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ABSTRAKT

Fototerapie (PT) modrozelenym svétlem (420-490 nm) se fadi mezi standardni 1é¢bu tézké
novorozenecké Zloutenky, kterd brani toxickému ptisobeni bilirubinu (BR) u kojencti. Vystavenim
se modrozelenému svétlu je BR pfeménén na polarnéjsi fotoizomer (PI) lumirubin (LR) a dalsi
oxida¢ni produkty (mono-, di-, tripyrroly), které 1ze snadnéji vyloucit z téla moci a/nebo Zluci.
Ackoli je PT povazovana za bezpeCnou, je doprovazena zvySenym rizikem raznych
patofyziologickych stavi (zanétlivych procesu, alergii, cukrovky i nékterych typl rakoviny),
zejména u novorozenct s extrémné nizkou porodni hmotnosti. Uelem této prace bylo pochopeni
mechanizmu vylu¢ovani BR v rtznych tkanich i bunéénych liniich a zkoumani bioaktivnich
vlastnosti BR i jeho hlavniho fotooxida¢niho produktu LR.

Nejprve jsme se zaméfili na detekei BR v zluci a stolici hyperbilirubinemickych potkant
Gunn. Soucasné jsme testovali antioxidacni a prooxidacni u¢inky nekonjugované¢ho BR u lidskych
hepatoblastomovych (HepG2), proximalnich tubularnich (HK2), neuroblastomovych (SH-SYS5Y)
a mySich endotelovych (H5V) bunék, jejich vystavenim postupné se zvySujicim koncentracim BR.
Pro porovnéani ucinkli BR a LR na markery metabolismu a oxidac¢niho stresu byly biologické
aktivity zkoumany in vitro na bunkach lidského hepatoblastomu (HepG2), fibroblastu (MRCY) a
mySich makrofazich (RAW 264.7). Zaméfili jsme se také na proliferaci, morfologii, expresi
specifickych gentl i proteint a diferenciaci neuralnich kmenovych bun¢k (NSC).

Nase experimenty potvrdily, ze souvislost mezi regulaci transintestindlniho vylucovani
cholesterolu a plazmatickymi koncentracemi nekonjugovaného BR u potkanti Gunn neni
pritomna. U vSech studovanych bunéénych linii jsme zjistili, Ze nizké koncentrace BR vedly k
antioxida¢nim t¢inktim, zatimco vyssi koncentrace k prooxida¢nim nebo cytotoxickym uc¢inkiim,
¢im se potvrzuje, Ze kazdy typ bunck ma jiny préh pro BR. Pfi porovnani s LR, jsme sledovali
vyrazné niZsi toxicitu a zachovani antioxidacni kapacity v séru. LR také potlacil aktivitu vedouci
k produkci mitochondridlniho superoxidu, avSak byl méné€ u€inny v prevenci lipoperoxidace. Nase
data také potvrdily vliv BR a LR na ¢asnou fazi diferenciace NCS a schopnost LR ovliviiovat
polaritu a identitu NSC béhem c¢asného vyvoje lidského neuronu, coz mize mit klinicky vyznam,

protoZe bunécna polarita hraje vyznamnou roli béhem vyvoje CNS.

Kli¢ova slova: Metabolismus hemu, bilirubin, fotooxida¢ni produkty, novorozenecka Zloutenka



ABSTRACT

Phototherapy (PT) with blue-green light (420-490 nm) is the standard treatment for severe
neonatal jaundice to prevent infants from toxic bilirubin (BR). Upon blue-green light exposure,
BR is converted to more polar photoisomer (PI) lumirubin (LR) and the other oxidation products
(mono-, di-, tripyrrols) which can be more easily disposed of the body via urine and/or bile.
Although generally considered to be safe, PT is accompanied by an increased risk of various
pathophysiological conditions (inflammatory processes, allergies, diabetes, and some types of
cancer), in extremely low-birth-weight newborns. Thus, to account for these consequences, our
study aimed to understand the mechanism of BR secretion in different tissues and cell lines and
investigate the bioactive properties of BR and its main photooxidation product LR.

At first, we focused on the detection of BR in the bile and feces of hyperbilirubinemic
Gunn rats. Simultaneously, we tested the antioxidant and pro-oxidant effects of unconjugated BR
in human hepatoblastoma (HepG2), proximal tubular (HK2), neuroblastoma (SH-SY5Y), and
murine endothelial (H5V) cells by exposing them to progressively increasing concentrations of
BR. To compare the BR and LR effects on metabolic and oxidative stress markers, the biological
activities were investigated in vitro on human hepatoblastoma (HepG2), fibroblast (MRC5), and
murine macrophage (RAW 264.7) cells. We also focused on proliferation, morphology, expression
of specific genes and proteins, and differentiation of neural stem cells (NSC).

Our experiments confirmed no link between the regulation of transintestinal cholesterol
excretion and plasma concentrations of unconjugated BR in Gunn rats. We observed in all studied
cell lines, that low concentrations of BR exhibit antioxidant effects, whereas higher concentrations
exhibit a prooxidant or cytotoxic effect, confirming that each cell type has a different threshold for
BR. When compared to LR, significantly lower toxicity and maintenance of antioxidant capacity
in serum were observed. LR also suppressed the activity leading to mitochondrial superoxide
production but was less effective in preventing lipoperoxidation. Our data also confirmed the effect
of BR and LR on the early phase of NCS differentiation and the ability of LR to influence the
polarity and identity of NSCs during early human neuronal development, which may have clinical

relevance since cell polarity has an important role during CNS development.

Key words: Haem metabolism, bilirubin, photo-oxidation products, neonatal jaundice
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1 INTRODUCTION

1.1 Heme catabolism

Heme is an important iron-containing cyclic tetrapyrrolic molecule expressed ubiquitously
in organisms which serves as a prosthetic group for a variety of hemoproteins including
hemoglobin, myoglobin, cytochrome P-450, catalase, peroxidase, tryptophan pyrrolase,
cytochrome b5, and mitochondrial cytochromes which are implicated in multiple cellular functions
including oxygen transport, energy generation, defence against increased oxidative stress or cell
signalling (Vitek & Ostrow, 2009) (Jayanti et al., 2020) (B. Wu et al., 2019). Due to 65-75 % of
the iron pool in the human body being derived from heme, this molecule also acts as a major
storage of bioavailable iron (Korolnek & Hamza, 2014) (Schultz et al., 2010). After its release
from red blood cells, heme is bound to hemopexin or haptoglobin and recycled or transported back

to the splenic sinusoids in reticuloendothelial system where its degradation process occurs

(Schultz et al., 2010).

The mammalian heme degradation pathway (Fig. 1) consists of two enzymatic steps, which
are mediated by heme oxygenase (HMOX) and biliverdin reductase (BLVR) (Maines, 2005).
HMOX is the enzyme classified as oxidoreductase crucial for the first step of the heme
degradation. HMOX system consists of HMOX and NADPH-cytochrome P450 reductase with
the protective effect of cells against heme-induced oxidative stimuli (B. Wu et al., 2019). The
process of heme degradation is initiated when HMOX catalyses the opening of the heme ring at o
-carbon bridge to yield equimolar quantities of non-toxic polar biliverdin (BV) with tetrapyrrole
structure, carbon monoxide (CO) and free iron with the consumption of three molecules of oxygen
(O2) and the reducing equivalent of NADPH (Otterbein & Choi, 2000). After this cleavage, BV is
directly converted by reduction of the middle -CH= bridge into non-polar unconjugated BR mainly
by the cytosolic enzyme BVR with a unique feature which increases the production of bilirubin

and thus enhancing defence against oxidative stress (Tenhunen et al., 1972) (Salim et al., 2001).
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Fig.1. Heme degradation pathway. Conversion of heme molecule generates an equimolar amount
of CO, ferrous ion (Fe’"), and biliverdin which is subsequently reduced by biliverdin reductase to

non-polar unconjugated bilirubin [Xa — 47, 15Z. Modified from (Nocentini et al., 2022).

The presence of unconjugated BR produced entirely from the degradation of heme and
heme proteins is 4.4 £ 0.7 mg/kg (Berk et al., 1974) accounting for an average of 300 — 375 mg of
daily de novo unconjugated BR production (Salehi et al., 2014). Of this amount, 75% to 80% of
unconjugated BR derives from hemoglobin released during destruction of senescent red blood cells
in the reticuloendothelial system (Salehi et al., 2014). The remaining 25% of unconjugated BR
synthesis is derived from non-hemoglobin heme proteins in the liver, from accelerated destruction
in the spleen of immature or defectively formed red cells, and the bone marrow from heme formed

in excess of globin (Vitek & Ostrow, 2009).

1.2 Bilirubin metabolism

Unconjugated BR was discovered in 1847 by Dr. Virchow. Its chemical tetrapyrrolic structure was
defined by Fischer and Orth in 1937 (Tschesche, 1938) and in 1942 its successful synthesis was
reported (Fisher H. & Plieninger H., 1942).



1.2.1 Bilirubin structure

The natural bilirubin in humans is the unconjugated BR IXa 4Z,15Z molecule and its other
isoforms include Illa and XIIlo isomers formed by a nonenzymatic process so called molecular

scrambling, in which unconjugated BR IXa is split into two halves which then randomly re-

assemble (Fig. 2) (Vitek & Ostrow, 2009).
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Fig.2. Formation of bilirubin IXa, the dominant bilirubin molecule in the circulation, and its

constitutional isomers Illa and XIIla formed by dipyrrole exchange reaction. Modified from

(Itoh et al., 2017).
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The structure of unconjugated BR IXa 4Z,15Z molecule is nearly symmetrical and
composed of two planar dipyrrole units (rings A-B and C-D) joined to each other by a central
methylene group (-CH2-). In each dipyrrolic half, the two monopyrroles are linked by an
unsaturated (double-bonded) methene group (-CH=) and lie in the same plane. Each outer pyrrole
rings (A & D) have a polar lactam (-CO-NH-) group, while each central pyrrole ring (B & C)
carries a carboxyethyl sidechain (-CH2-CH2-COOH), which can ionize by loss of the terminal
proton. The remaining sites on the pyrrole rings are occupied by ethyl (-CH3) and vinyl (-
CH=CH2) substituents; these are asymmetrically arranged in the A and D rings, giving to
unconjugated BR optical activity (Fig. 3) (Vitek & Ostrow, 2009).
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Fig. 3. Bilirubin-IX a molecule and its nomenclature (A) with visualization of an internal

hydrogen bonds in its molecular configuration (B). Modified from (Itoh et al., 2017) (Kou &

Wang, 2022).
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Due to an internal hydrogen bonding of its polar groups hidden from interaction with water
molecules (Fig. 3B), unconjugated BR appears to have very low solubility in aqueous media -
ranging from 7 to 100 nM (the solubility threshold in plasma is 70 nM) at a pH of 7.4 and
temperature of 37°C (Gazzin et al., 2017) (Levitt & Levitt, 2014). Transport of non-polar
unconjugated BR in the plasma is provided mainly (90%) by bounding to human serum albumin
(HSA) and secondary (10%) to the apolipoprotein D found primarily in the high density (HDL)
(Jacobsen, 1969) (Suzuki et al., 1988) (Goessling & Zucker, 2000) or by high-affinity bilirubin
transporter al-fetoprotein in the fetus and early neonates (Aoyagi et al., 1979). Only < 0.1% of the
concentration of unconjugated BR in plasma is not bound to any carrier molecule and is termed as
»free unconjugated bilirubin® (Bf) which represent a fraction with the ability to diffuse into tissues

leading to cytotoxicity (Calligaris et al., 2007).

