (0.2 % Tween 20, 20 mM Tris–HCl (pH 7.5) and 
500 mM NaCl) and incubated overnight at 4 °C with pri-
mary antibodies: anti GRP78 (Santa Cruz Biotechnology, 
Inc sc-13968), anti ATF-6α (Santa Cruz Biotechnology, 
Inc sc-166659), anti-caspase-3 (Cell Signaling Technology, 
#9662), anti-PARP p85 fragment (Promega, Italy G7341) 
and anti-actin (Sigma–Aldrich, A2066). Membranes were 
then incubated with anti-rabbit or anti-mouse HRP-conju-
gated secondary antibody (Dacko Laboratories, Denmark). 
Protein bands were detected by peroxide reaction using 
ECL Plus Western Blot detection system solutions (ECL 
Plus Western Blot detection reagents, GE-Healthcare Bio-
Sciences, Italy). The relative intensities of protein bands 
were analyzed using the NIH Image software (Scion Cor-
poration Frederick, MD, USA), normalized to α-actin and 
represented as relative to controls.

Quantitative real‑time PCR and ELISA

RNA extraction, cDNA synthesis and real-time PCR (qRT-
PCR) were performed as previously described (Qaisiya 
2014). Primers used were listed in Table 1. Expression was 
normalized to housekeeping genes and expressed as rela-
tive to cells treated with DMSO in the absence or presence 
or inhibitors when applied. After UCB incubation, SH-
SY5Y supernatants were used to quantify IL-8 and TNFα 
protein using Instant ELISA Kit (eBioscience) according to 
the manufacturer’s protocol.

Table 1  List of human primer sequences used for qRT-PCR analysis

a Housekeeping genes used to normalize the expression of target genes

Gene Accession number Forward primers 5′–3′ Reverse primers 5′–3′

CHOP NM_001195056 CACTCTCCAGATTCCAGTCAG AGCCGTTCATTCTCTTCAGC

XBP1 NM_005080 ATGGATTCTGGCGGTATTG CTGGGTCCTTCTGGGTAG

ATF6 NM_007348 CAGAGAACCAGAGGCTTA TGCTCATAGGTCCATAGTT

GRP78 NM_005347 GCACAGACAGATTGACCTATTG GTAGCACAGGAGCAC

NFкB (p65) L19069 GAATGCTGTGCGGCTCTG CACGATTGTCAAAGATGGGATG

TNFα NM_000594 CCTGACATCTGGAATCTGGAG AGGAAGTCTGGAAACATCTGG

IL-8 NM_000584 GACATACTCCAAACCTTTCCAC CTTCTCCACAACCCTCTGC

GAPDHa NM_002046.4 TCAGCCGCATCTTCTTTTG GCAACAATATCCACTTTACCAG

HPRTa NM_000194 ACATCTGGAGTCCTATTGACATC CCGCCCAAAGGGAACTGATAG
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PERK and CHOP small interference RNA

The experimentally validated PERK siRNA (SI02223718, 
Qiagen, USA) and CHOP siRNA (SI00059528, Qiagen) 
were used to knockdown PERK and CHOP expression. 
siRNA against nontarget mRNA (1027310, Qiagen) was 
used as negative control. siRNA was transfected using 
siLentFect™ Lipid reagent (Bio-Rad laboratories, Italy) 
according to the manufacturer’s recommendation. SH-
SY5Y cells at 60 % confluence were transfected with 3 µL 
siLentFect reagent (mock) or 50 nM of siRNAs in the 
presence of 3 µL siLentFect reagent for 48 h, and siRNA 
efficiency was analyzed by qRT-PCR. For UCB treatment, 
after 48 h siRNA transfection cells were treated with 0.6 % 
DMSO or 140 nM Bf for additional 8 or 24 h. Results were 
expressed as relative to Ct siRNA transfected cells treated 
with UCB.