1.2.2 Transport and excretion of bilirubin

HSA with the primary high-affinity site binds one mol of unconjugated BR dianion through
ionic bonds of its -COO™ groups with the terminal -NH" groups of two lysine residues in an
otherwise hydrophobic pocket (Gazzin et al., 2017). Binding with albumin keeps BR dissolved in
the circulation and prevents excessive amounts of Bf from passing through membranes when
accumulating in cells with the exertion of cytotoxic effects (Lauff et al., 1983). Unbound
unconjugated BR and its albumin enter the hepatocyte complex predominantly via passive
diffusion across the porous sinusoidal endothelium to reach the basolateral membrane of the
hepatocytes (Cui et al., 2001) (Briz et al., 2006). The conjugation of unconjugated BR in
hepatocytes occurs when one or both -COOH groups are modified by covalent attachment of 1- 2
molecules of glucuronic acid by the action of the UDP- glucuronosyl transferase 1A1 isoform
(UGT1A1), resulting information of conjugated bilirubin (Fig. 4) (Gazzin et al., 2017). Substantial
fraction of bilirubin conjugates might be transported by the multidrug resistance-associated protein
MRP3 at the sinusoidal membrane into the blood, from where is subsequently reuptaken by
sinusoidal membrane-bound organic anion transporting polypeptides (OATP) 1B1 and 1B3 of
downstream hepatocyte to prevent oversaturation of canalicular excretion mechanism in periportal
hepatocytes (Sticova, 2013a). The activity of UGT1A1 is under hormonal control enhancing

progesterone and inhibiting testosterone activity (Muraca & Fevery, 1984). In the following step,
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the excretion of conjugated BR into bile through the bile canaliculi is mediated by an ATP-
dependent transporter identified as the multidrug resistance-associated protein MRP2/cMOAT
and, to a lesser extent, also by ATP-binding cassette (ABC) efflux transporter ABCG2 (Sticova,
2013a). The absence of functionally active MRP2 prevents the secretion of conjugated BR into the
bile and redirects this conjugate into sinusoidal blood (Gartung & Matern, 1997). Due to
differences in the expression of the transporters OATP1B1/3 at the sinusoidal face which increases
from the portal to the centrilobular space intralobular transport system (the sinusoidal liver- to-
blood loop) is formed with the possible protecting function of the periportal hepatocytes from the

excessive bilirubin and xenobiotics accumulation (Gazzin et al., 2017) (Sticova, 2013Db).
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Fig. 4. Intracellular and extracellular metabolism of bilirubin. Modified from (Gazzin et al.,

2017) and (Stevenson DK et al., 2012).

The vast majority of conjugated BR absorbed in the small intestine is deconjugated to

unconjugated BR by the action of B-glucuronidases and reduced by the coliform bacteria to
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urobilinogen and stercobilinogen (Fig. 5). However, a part is excreted as unconjugated BR (Vitek
et al., 2000) (Morelli, 2008) (Gritz & Bhandari, 2015). Most of the urobilinogen undergoes
oxidation and feces excretion. Only a tiny fraction is filtered by the kidney and excreted in the
urine due to enterohepatic / enterosystemic circulation. Under certain conditions, a small amount
of unconjugated BR can also undergo these reabsorption processes. However, the reabsorption of
a small amount of unconjugated BR occurs in the colon when delivered by portal circulation back

to the liver (Vitek et al., 2000) (Tiribelli & Ostrow, 2005).
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1. 3 Biological properties of bilirubin

Our understanding of bilirubin, originally considered only as a waste substance associated
with liver disease, has rapidly changed during the recent fifty years of active in vivo and in vitro
research. BR is now regarded as a molecule with many intricate biological functions from cell
signalling (behaving almost like a “real” hormonal substance), and modulation of metabolism, to
immune regulation, affecting biological activities with apparent clinical and even therapeutic
consequences. These may indicate the lower incidence of civilization diseases such as diabetes,
obesity, cardiovascular diseases, arterial hypertension, metabolic syndrome, certain cancers, and
autoimmune or neurodegenerative diseases observed in individuals with chronic mild
unconjugated hyperbilirubinemia. Meanwhile, high concentrations of bilirubin are associated with

the opposite effect when becomes toxic (Vitek & Tiribelli, 2021) .

1.3.1 Positive effects of bilirubin

As early as the 1950s, research shows the protection effects of BR against lipid oxidation
such as vitamin A or linoleic acid (Pranty et al., 2022) but intensive research of its antioxidant
effects began later on in 1987 with a ground-breaking study of Roland Stocker found the ability
of BR to inhibit fatty acid oxidation (Stocker, Yamamoto, et al., 1987a). In the research of Wu et
al. was confirmed and demonstrated 20 times more effective antioxidant effect of BR than a
vitamin E analogue Trolox (T.-W. Wu et al., 1994). These antioxidant effects are mainly due to
the presence of the tetrapyrrole C-10 methylene group which provides an electron to reactive
oxygen species (ROS) and serves as a free radical scavenger. However, when compared with the
other antioxidants, BR physiological concentrations in the human body are relatively low and not
sufficient to provide such intensive protection that has been observed in many clinical and
experimental studies in relation to BR (Jansen & Daiber, 2012), (Gazzin et al., 2016),
(DiNicolantonio et al., 2018).

A possible explanation is the existence of the so-called called biliverdin-bilirubin redox
cycle (Fig. 1.) when BR is oxidized by ROS (hydrogen peroxide, lipid peroxide, or peroxyl
radicals) back to BV and later on enzymatically regenerated back to BR (Greenberg, 2002),
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(Sedlak et al., 2009). In addition, BR enhances its antioxidant effect by inhibition of the common
isoforms of the NADPH-oxidase enzyme which represent the superoxide-releasing complexes in
the cells (Lanone et al., 2005), prevent peroxidation of proteins (Stocker & Ames, 1987),
phospholipids (Sedlak et al., 2009), or LDL protein (T.-W. Wu et al., 1994) and reduce protein
carbonylation. BR also reduces oxidative liver damage induced by the accumulation of bile acids
during cholestasis (Muchova et al., 2011) and counteracts the harmful effects of pro-oxidants
including bile acids in vitro and in vivo (Zelenka et al., 2012). The association between BR
concentration and total serum antioxidant capacity is affecting the development of coronary heart
disease (Schwertner et al., 1994) specifically, in middle-aged individuals with Gilbert's syndrome,
when the incidence of coronary heart disease was 2% compared to the general population in the
same age group, where this risk was up to 12% (Sedlak & Snyder, 2004). Another function of BR
as an antioxidant is present in human vascular endothelial cells (Ziberna et al., 2016), and at low

concentrations protects neuronal cells from oxidative stress (Dor¢ et al., 1999).

Moderately elevated concentrations of BR are considered to be protective and directly
associated with reduced atherosclerotic plaque formation in carotid arteries, which decreases the
risk of stroke (Ishizaka et al., 2001) and reduction of developing atherosclerosis in the general
population (Novotny & Vitek, 2003). On contrary, the concentration of BR below 7 pmol/L
increased risk of developing systemic diseases associated with higher oxidative stress (Wagner et
al., 2015), including systemic lupus erythematosus (Vitek et al., 2010), multiple sclerosis (Peng et
al., 2011), asthma (Horsfall et al., 2014), diabetes (Abbasi et al., 2015), hypertension (L. Wang &
Bautista, 2015), and obesity (DiNicolantonio et al., 2018) or certain forms of cancer such as colon

cancer (Temme et al., 2001).

Other important data were brought in experimental and clinical studies focused on the anti-
inflammatory effects of BR with the first consistent evidence seen almost 80 years ago in patients
with rheumatoid arthritis, who experienced a surprising alleviation of symptoms as a result of the
development of liver disease due to increased BR concentrations (Sidel & Abrams, 1934) (Hench,
1938). Later on, in 2010, a large epidemiological study demonstrated a direct association between
a reduced risk of developing rheumatoid arthritis and higher total serum BR concentrations

(Fischman, 2010). When comparing the patients with ulcerative colitis or primary sclerosing
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cholangitis and hyperbilirubinemia when a higher concentration of BR was observed milder colitis
occurred (Papatheodoridis et al., 1998). Likewise with Gilbert's syndrome when BR is naturally
increased, individuals have a reduced predisposition for the development of inflammatory bowel

disease (Crohn's disease) (Lenicek et al., 2014) (Jangi et al., 2013).

1.3.2 Toxicity of bilirubin

Excessively elevated concentrations of BR are toxic due to the binding capacity of albumin
being exceeded and Bf permeates the plasma membrane into the intracellular space which has the
ability to interfere with the respiratory chain by inhibiting mitochondrial enzymes (Diamond,
1970) (Mancuso, 2017) resulting in the release and accumulation of cytochrome c into the cytosol,
decrease in mitochondrial membrane potential with disruption of lipid or protein membrane
structure and finally to the induction of apoptosis (Rodrigues, Sol4, & Brites, 2002a). Bf has many
other negative effects on the cell including inhibition of protein kinases like cAMP, cGMP, or Ca**
dependent kinase affecting cellular phosphorylation (Hansen et al., 1996), inhibition of DNA
synthesis (Yamada et al., 1977), or neuronal proteins (Gurba & Zand, 1974). High concentrations
of BR lead to the inhibition of ion exchange and water transport in renal cells (Dennery et al.,
2001). Due to its affinity for membrane phospholipids, BR inhibits also tyrosine uptake (Amato et
al., 1994) and in the auditory nerve may disrupt neuroexcitation signals (Dennery et al., 2001).
When focused on in vivo experiments, the toxicity of BR in the central nervous system (CNS) was
observed in the brainstem, cerebral cortex, hippocampus, basal ganglia, and Purkinje cells (Ahdab-
Barmada & Moossy, 1984) (Ahlfors & Shapiro, 2001) (Watchko, 2006) (Ye et al., 2019).
Observations of high concentrations of BR in vitro reveal toxicity in astrocytes (Deliktas et al.,

2019), neurons (Grojean et al., 2000), and organotypic brain sections (Dani et al., 2019).

1.3.3 Hyperbilirubinemia

Physiological total serum bilirubin concentration varies within the range of 0.2- 1 mg/dL
(3.4-17.1 pmol/L) (Gazzin et al., 2017). Elevated concentrations above 17 umol/L so called
hyperbilirubinemia are related to impaired BR metabolism (Strassburg, 2010). Once bilirubin

levels in the circulation rise above its physiological concentrations, icteric discoloration of sclera,
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mucosal surfaces and skin is observed. Much more severe hyperbilirubinemias (usually above 340
umol/L) could be accompanied with deleterious bilirubin effects, among them bilirubin-induced
neurological dysfunction and kernicterus being the worst and most dangerous complications

(Watchko & Tiribelli, 2013).