NFкB luciferase reporter gene assay

The constructs of human IL-8 promoter, 1498/+ 44 
hIL-8/Luc and 162/+ 44 hIL-8 ΔNFкB/Luc were kindly 
received by Prof. Gianluca Tell (University of Udine, 
Italy) (Cesaratto 2013). One day before transfection, SH-
SY5Y cells were seeded in triplicate in 96-well plates at 
80 % confluence, then cells were transiently transfected 
with 400 ng of total DNA/well of (hIL-8/Luc promoter 
constructs and pRL-CMV Renilla luciferase constructs 
in a ratio of 49:1), using Lipofectamine™2000 reagent 
(0.8 µL) (Invitrogen, Carlsbad, CA) according to the 
manufacturer’s instructions. The transfection reagent 
was removed 8 h post-transfection, and cells were incu-
bated with complete medium for 24 h. The following 
day, cells were washed with PBS and then treated with 
0.6 % DMSO, 140 nM Bf or 100 ng/mL lipopolysaccha-
ride (LPS, Sigma–Aldrich) as positive control. Finally, 
cells were lysed and analyzed by Dual Luciferase 
Reporter Gene Assay Kit (KA3784, Abnova, Taiwan) 
according to the manufacturer’s instructions. The lumi-
nescence signals were quantified using a Perkin Elemer 
EnSpire multiplate reader (PerkinElmer, USA). Firefly 
luciferase activity was normalized to the Renilla lucif-
erase activity.

Statistical analysis

GraphPad Prism software was used to perform statistical 
analysis. Data were obtained from at least three independ-
ent experiments and are expressed as mean ± SD. Analysis 
was performed using student’s t test. P < 0.05 was consid-
ered as significant.

Results

UCB induces differential cellular toxicity 
despite comparable intracellular accumulation

In the present study, we used undifferentiated SH-SY5Y 
neuronal cells, differentiated GI-ME-N neuronal cells and 
astrocytoma U87 cells. The cytotoxic effects of UCB was 
assessed by LDH assay after exposing the three cell lines 
to increasing concentrations of free bilirubin: 40 nM Bf 
(non-toxic), 140 nM Bf or 300 nM Bf (toxic). SH-SY5Y 
cells showed 25 and 70 % of LDH-based cytotoxicity 
when treated with 140 nM Bf or 300 nM Bf, respectively, 
while GI-ME-N cells showed about 30 % of cytotoxicity 
at both concentrations. U87 cells did not exhibit any sig-
nificant change of LDH release at any toxic concentration 
(Fig. 1a). To measure UCB intracellular accumulation, SH-
SY5Y, GI-ME-N and U87 cells were exposed to 140 nM 
Bf for 4, 8 and 24 h, and the intracellular UCB content was 
quantified by HPLC. Compared to 4 h, SH-SY5Y, GI-ME-
N and U87 cells showed 1.8-folds, 3.0-folds and 1.9-folds 
increase at 8 h, respectively, and 3.8-folds, 4.8-folds and 
2.4-folds at 24 h, respectively (Fig. 1b).

UCB induces ER stress only in neuronal cells

We analyzed the mRNA expression of ER stress-related 
genes in the three cell lines exposed to 140 nM Bf for 4, 
8 and 24 h. Compared to DMSO-treated cells, SH-SY5Y 
cells treated with UCB showed an induction of CHOP (six-
folds) at 4 h, followed by the induction of ATF6 (twofolds) 
and GRP78 (fourfolds) at 8 h. The up-regulation of all 
genes was maintained until 24 h. GI-ME-N cells showed 
an up-regulation of CHOP (19-folds), ATF6 (sixfolds) and 
GRP78 (fivefolds) after 4 h of UCB exposure which was 
maintained till 24 h. No changes were detected in U87 
cells exposed to 140 nM Bf at either 8 or 24 h (Table 2). 
GRP78 protein expression and ATF6 proteolytic cleavage 
were evaluated in the three different cell lines. If com-
pared to SH-SY5Y cells (onefold), the basal expression 
of GRP78 protein is higher in U87 cells (12-folds) and in 
GI-ME-N (sevenfolds). UCB treatment induced GRP78 
protein expression in SH-SY5Y cells (eightfold) and GI-
ME-N cells (twofolds), while no induction was observed 
in U87 cells. Thapsigargin caused a 32.5-fold induction 
of GRP78 protein in SH-SY5Y cells (Fig. 2a, b). Cleaved 
ATF6 p50 protein was not induced by UCB treatment in the 
three cell types, while ATF6 p50 protein basal expression 
was threefold higher in U87 and GI-ME-N cells compared 
to SH-SY5Y cells (Fig. 2c, d). To confirm the induction of 
ER stress genes by UCB, we tested the effects of the ER 
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stress inhibitor 4-PBA in SH-SY5Y cells. 4-PBA reduced 
the induction of GRP78, ATF6, XBP1 and CHOP by 55, 
45, 65 and 67 %, respectively. 4-PBA reduced by 75 % the 
thapsigargin induction of GRP78 (Fig. 3).  