Hyperbilirubinemias can be classified into conjugated (postmicrosomal), unconjugated
(premicrosomal), and mixed hyperbilirubinemias (van Dijk et al, 2015). Conjugated
hyperbilirubinemias are caused mainly by extrahepatic cholestasis (biliary obstruction),
intrahepatic cholestasis (viral and alcoholic hepatitis, steatohepatitis, intrahepatic cholestasis of
pregnancy, posttransplant conditions, etc.), when compared with mixed hyperbilirubinemias
caused by hepatocellular damage (toxic, infectious, immunological, systemic damage, neoplasms,
etc.) (Krige, 2001) (Stratta et al., 1989) (Brumbaugh & Mack, 2012) (Mendenhall et al., 1984).
Unconjugated hyperbilirubinemias are caused mainly by following pathophysiological
mechanisms: BR overproduction (intra/extravascular hemolysis, erythrocyte phagocytosis during
extravasation, defective haemoglobin synthesis, impaired uptake of BR by the hepatocyte (during
the administration of drugs such as certain antibiotics, etc.) and by impaired bilirubin conjugation
due to UGT1A1 activity such as in Gilbert syndrome, Crigler-Najjar syndrome type I and II or due
to its inhibition by specific drugs such as antibiotics, antivirotic atazanavir or irinotecan (Robinson
et al., 1962) (Kenwright & Levi, 1974) (Bosma, 2003) (Muchova et al., 2004) (Dhawan et al.,
2005) (Strassburg, 2010).
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Fig. 6. Differential diagnostic approach to hyperbilirubinemia. Moditied from (Strassburg,
2010).

1.3.4 Neonatal jaundice

Neonatal jaundice, one of the most common clinical conditions in the newborn period, is
defined as the elevation of a total serum bilirubin concentration above 85 umol/L (Stevenson DK
et al., 2012). Nearly 60% of term and 80% of preterm infants develop jaundice in the first week of
life, and 10% of breastfed infants remain jaundiced until 1 month of age (Olusanya et al., 2014)
(Battersby et al., 2017). Neonatal jaundice has multifactorial pathogenesis due to an imbalance
between the production and excretion of bilirubin after birth (Hakan et al., 2015). The most
important factors involved in its manifestation include immaturity of the blood-brain barrier, which

is, therefore, more permeable to Bf, and immaturity of hepatic transporters and glucuronosylation
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mechanisms, where the body is unable to rapidly adapt to BR overproduction shortly after birth
(Shapiro et al., 2006).

Mild to moderate neonatal jaundice is associated with protection from the development of
various oxidative stress-mediated diseases and resolves spontaneously within a few days after
birth. However, other risk factors such as low birth weight, ABO and rhesus blood group
incompatibility, glucose-6-phosphate dehydrogenase (G6PD) deficiency, neonatal immaturity,
sepsis, or breastfeeding are all prerequisites for the manifestation of severe neonatal
hyperbilirubinemia with bilirubin concentrations above 342 umol/L which could lead to
accumulation of bilirubin in the basal ganglia and brainstem nuclei, resulting in acute or chronic
bilirubin neurotoxicity and the risk of subsequent kernicterus which may result in acute bilirubin
encephalopathy with clinical significance (MacDonald, 1995) (Dennery et al., 2001) (Watchko,
2003) (Ostrow et al., 2004) (Shapiro et al., 2006).

Many therapeutic approaches have been attempted in the past for the treatment of severe
neonatal jaundice. To reduce the toxic effects of BR is still commonly used as the golden standard
phototherapy (PT) with blue-green light (450-510 nm) in which BR is converted into more polar
photoisomers that can be easily disposed of the body (McDonagh et al., 2009).

1.5 Phototherapy

During the neonatal period and 5-10% of them require treatment by phototherapy with
visible light for which the range of wavelengths between 450 and 510 nm is the most effective

(Bhutani & Johnson-Hamerman, 2015).

PT for unconjugated hyperbilirubinemia was discovered in 1958 by the team of Cremer et
al. (Cremer et al., 1958) and later on in 1968 the first studies focused on the evaluation of the
efficacy and safety were performed by the Lucey and co-workers (Lucey et al., 1968). The
principle of this therapy has been based on the photoconversion of bilirubin to its more polar
structural photo-isomers and photo-oxidative products easily excreted from the body by urine
and/or bile (Fig. 7.) (McDonagh, 2001). Considering the fact that bilirubin concentrations in

neonates can change within hours, it is quite difficult to determine the appropriate phototherapeutic
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treatment and its recommendations are constantly being updated (Porter & Dennis, 2002) (Hansen
et al., 2020). The guidelines for clinics that use the definitions for quality of evidence and balance
of benefits and harms established by the AAP Steering Committee on Quality Improvement
Management when PT used for infants at age 25 - 48 hours with bilirubin levels above 256 pumol/L,
infants at age 49 - 72 hours with levels 308 pumol/L, and infants older than 72 hours with bilirubin
levels above 342 umol/L (Porter & Dennis, 2002) (Kemper et al., 2022).

Increasing skin transmittance

>
SPECTRUM OF LIGHT
Blue most effective
(460-490nm)
— T
380 430 480 530 580 630
Wavelength (nm)
Light source ‘
v —/ \— ‘ IRRADIANCE
DISTANCE Standard PT:
Maximize irradiance about 10 pW/cm?/nm
by minimizing "
patient to light source —afy Intensive PT:
distance ~ % /. 4 =30 p W/ecm?/nm
(430-490 nm)
Light source

SKIN AREA EXPOSED
Maximize for intensive phototherapy
with additonal light source below infant

Fig. 7. The principle of phototherapeutic treatment. Modified from (Maisels & McDonagh,
2008).

Even though PT is worldwide used as the golden standard, is accompanied with side effects
such as development of a bronze baby syndrome, water loss, impairment of thermoregulation,
damage to unprotected eyes, and/or hypocalcaemia (Stevenson DK et al., 2012) (Khan et al.,
2016). Surprisingly, recent studies suggest that PT might also be associated with an increased risk
of ileus (Raghavan et al., 2005), allergic diseases (Wei et al., 2015), type 1 diabetes (McNamee et
al., 2012), cancer (Wickremasinghe et al., 2016) (Cnattingius et al., 1995), and even mortality
(Arnold et al., 2014; Morris et al., 2008) especially in extremely low birthweight (ELBW)

neonates. The principle of the whole process is to reduce serum bilirubin concentrations and thus
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the toxic effects by transformation of unconjugated BR into easily excreted photoproducts

(McDonagh et al., 2009).

1.5.1 Bilirubin photoisomers

During the therapeutic approach, BR is transformed by the action of blue or blue-green
light (within the wavelength range 450 - 510 nm, close to the absorption maximum of BR) into its
structural BR photoisomers (PI) (Maisels & McDonagh, 2008). Exact structures of PI were
established by McDonagh et al. and Onishi et al. (McDonagh et al.1982) (McDonagh & Assisi,
1972) (Onishi et al., 1984) (McDonagh et al., 2009b). Configurational isomerization of BR leads
to the fast and reversible formation of ZE- and EZ-bilirubin when compared to structural
isomerization that leads to an irreversible change of BR into the most important PI E- and Z-

lumirubin (Fig. 8.) (Onishi et al., 1984).

HOOC COOH

4E, 15E-bilirubin
HOOC coon/ \ HOOC COOH
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4E, 15Z-bilirubin 42, 15E-bilirubin
\\\ HOOC COOH /
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Fig. 8. Linear 2-dimensional representations of the chemical structures of bilirubin IX and its
major PI lumirubin with photochemical interconversion pathways. Modified from (McDonagh

et al., 2009).
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Bilirubin PI could be detected by HPLC and LCMS/MS in bile, serum, and urine but none
of these methods has been used in clinical practice. In 1982, McDonagh and co-workers focused
on the LR determination, but this method has limited resolution of the separated PI (McDonagh,
Palma, Trull, et al., 1982). Later on, another method based on the correction of the HPLC
chromatogram peak areas according to the different relative molar absorption coefficients of
bilirubin PI was established, but this method was not tested on the clinical samples (Itoh et al.,
1999). Latest research from Jasprova and co-workers established a sensitive LC-MS/MS method
for simultaneous determination of LR in HSA spiked with BR when exposed to continuous PT and
in the serum of neonates that undergoes PT to understand the kinetics of bilirubin PI. Surprisingly,
very low concentrations of LR 6.4 + 2.9 umol/L were observed in the serum of neonates, despite
a dramatic decrease in unconjugated BR concentrations. When compared to the spiked HSA, LR
was produced at a 24% yield from unconjugated BR, giving LR concentrations of 75 pumol/L and
the sum of the LR with unconjugated BR molar concentrations accounted only for 43% of the
initial unconjugated BR concentration. After 6h of irradiation LR concentrations decreased to only
3 umol/L and the mass balance changed dramatically (Jasprova et al., 2020). The possible main
factors accounting for the low concentration of LR in clinical samples are certainly the increased
excretion of LR and bilirubin photoproducts via the urine and bile (McDonagh, 1985) and the
efficient degradation to the secondary photoproducts (most likely tri-, di-, and monopyrroles)
(Jasprova et al., 2020). However, no quantitative data focused on the efficiency of LR
photoproduction, distribution among different biological compartments, or even its transfer across
the blood-brain barrier exist. Difficulties in establishing such an analytical methods are most
importantly related to the low stability of bile pigments and their photodegradation products,

resulting in both preanalytical as well as analytical problems.

Another studies from Jasprova and co-workers (Jasprova et al., 2016) (Jasprova et al.,
2018) focused on in vitro effects of bilirubin photo-oxidative products on cell viability using three
CNC models (SH-SY5Y a human neuroblastoma line, U-87 a human glioblastoma line, and HMC3
a human microglial line) did not result to any negative effect on the cell viability even when a high
concentration of LR (25 umol/L) was used. A similar observation was explored when performed
in vivo studies using organotypic rat hippocampal slices, which is more representative of the

complex physiologic multicellular environment. Moreover, these findings are consistent with the
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early studies of Silberberg and co-workers who did not detect any toxic effects of photo-irradiated
bilirubin on myelinating cerebellum cultures (Silberberg et al., 1970). Surprisingly, when JaSprova
and co-workers focused on the effect of LR on the expression of pro-inflammatory genes (TNF-a,
IL-1B, IL-6, and cyclooxygenase-2 (COX-2)), increasing expression of all studied pro-
inflammatory genes was observed. LR, although not affecting the viability of neuronal cells
(Falcao et al.,, 2006), can produce pro-inflammatory cytokines (Jasprova et al., 2018a).
Collectively, all viability studies demonstrated that short-term exposure to LR did not lead to cell

damage or apoptosis.

1.5.2 Bilirubin oxidation products

Photochemical reactions of bilirubin occurring during light exposure lead to the formation
of more polar bilirubin oxidative metabolites (JaSprovd et al., 2018). Although these
photodegradation products are generally regarded as being benign (Stevenson DK et al., 2012),
potential biological effects have never been properly investigated. These metabolites are divided

into tripyrrolic, dipyrrolic, and monopyrrolic degradation products.

The first group of BR oxidation products are tripyrrolic biopyrrins firstly discovered and
studied by Yamaguchi and co-workers in 1994 as diazo-negative pigments. They identified by
mass spectroscopy (MS) and nuclear magnetic resonance (NMR) the structure of two metabolites
1,14,15,17-tetrahydro-2,7,13-trimethyl-1,14-dioxo-3vinyl-16H-tripyrrin-8,12-dipropionic  acid
(biopyrrin a) andl,14,15,17-tetrahydro-3,7,13-trimethyl-1,14-dioxo-2-vinyl-16H-tripyrrin-8,12-
dipropionic acid (biopyrrin b) (Fig. 9.) from the urine of healthy people using anti-bilirubin
monoclonal antibody 24G7 (Yamaguchi et al., 1994).

Biopyrrins were observed in higher concentrations in the urine of the patients who
underwent laparotomy (Yamaguchi et al., 1994), after acute myocardial infarction (KUNII et al.,
2009) and in the urine of mice exposed to social stress (Miyashita et al., 2006). The higher levels
of biopyrrins were also found in patients with schizophrenia (Yasukawa et al., 2007) and during
pregnancy were related to the smoking of mothers (Matsuzaki et al., 2014). Biopyrrins levels were

studied by Vitek and co-workers in subjects with Gilbert syndrome (GS) who demonstrated that
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mild hyperbilirubinemia protecting from oxidative stress is associated with decreased urinary
biopyrrin excretion (Vitek et al., 2007). Moreover, tripyrrols were also confirmed as markers of
increased oxidative stress in rats subjected to endotoxin treatment (Yamaguchi et al., 1995)
(Yamaguchi et al., 1997) or fenofibrate treatment (Kobayashi et al., 2003), as well as in the hepatic

ischemia-reperfusion model in the rat (Yamaguchi et al., 1996).

COOH HOOC,

A)

Ir=
Ir=
Ir=z

COOH HOOC

B)

N A A

Fig. 9. Structure of biopyrrin a (A) and biopyrrin b (B). Modified from (Jasprova et al., 2018).

The second group of BR oxidation products are dipyrrolic propentdyopents, products of
oxidative degradation of BR (Fig. 10.) firstly discovered by Stokvis and co-workers in 1870 by
alkalization of icteral urine when its red coloration was observed and in 1934 by Bengold and co-
workers (Dolphin, 1978). In 1957 was described a chromatographic and electrophoretic method to
characterize propentdyopents by Heikel and co-workers (Heikel, 1958). Propentdyopents can be
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possibly determined by Stokvis reaction spectrometrically at 525 nm (Ostrow et al., 1961), and the
first discovery of their in vitro formation was reported in 1972 (Lightner & Quistad, 1972).
Lightner and co-workers observed the production of these dipyrrols in the urine of newborn
undergoing PT (Lightner et al., 1984) and the same results were demonstrated by Kunikata and
co-workers when also oxidation of BR to propentdyopents during PT in neonates was observed
(Kunikata et al., 2000). The latest research from Joerk and co-workers performed experiments
when propentdyopents have been considered potential additional effectors in the development of
arterial vasoconstriction and are present in the cerebrospinal fluid of patients with subarachnoid

hemorrhage (SAH) (Joerk et al., 2019).

HO 0 HO 0
Propentdoypents (PDPs)
A1 A2 B1 B2

Fig. 10. Structure of propentdyopents. Modified from (Ritter et al., 2016).

The third group of BR oxidation products are mono-pyrrolic BOXes A-D (Fig. 11.). BOX
A, 2-(4-methyl-5-0x0-3-vinyl-1,5-dihydro-2H-pyrrol-2-ylidene)acetamide and BOX B, 2-(3-
methyl-5-0x0-4-vinyl-1,5-dihydro-2H-pyrrol-2-ylidene)acetamide were identified as first in the
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cerebrospinal fluid of patients after SAH with developed cerebral vasospasm (Kranc et al., 2000).
Later in 2008 a significant production of BOXes, malondialdehyde, and superoxide dismutase,
indicating a potent oxidizing environment was observed by Clark and co-workers in hematomas
from the porcine model of intracerebral hemorrhage (ICH). To confirm the formation of bioactive
molecules such as BOX-es by oxidation of UCB, Clark and co-workers synthesized in vitro BOX-
es by oxidation of UCB at room temperature with a large excess of hydrogen peroxide. These
results suggest potent oxidation processes in hematoma when the conversion of bilirubin to BOX-
es is associated with a biochemical state that may cause or contribute to pathological sequelae after

ICH (Clark et al., 2008).
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Fig. 11. The structure of bilirubin oxidation end products (BOX A-D) via intermediately
formed di-pyrrolic propentdyopents (PDP) depicted in frames. Modified from (Schulze et al.,
2019).



Total synthesis and characterization of BOX A and BOX B were performed by Seidel and
co-workers via a five-step de novo synthesis (Seidel et al., 2014), and determination of these
compounds in HSA was performed by LC-MS/MS one year later (Seidel et al., 2015). The total
synthesis with NMR characterization of the BR oxidation end product BOX C (Z)-3-(5-(2-amino-
2-oxoethylidene)-4-methyl-2-0x0-2,5-dihydro-1H-pyrrol-3-yl)propanoic acid and its isomeric
form BOX D (Z)-3-(2-(2-amino-2-oxoethylidene)-4-methyl-5-0x0-2,5-dihydro-1H-pyrrol-3-
yl)propanoic acid which might not be a direct product of oxidative degradation of BR but could
derive from heme were performed by Schulze and co-workers (Schulze et al., 2019). Jasprova and
co-workers demonstrated that BOX A and B are toxic in vitro only in very high, non-physiological

concentrations contrasting to data published in SAH patients (Jasprova et al., 2018).
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2 AIMS

The aim of this thesis was to study the biological properties of BR and its most common

photoisomer LR. Specifically, our aims were:

» Isolation of LR for in vitro studies in cell lines.

» Determination of the BR excretion in different tissues and cell populations.

» Establishment of the intracellular unconjugated BR concentrations thresholds

differentiating between anti- and pro-oxidant effects in different cell populations.

» Determination of the BR and LR stability and its effects on metabolic and oxidative stress

markers in different cell populations.
* Determination of the effect of BR and LR on the proliferation, morphology, specific gene
and protein expression, and differentiation of self-renewing neural stem cells (NSC)

derived from human pluripotent stem cells (hPSC)

* Visualization of predicted morphological and genomic changes of NSC by 3D super-

resolution microscopy.
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3 METHODS

Following list represents the methods used in the submitted dissertation thesis by author.
Detail description and other information about particular methods are listed in publications related

to this thesis in section “Materials and Methods”.

. Cultivation of immortalized cell lines (HEPG2, SH-SY5Y, MRCS5, RAW 264.7)
. Cultivation and differentiation of neurons (CoMo-NSC derived from ESI-017)

. Preparation and purification of BR and LR

. Stability and detection of BR and LR (LC-MS/MS)

. Detection of LR fragments (LC-MS/MS)

. Quantification of TNFa and FGF21 proteins (ELISA)

. Analysis of intracellular metabolites of the TCA Cycle (GC-MS)

. Viability/cytotoxicity measurement (MTT Assay)

. Determination if the glycolytic reserve (Oxygen Consumption Rate - OCR Seahorse)
. Cell cycle analyses (Flow cytometry)

. RNA isolation and Real-Time qPCR

. Western blot analyses

. DNA damage analyses (Comet Assay)

. Immunofluorescence and 3D Cell Imaging (fluorescent microscopy)

. Statistical analyses
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4 RESULTS

The results of this thesis are presented in the form of four original manuscripts focused on
BR and LR metabolism. Each publication is separately discussed in the context with current

literature.

1 BLANKESTIJIN, Maike, Ivo P. VAN DE PEPPEL, Ale§ DVORAK, Nikola CAPKOVA, Libor
VITEK, Johan W. JONKER & Henkjan J. VERKADE.

Induction of fecal cholesterol excretion is not effective for the treatment of hyperbilirubinemia in

Gunn rats.2021, Pediatric Research 89, 510-517.

2 BIANCO, Annalisa, Ale§ DVORAK, Nikola CAPKOVA, Camille GIRONDE, Claudio
TIRIBELLI, Christophe FURGER, Libor VITEK, and Cristina BELLAROSA.

The extent of intracellular accumulation of bilirubin determines its anti- or pro-oxidant effect.

2021, International Journal of Molecular Sciences 21, no. 21: 8101.

3 DVORAK, Ales, Katefina POSPISILOVA, Katefina ZIZALOVA, Nikola CAPKOVA, Lucie
MUCHOVA, Marek VECKA, Nikola VRZACKOVA, Jana KRIZOVA, Jaroslav ZELENKA,
Libor VITEK.

The effects of bilirubin and lumirubin on metabolic and oxidative stress markers. 2021, Frontiers

Pharmacology 12, 567001.

4 CAPKOVA, Nikola, Veronika POSPISILOVA, Veronika FEDOROVA, Jan RASKA, Katefina
POSPISILOVA, Matteo DAL BEN, Ale§ DVORAK, Jitka VIKTOROVA, Dasa
BOHACIAKOVA, and Libor VITEK.

The effects of bilirubin and lumirubin on the differentiation of human pluripotent cell-derived

neural stem cells. 2021, Antioxidants 10, no. 10: 1532.
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S DISCUSSION

The research of a presented thesis was focused on the understanding of the fecal cholesterol
excretion related to the treatment of the hyperbilirubinemia in Gunn rats and to the biological
properties of BR and its photo-oxidation products, which might have clinical relevance in

phototherapy-treated hyperbilirubinemic neonates.

During the last decades, BR was determined as an important bioactive molecule, with
substantial toxic effects when accumulated in high concentrations within the human body
(Watchko & Tiribelli, 2013). However, mildly elevated systemic BR concentrations (such as in
Gilbert syndrome) may protect against various oxidative stress-mediated and metabolic diseases
including type 2 diabetes, cardiovascular diseases, or metabolic syndrome (Bosma et al., 1995)
(Vitek, 2012). To understand the mechanism of BR excretion in different tissues and cells that can
give us important data and information for possible therapeutic lowering of hyperbilirubinemia we
tested the hypothesis that stimulation of fecal neutral sterol (FNS) excretion lowers total plasma
bilirubin (TB) in hyperbilirubinemic Gunn rats in vivo in our paper “Induction of fecal cholesterol
excretion is not effective for the treatment of hyperbilirubinemia in Gunn rats*“. Gunn rats
are a mutant strain of Wistar rats that due to the deficiency of UGT1A1 activity exhibit lifelong
nonhemolytic unconjugated hyperbilirubinemia inherited as an autosomal recessive trait. These
rats are used as only natural mutant model for the studies that could provide important information
on BR toxicity and have helped in developing new therapeutic modalities for hyperbilirubinemia,
including cell transplantation and gene therapies (Roy-Chowdhury et al., 2020). In Gunn rats,
around 2 - 15% of intestinal unconjugated BR originates from biliary disposal, while 85 - 98% is
derived from transintestinal unconjugated BR excretion, which is stimulated by enhancement of
the fecal fatty acid excretion, which makes transintestinal bilirubin excretion the major route of
unconjugated BR disposal in Gunn rats (Kotal et al., 1997) (Nishioka et al., 2003) (Cuperus et al.,

2009). However, the underlying mechanism of these processes is not fully understood.