ER stress inhibition and CHOP knockout reduce cell 
susceptibility to UCB

Chronic ER stress is usually associated with cell injury 
and apoptosis. To assess if ER stress is involved in UCB 

cell toxicity, we treated SH-SY5Y cells with 140 nM Bf 
for 24 h in the presence of the ER stress inhibitor 4-PBA. 
LDH release was reduced from 31 to 10 % in the presence 
of 4-PBA (Fig. 4a). We then analyzed the levels of cas-
pase-3, one of the key executioners caspases involved in 
apoptosis induced by ER stress (Hitomi et al. 2004) and 
cleaved poly (ADP-ribose) polymerase (PARP, p85 frag-
ment), a well-known substrate for caspase-3 during apop-
tosis (O’Brien et al. 2001). Cleaved caspase-3 and cleaved 
PARP were undetectable in the DMSO-treated cells, while 
in the UCB treated cells, 4-PBA reduced their expression 
by 80 and 50 %, respectively (Fig. 4b, c). Several studies 
highlighted the role of CHOP in ER stress mediating cell 
toxicity. To assess its role in UCB toxicity, mouse embry-
onic fibroblasts (MEF) knockout for CHOP (CHOP KO) 
were exposed to 140 nM Bf or 2 µM thapsigargin for 24 h 
and cell viability analyzed by MTT test. Compared to 
DMSO-treated cells, UCB and thapsigargin reduced cells 
viability in CHOP WT cells to 72 and 50 %, respectively, 
while this was 91 and 70 % in CHOP KO cells (Fig. 4d). 
CHOP WT MEF exposed to 140 nM Bf for 24 h showed an 
up-regulation of CHOP mRNA, which was completely lost 
in the CHOP KO MEF cells (data not shown). To assess 
the role of CHOP in UCB-induced neurotoxicity, we trans-
fected SH-SY5Y cells with CHOP siRNA and analyzed 
LDH release upon UCB exposure. CHOP siRNA (50 nM) 
down-regulated CHOP mRNA to about 55 % as compared 
to control siRNA (50 nM) (Fig. 4e). Upon UCB treatment, 
the percentage of LDH release was significantly reduced 
from 37 % in control siRNA-transfected cells to 22 % in 
CHOP siRNA-transfected cells (Fig. 4f).
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ME-N and U87 cells treated with 40 nM Bf, 140 nM Bf or 300 nM 
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Table 2  mRNA relative expression of ER stress-related genes

mRNA expression of CHOP, ATF6 and GRP78 in SH-SY5Y, GI-
ME-N and U87 cell lines exposed to 140 nM Bf or 0.6 % DMSO 
for the indicated time. Expression is relative to cells treated with 
0.6 % DMSO considered as 1. DMSO treatment has no effects on 
the expression of indicated genes at 8 and 24 h. Data are representa-
tive of the mean ± SD of four independent experiments (* P < 0.05, 
** P < 0.01, *** P < 0.001)

Cell lines Genes 140 nM Bf 
(4 h)

140 nM Bf 
(8 h)

140 nM Bf 
(24 h)