Since transintestinal excretion route is present for both cholesterol (TICE) and
unconjugated BR (Kotal et al., 1997) (de Boer et al., 2018) (Hatkamp et al., 2006) we assumed

that TICE - stimulated treatment could affect unconjugated BR excretion. Earlier studies showed
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that plasma unconjugated BR decreased by administration of a high-fat diet (HFD) and/or the
lipase inhibitor orlistat in Gunn rats (Nishioka et al., 2003) (Cuperus et al., 2011) and the increase
in fecal fat excretion was correlated to the decrease in plasma unconjugated BR levels (Hatkamp
et al., 2005) (Hatkamp et al., 2006). By use of radiolabelled BR, the decrease of unconjugated BR
upon orlistat was observed due to an increase in transintestinal excretion (Hafkamp et al., 2006)
and feeding HFD to mice enhanced TICE, resulting in increased fecal neural sterol (FNS) excretion
(van der Velde et al., 2008). Therefore, a possible increase in fecal unconjugated BR and
subsequent decrease in plasma unconjugated BR levels upon higher intestinal fat concentrations
could be the results of unconjugated BR “capturing” by fatty acids, meaning that the reabsorption
of unconjugated BR is decreased upon its association with non-absorbed fat in the intestinal lumen
(Nishioka et al., 2003) (Bulmer et al., 2013). However, our results showed that the transintestinal

excretion pathways for cholesterol and for unconjugated BR are not quantitatively linked.

Since liver X receptor (LXR) and farnesoid X receptor (FXR) are involved in the regulation
of the hepatic and intestinal cholesterol metabolism we inhibited intestinal cholesterol absorption
by its inhibitor ezetimibe (EZE) and stimulated TICE via LXR and FXR. However, our
observation resulted in the conclusion that neither stimulation of FNS excretion nor LXR or FXR
stimulation exerts hypobilirubinemic effects in Gunn rats, however, fecal unconjugated BR
excretion was increased. The fecal unconjugated BR excretion only accounts for an estimated ~
50% of TB turnover (van der Veere et al., 1996) and we cannot definitively determine whether the
increase was caused by increased transintestinal unconjugated BR secretion, decreased
transintestinal unconjugated BR reabsorption, or decreased intraluminal (microbial) unconjugated
BR degradation due to not proper quantitative estimation of unconjugated BR turnover. When
compared to the Gunn rats treated with a FXR agonist obeticholic acid (OCA) with or without
EZE, the lower biliary bile acid concentrations and a more hydrophilic profile since hydrophilic
muricholic bile acids inhibit intestinal cholesterol absorption, and promote FNS excretion. These
observations support another previous study when the underlying mechanism by which OCA
increases FNS excretion in mice has been suggested to be mediated by a smaller and more
hydrophilic bile acid pool (de Boer et al., 2017). Moreover, simultaneous treatment with OCA and

EZE slightly increased net intestinal cholesterol excretion further than either treatment alone.
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Therefore, most of the OCA effects are mediated through decreased cholesterol absorption in Gunn

rats, a small part of the effects could be due to direct stimulation of TICE.

Interesting data were observed while Gunn rats treated with the liver X receptor agonist
T0901317 (T09), resulting to increased bilirubin and severely increased triglycerides (TG) levels
in plasma followed by optical yellow - coloured and turbid appearance. The possible effect should
be explained by the data from another study when has been demonstrated that plasma TG levels >
12 mmol/L increase hemolysis, possibly due to increased membrane instability of erythrocytes
(Dimeski et al., 2005) since BR is a degradation product of heme metabolism and the presence of
increased hemolysis due to hypertriglyceridemia upon T09 treatment is supported by decreased
plasma-free haptoglobin concentrations which is a marker for intravascular hemolysis (Shih et al.,
2014). However, we did not have proper samples to perform another red blood cell analyses to
determine whether hemolysis had been induced. Collectively, our data suggest that FNS excretion,
LXR, or FXR activation do not result in a hypobilirubinemic effect in Gunn rats and the link
between the regulation of transintestinal excretion of cholesterol and plasma unconjugated BR

concentrations is not present.

In our second paper “The extent of intracellular accumulation of bilirubin determines
its anti- or pro-oxidant effect“ we aimed to establish the intracellular unconjugated BR
concentrations thresholds differentiating between anti- and pro-oxidant effects in vitro on the cells
derived from the normal human kidney (HK2), murine endothelium (H5V), human
hepatoblastoma (HepG2) and human neuroblastoma (SH-SY5Y) since intracellular unconjugated
BR concentration was found to be cell-specific due to several factors including the extent of
uptake, excretion, and metabolic transformation, with each of these steps differing in various
organs. Our results showed that HepG2 cells have the lowest concentrations, while the SH-SY5Y
are the most sensitive. As expected, the HepG2 cell line was less sensitive to unconjugated BR
toxicity, even at the highest concentration. Conversely, the neuronal cells appeared the most
sensitive since cytotoxicity started at the lowest unconjugated BR concentration while HK2 and

H5V showed an intermediate behaviour.
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Since cells developed multiple systems (such as enzymes with antioxidant actions
including catalase and superoxide dismutase (SOD) which together convert superoxide to water)
to protect against ROS, the principal endogenous intracellular antioxidant cytoprotective molecule
is regarded as Glutathione (GSH). However, BR has been demonstrated to be a powerful
antioxidant substance in in vitro studies (Gopinathan et al., 1994) (Farrera et al., 1994) (Marilena,
1997), suppressing oxidation more strongly than many other antioxidants, (Stocker, Yamamoto,
et al., 1987b) (Stocker, Glazer, et al., 1987) (T.-W. Wu et al., 1991). In vitro studies focused on
cells while depletion of GSH or bilirubin indicate that bilirubin is of comparable importance to
GSH in cytoprotection (Baranano et al., 2002) (Gopinathan et al., 1994). Since bilirubin has the
most potent superoxide and peroxide radical scavenger activities (Farrera et al., 1994) its potent
physiological antioxidant action is further amplified by its oxidation to biliverdin and then
recyclate by BVR back to BR (Barafiano et al., 2002). Doré and Snyder with co-workers reported
the maximal neuroprotective effects of BR in hippocampal cultures when reached at nanomolar
concentrations (10-50 nM), while at higher concentrations the prooxidant effects of BR were
observed (Dore & Snyder, 1999) and almost similar effect was reported by Liu and co-workers in
the primary cultures of oligodendrocytes (Liu et al., 2003). Latest research by Zelenka and co-
workers present data focused on long-term, mildly elevated BR concentrations resulting to
protection of mitochondria and the respiratory chain, with a concomitant decrease of ROS and pro-
inflammatory cytokine production (Zelenka et al., 2016). These observations are consistent with
another in vitro and in vivo study, demonstrating the anti-inflammatory effects of BR (Valaskova
et al., 2019). However, the exact concentration thresholds between pro- and anti-oxidant effects of

BR remain still unclear (Gazzin et al., 2012).

To test the pro-oxidant ability of unconjugated BR, we measured intracellular ROS
induction by H202 when unconjugated BR did not result in any significant increase in intracellular
ROS production in HepG2 cells even at higher concentration. On the contrary, in SH-SYS5Y cells
resulted in a threefold increase in intracellular ROS production and in H5V cells and HK2 cells
doubled the intracellular ROS concentration. These data clearly indicates that each cell type has a
different BR threshold switching between beneficial or toxic effects and expand the previous
studies by Dore and co-workers with Liu and co-workers (Dore & Snyder, 1999) (Liu et al., 2003).

Another experiment focused on the anti-oxidant effect of UCB revealed direct antioxidant activity
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of lower concentrations of unconjugated BR in all four live cell lines. For HepG2 cells, the dose
effect was measured at higher concentrations while for SH-SYSY cells at the lowest
concentrations, whereas in H5V and HK2 cells the antioxidant effect occurred at intermediate
lower unconjugated BR concentration. No cytotoxic effect was observed on HepG2 and HK2 cells
while it was present at low concentrations on SH-SYSY and at very high concentrations on HSV
cells. Since the cells use multiple systems to protect against ROS overproduction, we measured
the total reduced GSH concentrations and SOD activity. While previously observed by Giraudi
and co-workers that unconjugated BR modulated the GSH concentration in neuroblastoma cells
through the induction of the System Xc-increasing cysteine uptake and intracellular GSH content
(Giraudi et al., 2011) our results confirmed no effect of unconjugated BR on GSH concentration
except in SH-SYSY cells where the concentration increased upon a lower UCB treatment. In
addition, the induction of SOD activity was observed in the HSV, HK2, and SH-SY5Y cells at its

unconjugated BR pro-oxidant/cytotoxic concentrations while in HepG2 cell line was not affected.

While a mild elevation of BR concentration is associated with anti-oxidant effects, severe
hyperbilirubinemia can cause a permanent neurological damage in neonates. Although, PT is
worldwide used as the golden standard for the treatment of neonatal jaundice, the biological
properties of BR photoisomers and their oxidation products have not properly been investigated.
However, the still scarce data obtained until now suggests some biological activity of these
products (Jasprova et al., 2018), there is still a lack of complex data and research focused on these
molecules. The main reason should be the stability of these photo-sensitive molecules and the

difficulty in the preparation processes of bilirubin PI in their pure forms.

In our paper “The effects of bilirubin and lumirubin on metabolic and oxidative stress
markers* we aimed to compare the effects of BR and LR, the major BR photo-oxidation product,
on metabolic and oxidative stress markers. The biological activities of these pigments were
investigated on human neuroblastoma SH-SYS5Y cells, human hepatoblastoma HepG2 cells,
fibroblast-like MRCS5 cells from human lung tissue, and murine macrophage-like RAW 264.7 cells
with a focus on mitochondrial respiration, substrate metabolism, ROS production, and the overall
effects on cell viability. The stability of LR and BR in HSA and standard medium were tested

before any experiments with the biological samples. The results showed relatively fast degradation
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of LR in both relevant biological matrices and the remaining LR level after the experiment in
medium and in HSA. In contrast, BR was stable during the entire experiment. Due to the remaining
concentrations of LR from previous experiment, we focused on its stability under different oxygen
conditions (normoxia 21% O and hypoxia 1% Oz) when the presence of oxygen contributed to
LR degradation beginning only early after the start of incubation. The rate of degradation during
this time was much faster under normoxic conditions and these results suggest that the degradation

of LR can be triggered by higher oxygen concentration.

When focused on the effect of LR and BR on cell viability, LR was found to be much less
toxic and had no effect on the viability in all four cell lines even in the highest concentrations,
while all the BR concentrations were negatively correlated with cell viability. Cytotoxicity of BR
was compromised by the cellular glycolytic reserve, which indicates the capability of a cell to
respond to an energetic demand as well as how close the glycolytic function is to the cell's
theoretical maximum. The results showed that the most affected cell line was HepG2 (4Annex 3 —
Fig. 6F). Production of mitochondrial superoxide was measured for both lower and higher
concentrations of BR and LR since the highest concentration was too apoptotic and cell debris
interfered with the determination of mitochondrial superoxide. Only the higher concentrations of
LR or BR caused a significant drop in superoxide production in HepG2 and SH-SYS5Y cells while
in MRCS5 cells, even the lower concentrations were significantly efficient. Therefore, both LR and

BR were almost equally capable of scavenging mitochondrial superoxide.

Since previous studies had demonstrated an inhibitory role of BR on mitochondrial
respiration (Mustafa et al., 1969) (Noir et al., 1972), (Almeida & Rezende, 1981) (Rodrigues, Sola,
& Brites, 2002) we focused on the effects of LR in comparison to BR on mitochondrial respiration
in our cell lines incubated overnight with BR and LR. We observed no changes in respiration
except for the higher concentrations of BR which decreased both basal as well as maximal
respiration and indicated an overall depression of mitochondrial respiration. The ratio of maximal
to basal respiration, corresponding to the respiratory capacity (Brand & Nicholls, 2011), differed
for each cell line with no significant changes between the controls and treated cells. Under the
serum — free conditions in HepG2 and SH-SYS5Y cell lines no effect on the basal and maximal

respiration was observed.
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An important finding was observed for the LR effect on oxidative stress since BR is known
to be one of the most potent endogenous antioxidants (Stocker, Yamamoto, et al., 1987). The anti-
oxidant capacity (AOX) was tested in the different biological matrices in the following
experiments. First, BR and LR capability to scavenge peroxyl radicals in HSA with increasing
concentrations was tested. Interestingly, LR had the same AOX as BR despite its degradation
compared to vitamin E analog — Trolox in the same concentration. Since LR instability, the AOX
of LR solutions with its spontaneous degradation was also tested and resulting in the decrease of
AOX after 24 h approximately to 50% of the initial value. Moreover, substantial antioxidant effect
of LR was observed in our cell models despite its marked degradation, suggesting a marked ROS
- scavenging activity of LR degradation products. Nevertheless, in preventing lipoperoxidation,

LR was much less efficient most likely due to its lower lipophilicity.

Since BR has impact on mitochondrial metabolism, we focused also on the possible effects
of LR and BR on the production of intracellular metabolites of the TCA cycle well known for their
ability to affect energy balance and to modulate multiple cellular functions as well being linked to
oxidative phosphorylation (Martinez-Reyes & Chandel, 2020). Both BR/LR did not have any
marked effect at lower concentrations in MRC5 and HepG2 cells; while in SH-SYSY cells the
concentrations significantly decreased in the presence of both compounds. A different response
was observed with BR at higher concentration when most of the metabolites were significantly
reduced in all cell lines; whereas virtually no effect was observed in cells exposed to LR (Annex
3 — Fig. 10.). These data are consistent with the previous reports of the impact of BR on the
mitochondrial metabolism and morphology demonstrated mostly in brain cells (Mustafa et al.,
1969) (Almeida & Rezende, 1981) (Rodrigues, Sola, & Brites, 2002b) while no harmful effect
present for LR. However, these effects on mitochondrial metabolism were beneficial in the other
tissues such hearth and liver (Mustafa et al., 1967) (Stumpf et al., 1985), same for the effect of BR
on the mitochondrial function in adipocytes (Gordon et al., 2020). These data suggest the complex

cell-specific and concentration-dependent effects of BR and its derivates in specific conditions.

Additionally, we observed that BR behave as a pro-inflammatory molecule in the
macrophage-like RAW264.7 cells, while only a mild and insignificant effect was observed for LR.

This contrasts with a study performed by JaSprova and co-workers on different cell models of CNS
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origin indicating substantial cell viability of BR/LR-induced pro-inflammatory effects (Jasprova
et al., 2018). The possible explanation for this observation may be linked to the BR-induced TCA
cycle dysregulation known to affect the inflammatory status, NO production, as well as post-
translational acetylation (Williams & O’Neill, 2018), since both treatments lead to a decrease in
NO availability. Since BR is known for its ability to scavenge NO by forming N-nitroso derivatives
(Barone et al., 2009), the same might also be possible for LR. Moreover, BR inhibits inducible NO
synthase to prevent cells from its production of large amount of NO (Zucker et al., 2015), while

LR may also act in a similar manner.

Based on the recent observations by JaSprova and co-workers who demonstrated the
striking upregulation of proinflammatory cytokines in organotypic rat hippocampal slices after
short-term exposure to LR (JaSprova et al., 2018), we hypothesized that photoproducts of BR could
possibly affect early human neurodevelopment. In our paper “The effects of bilirubin and
lumirubin on the differentiation of human pluripotent cell-derived neural stem cells* we
aimed to compare the effects of BR and LR on the proliferation, differentiation, morphology, and
specific gene and protein expressions of self-renewing neural stem cells (NSC) derived from
human pluripotent stem cells (hPSC) which has the ability to self-renew and terminally
differentiate into neurons and glia, and thus they represent a biologically and developmentally
relevant surrogate human model to study the influence of the potentially biologically active
compounds on these processes. In the initial phase of our studies, we focused to assess the possible
cytotoxic effects of both BR and its major photoisomer LR. We observed significant decrease in
the viability/metabolic activity of the cells exposed to BR within the whole range of tested
concentrations. Compared to LR, the effect was much lower, and only visible at the highest
concentration indicating the much higher toxicity of BR on NSC, thus its cytotoxic effect on the
CNS when severe neonatal hyperbilirubinemia occurs in neonates. Previous studies by Genc and
co-workers shown that exposure to increasing concentrations of unconjugated BR is cytotoxic to
rat oligodendrocytes and increase its apoptosis in vitro (Genc et al., 2003). Several additional
studies have shown the cytotoxic and pro-apoptotic effects of BR on neuronal cultures (Rodrigues,
Sol4, & Brites, 2002b) (Silva et al., 2002) (Rodrigues, Sol4, Silva, et al., 2002) (Kumral et al.,

2005). Although under our study conditions no significant changes in DNA damage were
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observed, while only a negligible modulation of the cell cycle of treated NSC exposed to BR was

present.

To explore the possible effects on the protein expressions of the apoptotic or DNA damage-
related markers we analysed NSC treated with both pigments. While BR exposure induced
apoptotic and DNA damage markers, LR exposure in clinically relevant concentrations exerted
protective effects against these changes. During the testing of toxicity, we noticed a significantly
changed undifferentiated arrangement and acquired a different phenotype with increasing
concentrations of LR. The neuroepithelium forming the neural tube represents the first polarized
single-cell layer with a central lumen and cells displaying apicobasal polarity during the onset of
neural differentiation (Wilson & Stice, 2006). These processes are mimicked under in vitro
conditions by the radially organized neuroepithelial cells differentiated from hPSC so-called neural
rosettes, a flower like structures, that represent the niche from which NSC are isolated (Wilson &
Stice, 2006) (Banda et al., 2015) (Grabiec et al., 2016) (Fedorova et al., 2019). Such polarity
ensures a different distribution of signalling molecules as well as of junction proteins (Miyamoto
et al., 2015) (Banda et al., 2015) (Grabiec et al., 2016). When focused to Western blot analysis of
transcription factors including those expressed upon differentiation of hPSC towards
neuroectoderm and signalling pathway important for neural cell differentiation from NSC we
observed interesting data in expressions of NSC-specific markers upon exposure to LR (4nnex 4
— Fig. 3.). These data strongly suggested that LR-treated self-renewing NSC acquire a significantly
different morphology reminiscent of immature rosettes, with apically localized cell polarity
proteins. Surprisingly, our study demonstrated for the first time that LR induces NSC to repolarize
and that this induction is dose-dependent. Moreover, these repolarized NSC cultures, expressed
higher amounts of phosphorylated ERK, important for the process of neurogenesis (possibly as a
positive feedback mechanism), as well as showing an altered expression of NSC-specific. These
data suggest that the potential to affect the identity and polarity of NCS during early human neural
development by LR resulting to possible clinical relevance while aggressive PT used on preterm
neonates is often accompanied by serious adverse effects (J. Wang et al., 2021) and the processes
of neurogenesis and neurodevelopment are impaired in these neonates (Rice & Barone, 2000),

which may even be exacerbated by BR photo-oxidation products generated during PT.
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Lastly, we assessed the capacity of BR or LR to affect the terminal differentiation of NSC
since previous studies by Brites and co-workers have shown that moderate to severe
hyperbilirubinemia could induce neurological dysfunction and potentially impair brain
myelination with long-term sequelae, particularly in preterm infants (Brites & Fernandes, 2015)
and no possible effects of LR or other BR photo-oxidation products have been reported yet. We
focused on the gene expression of selected differentiation-associated markers. The expression of
NSC had gradually increased for glial markers as well as neuronal markers while there were no
changes in the expression of the neural stem cells (Annex 4 — Figure 4.). However, we did not
observe any significant changes in the expression after the treatment with BR and LR which is a

notable observation since just a short-term exposure led to significant changes in these markers.
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6 SUMMARY

Bilirubin has been for a long time considered only as a toxic waste product. But recent
findings well documented this bioactive molecule as a powerful endogenous antioxidant with

immunomodulatory, anti-inflammatory, antiproliferative and cell-signalling properties.

In the presented thesis, we investigated the kinetics and biological properties of BR
compared to its photo-oxidation products, which might have clinical relevance in

hyperbilirubinemic neonates treated by intensive phototherapy with blue-green light.

In Gunn rats, which represent the natural in vivo model for severe unconjugated
hyperbilirubinemia, it is well known that only a tiny fraction of intestinal unconjugated BR
originates from biliary disposal. At the same time, the biggest part is derived from transintestinal
unconjugated BR excretion, which is stimulated by enhancing fecal fatty acid excretion, which
makes transintestinal bilirubin excretion the major route of unconjugated BR disposal. Since
transintestinal excretion also occurs for cholesterol, we hypothesized that increasing fecal
cholesterol excretion and/or transintestinal excretion could also enhance fecal unconjugated BR
disposal and subsequently lower plasma unconjugated BR concentrations. However, our data do
not support the regulation of transintestinal excretion of cholesterol and bilirubin. Moreover, the
FNS excretion, liver X receptor or farnesoid X receptor activation do not results in a

hypobilirubinemic effect and has no potential for the therapy of unconjugated hyperbilirubinemia.

Unconjugated BR has the ability to diffuse into any cell while in mildly elevated
concentrations is protective from various oxidative stress-mediated diseases. Hence, each cell has
to maintain its intracellular concentration of unconjugated BR below the toxic threshold which is
regulated by its intracellular metabolism. To understand these processes we performed an in vitro
study using different human and murine cell lines exposed to increasing unconjugated BR
concentration to find the thresholds differentiating between pro-oxidant and anti-oxidant effects
while finding that a low concentration of unconjugated BR resulted in anti-oxidant effect while
higher concentrations resulted to the pro-oxidant or cytotoxic effects in all studied cell lines. Our

results expand and better substantiate that each cell type has a different bilirubin threshold
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switching between the beneficial and toxic effects of bilirubin. Total unconjugated BR
concentration treatment is an uncertain predictor of its biological effects because intracellular
levels of unconjugated BR are modulated by its oxidation, conjugation, and export from the cells
by membrane ABC transporters. The ability to measure real unconjugated BR concentration in the
cells helps to better understand cytotoxicity induced by unconjugated BR as well as its protective

effects.

While a mild elevation of BR concentration is associated with anti-oxidant effects, severe
hyperbilirubinemia can cause permanent neurological damage in neonates. Although, the golden
standard of the treatment of severe unconjugated hyperbilirubinemia, the biological properties of
BR photo-oxidation products remain still unknown. Since intracellular metabolic impact of BR
photoisomers has never been properly investigated, although our previous data suggest their
biological importance we compared BR and its major photo-oxidation product LR on the metabolic
and oxidative stress markers resulting in the data when LR was found to be much less toxic while
still maintaining a similar anti-oxidant capacity in the serum as well as suppressing activity leading
to the mitochondrial superoxide production. However, LR was less efficient in preventing
lipoperoxidation due to its lower lipophilicity. Additionally, BR was found to behave as a pro-
inflammatory molecule while only a mild and insignificant effect was observed for LR.
Nevertheless, our data point to the biological effects of BR and its photo-oxidation products, which
seem to have clinical relevance in phototherapy-treated hyperbilirubinemic neonates and adult

patients.