SH-SY5Y 
cells

CHOP 6 ± 0.8** 46 ± 6** 93 ± 9**

ATF6 1.1 ± 0.1 2 ± 0.2* 6 ± 0.2**

GRP78 0.9 ± 0.2 4 ± 0.2** 11 ± 1.3**

GI-ME-N 
cells

CHOP 19 ± 5** 22 ± 0.6*** 6 ± 1.5**

ATF6 6 ± 2** 5.4 ± 0.9** 8 ± 0.3**

GRP78 5 ± 1.8* 12 ± 3** 5.5 ± 2*

U87 cells CHOP 1 ± 0.2 0.7 ± 0.3

ATF6 1 ± 0.2 0.9 ± 0.2

GRP78 1 ± 0.1 1.1 ± 0.4



 Arch Toxicol

1 3

UCB induces inflammatory response and activates 
NFкB pathway

As several studies demonstrated the neuro-inflammatory 
effects of toxic UCB, we firstly analyzed the neuro-inflam-
matory effects of UCB in SH-SY5Y cells. Compared to 
DMSO-treated cells, UCB induced the mRNA expression 
of TNFα (30-folds and 6-folds) and IL-8 (57-folds and 
203-folds) (Fig. 5a, b) at 8 and 24 h, respectively; IL-6 is 
not expressed in SH-SY5Y (data not shown). The secre-
tion of TNFα protein was increased 8 h after UCB expo-
sure (24 pg/mL) compared to DMSO-treated cells (8 pg/
mL) and returned to basal levels after 24 h of treatment 
(Fig. 5c). IL-8 protein was detected only in the super-
natants of cells treated with 140 nM Bf for 24 h (18 pg/
mL) (Fig. 5d). SH-SY5Y cells treated with 140 nM Bf 
for 8 h showed an up-regulation of NFкB mRNA (3.5-
folds) (Fig. 5e). In the presence of a potent NFкB inhibi-
tor (PDTC) (Schreck et al. 1992), TNFα induction by 
UCB was unchanged, while IL-8 induction was reduced 
by 90 % (Fig. 5f, g). To confirm activation by UCB of the 
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NFкB pathway, we analyzed the transcriptional activity of 
NFкB toward the human IL-8 promoter using luciferase 
reporter gene assay. Cells were transfected with human 
IL-8 constructs containing the NFкB binding site (hIL-8/
Luc) or the mutant NFкB enhancer (hIL-8/Luc ΔNF-kB) 
and then treated with 0.6 % DMSO (negative control), 
100 ng/mL LPS (positive control) or 140 nM Bf for 24 h. 
Relative to DMSO-treated cells, UCB and LPS stimulated 
IL-8 luciferase activity (3.2- and 2.4-folds, respectively) 
in cells transfected with hIL-8/Luc construct while lucif-
erase activity decreased in cells transfected with the hIL-8/
Luc ΔNF-kB mutant construct (1.6- and 0.9-folds, respec-
tively) (Fig. 5h). NFкB, TNFα and IL-8 mRNA expression 
was also analyzed in GI-ME-N and U87 cells after 8 h of 

140 nM Bf exposure. UCB induced mRNA expression of 
NFкB (twofolds), TNFα (30-folds) and IL-8 (105-folds) 
in GI-ME-N cells while no changes were detected in U87 
cells (data not shown).

ER stress inhibition and PERK siRNA reduce IL‑8 
induction by UCB

To analyze the contribution of ER stress in mediating the 
inflammatory response, TNFα and IL-8 mRNA expression 
was analyzed in SH-SY5Y cells exposed to 140 nM Bf 
for 8 h in the presence of 4-PBA and 4-PBA reduced only 
IL-8 induction by 80 % (Fig. 6a). To test the contribution 
of PERK signaling in the induction of TNFα and IL-8, we 
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used specific siRNA to knockdown PERK mRNA expres-
sion. PERK siRNA (50 nM) down-regulated PERK mRNA 
to about 70 % as compared to control siRNA (50 nM) 
(Fig. 6b). After 48 h of transfection, cells were treated with 
140 nM Bf for additional 8 h. The UCB-related induction 
of IL-8 mRNA, but not of TNFα, was decreased by 75 % 
in the PERK siRNA-transfected cell compared to control 
siRNA-transfected cells (Fig. 6c).