Since aggressive PT used on preterm neonates is often accompanied by serious adverse
effects and the processes of neurogenesis and/or neurodevelopment are impaired in these neonates
we aimed to understand the possible impact of BR and LR on these processes using an in vitro
model of neural stem cells. When compared to BR, LR exerted lower cytotoxicity on self-renewing
neuronal stem cells. This dose-dependent effect was accompanied by mildly elevated pro-
apoptotic markers for BR. Another interesting dose-dependent effect was observed for the
morphology inducing cells to form highly polarized structures with lower expressions of some
NSC-specific markers when treated by LR. Our data clearly indicate that BR and LR play a role

in the earlier phases of differentiation, an influence which, however, was later lost and despite
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visible changes in the morphology, at the level of the terminal differentiation, no major changes
can be detected toward neuronal and glial cell types. However, LR has the potential to affect the
polarity and identity of NSC during early human neural development. This observation may be of
clinical importance since cellular polarity plays a significant role during the development of the

CNS.
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8 LIST OF ABBREVIATIONS

ABC ATP-binding cassete

ABCG5/8 ATP-binding cassette (ABC) transporters G5 (ABCGS5) and G8 (ABCGS)
AOX anti-oxidant capacity

Bf free unconjugated bilirubin

BR bilirubin

BV biliverdin

BVR biliverdin reductase

Ca** calcium ions

cAMP cyclic adenosine monophosphate
CNS central nervous system

CcoO carbon monoxide

DNA deoxyribonucleic acid

EZE ezetimibe

Fe?* ferrous ion

FNS fecal neutral sterol

FXR farnesoid X receptor

G6PD glucose-6-phosphate dehydrogenase
GSH glutathione

H5V hearth endothelial cells

HDL high density lipoprotein

HepG2 hepatic cells

HFD high fat diet

HK2 kidney tubular cells

HO heme oxygenase

HPLC high-performance liquid chromatography
hPSC human pluripotent stem cells

HSA human serum albumin

ICH intracerebral hemorrhage

IL-1B interleukin 1 beta
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IL-6
iUCB
LC-MS/MS
LDL

LR
LXR
MRC5
MRP
MS
NADPH
NMR
NO
NPCIL1
NSC

O

OATP
OCA

PI

PT
RAW 264.7
ROS
SAH
SOD
SYSY
T09

TB

TCA
TG
TICE
TNF- a
UGTI1Al

interleukin 6

intracellular unconjugated bilirubin
liquid chromartography — mass spectrometry
low density lipoprotein

lumirubin

liver X receptor

fibroblast-like cells

multidrug resistance-associated protein
mass spectroscopy

nicotinamide adenine dinucleotide phosphate
nuclear magnetic resonance

nitric oxide

Niemann-Pick C1-Like 1

neural stem cells

oxygen

organic anion transporting polypeptides
obeticholic acid

photoisomer

phototherapy

murine macrophage-like cells

reactive oxigen species

subarachnoid hemorrhage

superoxide dismutase

neuronal cells

liver X receptor agonist T0901317 (T09)
total bilirubin

tricarboxylic Acid Cycle

triglycerides

Transintestinal cholesterol excretion
tumor necrosis factor alpha

UDP- glucuronosyl transferase 1A1 isoform
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Induction of fecal cholesterol excretion 1s not effective
for the treatment of hyperbilirubinemia in Gunn rats

Maaike Blankestijn', lve P van de Peppel', Ales Dvorak®, Nikola Capkova®, Libor Vitek®, Johan W. Jonker' and Henkjan J. Verkade'

BACKGROUND: Unconjugated hyperbilirubinemia, a feature of neonatal jaundice or Crigler-Najjar syndrome, can lead to
neurctoxicity and even death. We previously demonstrated that unconjugated biliubin (UCB) can be eliminated via transintestinal
excretion in Gunn rats, a model of unconjugated hyperbiliubinemia, and that this is stimulated by enhancing fecal fatty acid
excretion. Since transintestinal excretion also ocours for cholesterol (TICE), we hypothesized that increasing fel cholesterol
excretion and/for TICE could also enhance fecal UCE disposal and subsequently lower plasma UCE concentrations.

METHODS: To determine whether inoeasing fecal cholesterol exaretion could ameliorate unconjugated hyperbilirubinemia, we
treated hyperbilirubinemic Gunn rats with ezetimibe (EZE), an intestinal cholesterol absorption inhibitor, and/for a liver X receptor
(LR} and farnesoid X receptor (FXR} agonist (TOS01317 (T09) and obetichaolic add (OCA), respectively], known to stimulate TICE.
RESULTS: We found that EZE treatrnent alone or in combination with T09 or OCA inoeased fecl cholesteral disposal but did not

lower plasma UCE lewels.

CONCLUSIONS: These findings do not support a link between the regulation of transintestinal exaetion of cholesterol and
bilirubin. Furthermore, induction of fecal cholesterol exaetion is not a potential therapy for unconjugated hyperbilirubinemia.

Pediatric Research (2021) §9:510-517; https/fdoi.org/10.1038/541390-020-0926-2

IMPACT:

® Increasing fecal cholesterol excretion is not effective to treat unconjugated hyperbilirubinemia.
® This is the first time a potential relation between transintestinal excaetion of cholesterol and unconjugated bilirubin is

imves tigated.

® Transintestinal excaetion of cholesterol and unconjugated bilirubin do not seem to be quantitatively linked.

Unlike intestinal fatty acids, cholesterol annot *@pture” unconjugated bilirubin to inoease its excretion

® These results add to our understanding of ways to improve and factors regulating unconjugated bilirubin disposal in

hyperbilirubinemic conditions.

INTRODUCTION

Unconjugated hyperbilirubinemia, such as present in neonatal
jpundice or Crigler-Majar syndrome, can lead to biliubin-induced
neurotoxdidty, kemicterus, and even to death.' In the liver,
hydrophobic unconjugated bilinbin [UCB) is conjugated by
bilirubin UDP glucuronic acid (UGT1A1] to form the more water-
soluble bilibin monoglucuronoside and bilinbin diglucurono-
side, facilitating exoetion into the bile. UGT1A1 is not only present
in the liver but also highly expressed in the human intestine
and was found to contribute to conjugation of UCE* Despite
its hydrophobic character, UCB is still partially excreted into
the bile during unconjugated hyperbiliubinemia.™ In Gunn rats,
an animal mode| for Origler—Majjar dissase type 1, around 2-15%
of intestinal UCB originates from biliary disposal, while 85-98% is
derived from transintestinal UCE excretion.” This makes transin-
testinal bilirubin excretion the major route of UCB disposal in
Gunn rats.*®

Transintestinal exoetion aso ocours for cholesterol (TICE) and
can be stimulated by activation of several nudear receptors,
including percxisome proliferator-activated receptor delta, liver X
receptor (LXR), and famesoid ¥ receptor (FXR. " Both LXR and
FXR are involved in regulating hepatic and intestinal cholesterol
metabolism. The ATP-binding cassette sub-family [ABOGS/GE
heterodimer is expressed on the @nalicular membrane of
hepatocytes and the apical membrane of enterocytes and
regulated by LXR and FXR, where it fadlitates the efflu of sterols.
The intestinal ABCGS/GE transporter is at least partially respon-
sible for TE. 5" The Miemann—Pick Cldike 1 [NFCILT) protein
regulates intestinal cholesterol absorption and inhibition of
NPFCIL1 by ezetimibe (EZE} induces feal neutral sterol (FMS)
output [cholesterol and its bacteral metabolites) in mice and
rats.*"""* van de Peppel et al. showed that, under physiological
conditions in mice, cholesterol esxcreted wvia TICE is largely
reabsorbed.'® Decreasing intestinal cholesterol (relabsorption,
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gither directly wia an inhibition of NPCIL1 or indirectly wia
redudng the bile add pool, resulted in a profound inorease in FNS
output beyond biliary and dietary irq:lnur_15 The wunderlying
mechanism of transintestinal exoetion of UCB and that of
cholesterol are not fully understood.

Earlier studies showed that plasma UCB decreased by
administration of a high-fat diet (HFD) and/or the lipase inhibitor
orlistat in Gunn rats. " '® The increase in fecal fat exaetion was
correlated to the decrease in plasma UCBE levels'®"" It was
demaonstrated in a kinetic study using radiclabeled bilirubin that
the decrease in UCB upon odistat was due to an increase in
transintestinal excretion of UCBE.' In addition, feeding a HFD
to mice enhanced TICE, resulting in increased FMNS excretion.™
it has besn hypothesized that the increase in fecal UCB and
subsequent dearease in plasma LUCE levels upon higher intestinal
fat concentrations is the result of UCB “capturing™ by fatty adds,
meaning that the reabsorption of UCB is decreased upon its
association with non-absorbed fat in the intestinal lumen.*™ in
the present study, we tested whether selectively increasing FNS
excretion, a different dass of lipid, also exerts hypobilirubinamic
effects in Gunn rats, similar to what was found by increasing
fecal fatty add excretion. We applied three manipulations to
enhance FNS excretion: (1) activation of L¥R by T09, a synthetic
LXR activator, (2] activation of F¥R by obeticholic add (OCA),
andfor (3] inhibition of imtestinal cholesterol absomption using
EZE. These different approaches allowed further differentiation
into what effects were mediated through merely enhancing
intestinal cholesterol concentrations (inhibition of cholesterol
absormption) and effects specific to stimulating TICE (FXR and LXR
stimulation). Insight into nowvel ways to lower plasma UCE could
provide new possibilities to treat patients with unconjugated
hyperbilirubinemia.

METHODS

Animals

Gunn rats (Gunn-LGT1AT jBluHsdRmrc) were obtained from the
Rat Resource & Research Center (Columbdia, MO} and bred in our
animal facility in the University Medical Center Groningen
[Groningen, The Metherlands). Animals were individually housed
in a temperature- and light<controlled fadlity (12-h dark/light
rhythm] and had ad libitum access to laboratory chow (RM3,
Spedal Diets Services, Essex, UK} and nommal drinking water
during the experiments. Animal experiment s were performed with
the approval of the locl Ethics Committee for Animal Experiments
of the University of Groningen. Experiments were performed in
accordance with relevamt guidelines and regulations, including
laboratory and biosafety.

Materials

The synthetic LR ligand TO9 was obtained from Cayman
Chemical (Ann Arbor, M, USAL The semi-synthetic bile acid
OCA (INT-747; 6a-ethy-chenodeoxychalic acid) is a potent and
selective FXR agonist and was purchased from MedChem Express
(South Brunswick, MJ, USA). The cholesterol absorption inhibitor
EZE was obtained as Ezetrol (Merck Sharp & Dohme, Haardem, The
Metherdands). EZE and OCA were prepared for oral administration
using the oral suspension solution “ORA-Plus” (Pemigo, Allegan,
ML, LISA).