Discussion and conclusion

Cell fate in response to ER stress mainly depends on the 
level of ER stress. Although the initial role of ER stress 
is to provide cell survival, chronic ER stress is associated 
with cell injury and with the activation of a complex of 
pro-apoptotic signaling (CHOP induction, caspases activa-
tion, disruption of Ca2+ homeostasis, oxidative stress and 
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inflammation) (Lai et al. 2007; Chaudhari et al. 2014). ER 
has a very specialized environment that allows proper pro-
tein folding, and it is extremely sensitive to toxic insults 
and stress conditions (Schönthal 2012). UCB once entered 
into the cells is shuttled to the ER, suggesting that—in case 
of hyperbilirubinemia—ER may become “a sink” and may 
represent an early target to UCB toxicity.

Few in vitro studies showed an up-regulation of ER 
stress-related genes by toxic concentration of UCB (Calli-
garis et al. 2009; Oakes and Bend 2010; Müllebner et al. 
2015; Barateiro et al. 2012). Calligaris et al. (Calligaris 
et al. 2009) showed that 24 h of 140 nM Bf treatment is able 
to trigger unconventional splicing of XBP1 and cytoplasm/
nuclear shuttling of CHOP in SH-SY5Y cells. Recently, 
we observed the induction of ATF3 after 4 h of UCB expo-
sure in SH-SY5Y neuronal cells, indicating the activation 
of ER stress as an early event in the UCB-induced cyto-
toxicity (Qaisiya 2014). In the present study, we performed 
an in vitro comparative study using two neuronal cell lines 
(undifferentiated SH-SY5Y and differentiated GI-ME-N 
cells) and one astrocytoma cell line (U87 cells) analyzing 
the ER stress and its contribution to inflammation and cell 
death induced by UCB.

When exposed to increasing toxic concentrations of 
UCB, U87 astrocytoma cells maintain their viability even 
at the highest concentration of UCB. Undifferentiated SH-
SY5Y neuronal cell line appears to be the most sensitive 
cells with a clear dose-dependent increase in LDH release, 
while differentiated neuronal GI-ME-N cells show compa-
rable LDH release in spite of increasing UCB concentration 
(Fig. 1a). Differentiation of SH-SY5Y cells increases their 

resistance to UCB toxicity since differentiated cells showed 
85 % of cells viability at 140 nM Bf or 300 nM Bf expo-
sure, while the viability of the undifferentiated cells was 66 
and 40 %, respectively (data not shown). These data, in line 
with others (Falcão et al. 2006; Brito et al. 2008), indicate 
that neuronal cells are more sensitive to UCB toxicity than 
glial cells, and that the neuronal UCB toxicity varies with 
the differentiation state. Despite a different toxicity, all 
the three cell types accumulate UCB in a time-dependent 
manner (Fig. 1b) and in the hyperbilirubinemic Gunn rat, 
different brain regions have the same bilirubin content but 
a different neurotoxicity profile (Gazzin et al. 2012). Col-
lectively, both the in vitro and in vivo data exclude that the 
differential UCB toxicity is due to the different intracellular 
accumulation of UCB and suggest the presence of specific 
protective pathways and different intracellular signaling 
activation. UCB oxidation is one method of detoxification. 
Brain UCB oxidizing activity is lower in immature than in 
more mature brain and in pure neuronal membranes com-
pared to mixed glial/neuronal source (Hansen and Allen 
1997), and cytochromes P450 activity was demonstrated in 
rat primary astrocytes cultures (Gambaro et al. 2016). Since 
P450 is involved in UCB oxidation, the different expression 
of the enzyme may account for the different toxic effect in 
neurons and astrocytes of UCB.

However, in addition to the different bilirubin oxidation 
levels between neurons and astrocytes, we hypothesized 
that neurons and astrocytes could also present a differ-
ent ER stress response to UCB. The chaperone GRP78 is 
the putative marker of ER stress (Lee 2005). We observed 
a clear difference of GRP78 proteins basal expression 
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between the three cell lines with U87 cells showing the 
highest GRP78 protein level followed by GI-ME-N as 
compared to SH-SY5Y cells (Fig. 2c, d). Several studies 
showed that overexpression of GRP78 in neuronal cells 
provides protections against ER stress and apoptosis (Kudo 
et al. 2007), which may explain the greater resistance of 
U87 and GIMEN cells to UCB toxicity compared to SH-
SY5Y cells.

Regarding ER stress induction by UCB, analysis of ER 
stress markers showed an early up-regulation of CHOP, 
ATF6 and GRP78 mRNA expression (Table 2) in both neu-
ronal cells, but not in the astrocytoma cells. The GRP78 
induction only in neuronal cells was confirmed at the pro-
tein level (Fig. 2a, b), while the proteolytic cleavage of 
ATF6 was not changed in any cell line by UCB treatment 
(Fig. 2c, d) indicating that ATF6 sensor is not activated by 
UCB. Since the unconventional splicing of XBP1 was pre-
viously demonstrated in SH-SY5Y cells (Calligaris et al. 
2009), we may conclude that UCB causes ER stress in neu-
ronal cells mainly via PERK and IRE1 branches.

The cause of the ER stress induction by UCB is 
unknown. Primary culture of neurons showed an increase 
in intracellular Ca+2 when exposed to toxic concentra-
tion of UCB (Zhang et al. 2010) which may derived either 
from extracellular influx or from intracellular stores release 
(Watchko 2006), and contribute to ER dysfunction (Pas-
chen and Mengesdorf 2005; Ruiz et al. 2009). SH-SY5Y 
cells treated with 140 nM Bf in the presence of intracel-
lular Ca+2 chelator BAPTA decreased the induction of 
GRP78 by 50 %, suggesting the presence of Ca+2 signaling 
that influences the expression of ER stress marker GRP78 
(data not shown). We also detected an increment in oxida-
tive stress (Qaisiya 2014) and metabolic changes (Callig-
aris et al. 2009), two events both contributing to ER stress 
response activation (Kaufman 1999; Hamanaka et al. 2005; 
Harding et al. 2000). Finally, due to its particular chemical 
properties, high levels of UCB may disrupt protein folding 
by direct interactions (Müllebner et al. 2015). Consider-
ing the role of ER stress in neuronal cell injury (Lindholm 
et al. 2006), we treated SH-SY5Y cells with UCB in the 
presence of 4-PBA, an ER stress inhibitor acting as chemi-
cal chaperone with significant therapeutic value (Mimori 
et al. 2012). Interestingly, 4-PBA significantly reduced the 
mRNA up-regulation of ER stress markers by UCB, indi-
cating their induction via UPR signaling (Fig. 3).

4-PBA also decreased cells injury/apoptosis and 
reduced the amount of the cleaved caspase-3 and its 
substrate the cleaved PARP (Fig. 4a–c), suggesting an 
important role of ER stress in mediating caspase-3 acti-
vation, PARP cleavage and apoptosis by UCB. It has 
been reported that UCB-induced ER stress involves acti-
vation of caspase-12 (Oakes and Bend 2010) and Ca2+-
dependent protease enzyme (Calpain) (Barateiro et al. 

2012), both of which may subsequently activate down-
stream caspase-3 (Lai et al. 2007). JNK activation by 
UCB was suggested to be associated with mitochondrial 
dysfunction and apoptosis in astrocytes, immature neu-
rons and oligodendrocyte precursors cells (Barateiro et al. 
2012; Fernandes et al. 2007; Vaz et al. 2011). However, 
under ER stress conditions the role of JNK in mediat-
ing cells survival or apoptosis is still controversial which 
may explained by the selective interaction between dif-
ferent JNK isoforms with different transcription fac-
tors (Raciti et al. 2012). We exposed SH-SY5Y cells to 
UCB in the presence of the JNK inhibitor (SP 600125), 
but we did not detect any change in the MTT and LDH 
assays (data not shown). Another major event responsi-
ble for the switch between pro-survival and pro-apoptotic 
responses under chronic ER stress is the induction of 
CHOP (Urra et al. 2013). Animals and cells derived from 
mice that are null-zygous for the chop gene (CHOP KO) 
are resistant to insults resulting in ER stress-mediated cell 
death (Zinszner et al. 1998). To test the role of CHOP 
in UCB-induced cell toxicity, CHOP KO and WT MEF 
cells were treated with toxic Bf concentration. CHOP KO 
cells showed 20 % increase in cells viability compared to 
CHOP WT cells, pointing to important role for CHOP in 
ER stress-induced cell toxicity by UCB (Fig. 4d). To con-
firm this data in neuronal cells, we transfected SH-SY5Y 
cells with CHOP siRNA that reduced cell toxicity by 
40 % (Fig. 4f). It is worth to notice the different behav-
ior of CHOP induction by UCB between undifferentiated 
SH-SY5Y and differentiated GI-ME-N cells. In the SH-
SY5Y cells, CHOP mRNA induction occurs after 4 h of 
UCB treatment (sixfolds) but it is strongly increased after 
24 h (93-fold) while GI-ME-N cells showed a decrease in 
the mRNA induction at 24 h (sixfolds) compared to 4 h 
(19-folds) (Table 2). Interestingly, we observed that the 
mRNA induction of CHOP by UCB is 75 % lower in the 
differentiated SH-SY5Y cells compared to the undiffer-
entiated SH-SY5Y cells (data not shown), suggesting that 
ER responds to UCB toxic load by differently modulat-
ing CHOP induction during differentiation process. This 
may contribute to explain the differential toxicity pro-
file between differentiated and undifferentiated neuronal 
cells. We suggest that ER stress may also have a role in 
the toxicity associated with exposure of premature neural 
cells to UCB and may contribute to better understand the 
high risk of premature infants to develop UCB neurotox-
icity (Notter and Kendig 1986; Conlee and Shapiro 1997; 
Rhine et al. 1999).

Sustained ER stress elicits inflammatory response 
through complex mechanisms. We detected the neuro-
inflammatory effects of UCB by the induction of TNFα, 
IL-8 and NFкB in SH-SY5Y cells (Fig. 5a–e), in line 
with previous data (Falcão et al. 2006; Brites 2012; Yueh 
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et al. 2014). NFкB plays an important role in the activa-
tion of inflammatory response genes, and studies showed 
its activation by UCB (Brites 2012; Yueh et al. 2014). 
Indeed, cells transfected with human IL-8 promoter mutant 
for NFкB reduced the promoter activity, confirming the 
transcriptional activation of NFкB toward IL-8 by UCB 
(Fig. 5h). To analyze the contribution of ER stress in the 
inflammatory response, we used the general ER stress 
inhibitor 4-PBA, which significantly reduced the induc-
tion of IL-8 by UCB (Fig. 6a). To identify the link between 
ER stress and inflammation, we explored PERK signal-
ing since (a) induction of ATF3 and CHOP after 4 h sug-
gests PERK sensor activation for first; and (b) PERK plays 
a critical role in the regulation of inflammatory response 
under ER stress (Deng et al. 2004; Tam et al. 2012). Cells 
transfected with PERK siRNA reduced the up-regulation of 
IL-8 by 75 % (Fig. 6c). These data indicate that ER stress-
induced IL-8 expression upon UCB treatment is regulated 
by the upstream NFкB/PERK axis.

The present data show that the neuronal cells are more 
susceptible to UCB toxicity than astrocyte cells, although 
UCB accumulates in both cell types to the same extent. Of 
notice, UCB induces ER stress only in neuronal cells and 
not in astrocytes. The sensitivity of neuronal cells to UCB 
toxicity correlates with high level of CHOP expressions, 
and they are more pronounced in undifferentiated than in 
differentiated cells with important potential implications in 
the developing brain during the neonatal period. ER stress 
inhibitor and deletion of CHOP greatly reduced UCB-
induced cytotoxicity. UCB-induced ER stress is associ-
ated with up-regulation of IL-8, which is transcriptionally 

induced by NFкB and regulated by PERK signaling (Fig. 7). 
Collectively our data suggest that targeting ER stress may 
represent a potential therapeutic approach to decrease cyto-
toxicity induced by high concentrations of UCB.
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