Experimental design

LXR agonist TO9. For studying the effects of administration of
TO9, male Gunn rats were first fed with normal chow, and 24-h
feal outputs were collected. Subsequently, the mts were
randomly divided owver four expermental groups [n=7 per
group) and received either chow diet (control group] or chow
diet supplemented with EZE (0.00 5% woiw], TO9 (0015% wiw),or a
combination of these two compounds (TOS+EZE] for 14 days.
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Body weights (BWs] were measured two times per week. Feces
were collected and food intake was measured during the last 24h
of treatment. Atday 14, rats were anesthetized usng isoflurane, and
the bile duct was @nnulated for 20min Bile flow was determined
gravimetrically (1 g= 1 mL bile secretion). Subsequantly, blood was
collected via cardiac puncture, protected against light, and stored
under argon at —80°C. The liver was harvested and snap-frozen in
liquid nitrogen. The small intestine was flushed with ice-cold
phosphate-buffered saline (PBS) containing a protease inhibitor
[cOmplete, Roche, Mannheim, Gemmany), snap-frozen, and stored
at —80"C Rats were terminated via decapitation under isoflurane
anesthesia.

FXR agonist OCA. Rats were randomly divided to recehe vehide
[ORA-Plus suspension, control group, n=4), EZE (n=13], OCA (n=4]
or OCALEZE (n=5] by omal gavwege for 14 days. EFE was
administered at a dose of 5 mg/kgday and OCA at 10 mg/kg/day.
Amaximal administration volume of 5ml per kg was applied. Feces
were collected, and food intake was measured during the last 24h
of treatment. At day 14, the bile ductt was @nnulated for 20min
under isoflurane anesthesia within & h ater the last dose, followed
by blood collection wia cardiac puncture. The liver was harvested
and snap-frozen in liquid nitrogen. The small intestine was flushed
with ice-cold PBS containing a protease inhibitor (cOmplete, Roche,
Mannheim, Germany), snap-frozen, and stored at —80°C. Rats were
termminated by decapitation undar isoflurane anesthesia.

Analytical methods

Dietary N5 and FN5 and bile acds. Feces were freeze-dried,
followed by mechanical homogenization. FNS and dietary NS
and bile acids were extracted from 50mg of fecal or dietary
samples by 2h of heating (80°C) with a mixture of 1 M sodium
hydroxide and methanol (1:3). Specific extraction of M5 was
performed by petroleum ether (2 times 2 mL) and derivatized
with B5TFA—pyridine-TMCS miture (5:5:0.1). Extraction of fecal
bile acids was performed using Sep-Pak C-18 columns [(Waters
Corporation, Milford, MA, USA), and samples were methylated
with methanal’acetyl chlorde (20:1) and subsequently derniva-
tized with BSTFA—pyridine-TMCS (5:5:0.1). Dietary N5 and FNS
and bile adds were then both analyzed by gas chromatography
f5C) as described.™

Pigsma total bilirubin (TB) and haptogiohin. Temminal blood
samples were cllected and kept in EDTA-coated collecting tubes
MiniCollect. Greiner Bio-One, Kremsminster, Austrial on ice in the
dark After centrifugation plasma was stored in light-protecting
tubes (Eppendorf, Hamburg Germany) under argon at —80°C
upcn anahysis. Plasma TB and free haptoglobin were analyzed on a
Roche/Hitachi Cobas 501 Analyzer (Hitachi, Tokyo, Japan) using,
respectively, the Biliubin Total Gen 3 Kit and Tina-guant
Haptoglobin ver.2 Kit (Roche Dvagnostics, Rotkreuz, Switzerland).

Bilirubin determination in feces and bilz.  Fecal samples were put
into the pre-weighted centrifugation tubes; then intemal standard
Imesohbilirubin (MBR}] was added (10 pl of 5 M MBR per sample).
Then samples were extracted with concomitant protein precipita-
tion by 2mL of basic methanol (0.3% butylated hydroytoluene,
0.1% ascorbic acid, and 05% ammonium acetate). The mixture
was vigorously shaken and wortexed, and the suspension was
centrifuged (3000 x g5 minl. One mL of supematant was col-
lected into micro-tubes, and the solution was centrifuged again
(16,000 = g'30min) for elimination of impurities before analytical
measurement.

Bile samples were prepared similary. Five pL of bile was pipetted
into micro-tubes and 10pL of MBR was added 5 pM); the extraction
was paformed with 1ml of basic methanol. Samples were
vigorously shaken and vortexed and the mixture was centrifuged
(16,000 x g 30 min).
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Fg.1 The effect of simulaton of FNS on plasma levels of bilirubin in hyperbilirubinemiec rats. Total FMS exoretion after 2wesks of a LXR
or b FXR stimulation. Plasma TB after 2 weels of ¢ L¥R or d FXR stimulation. a+ e n=T7:b+d, n=3-5.

After find centrifugation steps, 100 plL of supematant from bile as
well as fecal samples was pipetted into glass vials with the inert
insrt [suitable for liquid chromatography tandem mass spectro-
metry (LC-MS) analysis), and 2pl was directly injected to LC-MS
apparatus.

LC-MS/M5S analysis was performed using a high- performance
liguid chromatography [(Dionex Ultimate 3000, Dionex Softron
GmbH, Gemany] equipped with a Poroshell 120 EC-C18 column
(21 prm, 3.0 = 100 mm; Agilent, CA, USAL For a gradient elution,
the phase was prepared by mixing 1 mM of NHsF (Honeywell,
Intematicnal Inc, Morris Plains, M), USA) in water and methanol
(Biosolwve Chimie SARL, France). The analytes were detected by
rmass spectrometer (TS0 Quantum Access Max with HESHI probe,
Thermo Fisher Sdentific, Inc, USA) operating in a positive SRM
mode: bilirubin [585.3 — 299.1 (20V); 5853 — 271.2 (18 V]]; MBR
[589.3 — 301.1 (20V]; 5893 — 273.2 (#M4V]].

Samples remaining after extraction of feces were lyophilized
ovemight and freeze-dried tubes with dry matter were weighed
by anahytical scales. The empty tube weight (before analysis) was
subtracted from the weight of the lrophilized tube.

Integrated areas of biliubin were related to MBR areas, and
ratios were normalized to dry weight of feces or volume of bile,
respectively. The concentration was caloulated according cali-
bration curves measured in relevant matrices.

Hepatic and bilary Bpids.  Livers were crushed and homogenized
in liquid nitrogen. A 15% liver homogenate was made with PBS to
extract hepatic lipids using the Bligh and Dyer method ** Hepatic
tmiglycerides (TGs) and free and total cholesteral were measured
using commercially available kits (Roche Diagnostics, Mannheim,
Germany and DiaSys Diagnostic Systems, Holzheim, Germany,
respectivelyl. For analysis of biliary lipids, 15 pL of bile was used
for extraction using the Bligh and Dyer method. Biliary cholesterol
was derivatized using pyridine—acetic anhydride (1:1) for analysis
by GC a previously described.*!

Gene expresson anafysis.  |solation of total RMA from the liver
and duodenum was perfomed using TRIreagent (Sigma, 5t Louis,
MO, USAL BRNA was quantiied by NanoDrop MNanoDrop
Technologies, Wilmington, DE, USA), and 1 pg RMA was used to
aeate cDNA. Analysis of red-time quantitative polymerase chain
reaction was performed on QuantStudio 7 Flex madhine (Applied
Biosystems, Themno Fisher Sdentiic. Dammstadt, Germany)l. Gene

SPRINGER MATURE

expression levels were normalized to geclophilin for liver and 3864
for intestine.

Plasma fpids. Plasma tota cholesterol, triglycendes, and non-
esterified ftty acids were spectrophotometrically analyzed using
commercially available kits (Roche Diagnostics, Mannheim, Gemany
and DiaSys Diagnostic Systems, Holzheim, Gemamy).

Bilz add composition of bile and plosma. Biliary and plasma
bile add sp;a:'E were determined wsing LCMS as desaibed
previoushy." Biliary hydrophobidty was @loulated using Heuman
values ™ Total bile add concentrations were caculated as the sum
of the individual bile add spedes. Total bile add seoetion was
calculated using biliary bile add concentrations multiplied by the
bile flow and comected for BW.

Statistics

For all statistical anayses, GraphPad Prism &0 (GraphPad Software,
La Jolla, CA, USA] was used. Unless stated otherwise, graphs are
presented as a scatter dot plot representing individual values with a
median £ interquartile range. Statistical significance was tested by a
non-parameatnic one-way analysis of varnance Mruskal-Wallis) test,
followed by Mann—Whitney U tests to asess differences between
the experimenta groups. Diferences before and after treatrnent
were asessed using Wilcoxon signed-rank test. Statistical signifi-
cance compared to control relathve untreated groups is indicated
as "p<005 *p=<001, and **p<0001. Statistical significance
between the TO9 and TO9+EZE groups is indiated as %p < 0.05 and
‘“p = 001, Owing to low animal numbers, no statistical significance
was detarmined for the OCA experiment.

RESULTS

The effect of EZE, LER, and F¥R activation on FM5S excretion and

plasma bilirubin in Gunn rats

To assess the effect of stimulated FN5 excretion on plasma
biliubin levels in Gunn rats, we used three approaches previously
shown to inarease FNS exaretion in mice: inhibition of cholesterol
absorption using EZE*'4E and phamacological activation of
L¥R and FXR using TO9 and OCA, respectively.”s " In line with
murine studies, EZE treatment, either administered via the diet
or via oral gavage, increased FMS excretion by about twofold
to threefold (Rg. 1a, b). In contrast to studies in mice, TO9
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Fig. 2 Schematic representation of the calculated cholesterol fluxes. Nt intestinal cholesterol balance was calculated by subtraction of
mean dietary cholesterol intake and biliary cholesteral secretion from the FMS exoretion for a LR, n=7, and b FXR activation, n= 3-5.
Treatrments in awere miked in the diet, and treatrments in b were administered through ozl gavage. Numbers are represented as mean (prol’

day/100 g body weight).

administration by itself did not stimulate FNS exoretion in Gunn
rats (Fig. 1al Moreover, T09 even lowered FNS excretion
compared to baseline, while FN5 excretion remained unchanged
in untreated controls (Supplementary Fig. 51A, Bl. Combined EZE
and T4 treatment inoreased FMS excretion to a similar extent as
EZE alore (Fig. 1al.*

While OCA treatment showed a trend towards increased FNS,
co-administration of OCA and EZE did not further inoease FMS
exmetion as compared to EZE treatment alone (Fig. 1b). To assess
whether the increase in FNS excretion affected hyperbilirubine-
mia, we determined plasma TB levels. Since Gunn rats lack the
conjugating activity of UGT1A1, plasma TB levels are equal to
plasma UCE levels. Figure 1c shows that EZE did not lower plasma
TE levels in Gunn rats. TO9 inoeased plasma TB levels in Gunn
rats, and this was partially prevented by co-administration of
EZE (Fig. 1cl. Treatment with TO9 with or without EFE resulted
in decreased free haptugj_!‘:lhh levels, an indication of inoreased
intravascular  hemaolysis,” compared to contral Gunn rats
(Supplementary Fig. 52). Plasma TB levels were unaffected by
administration of OCA, either alone or in combination with EZE
(Fig. 1d). Taken together, these results demonstrate that plasma
levels of bilirubin are not lowered by stimulation of FM5 exoetion
in Gunn rats.

The effect of LXR and FXR activation on intestinal cholesterol
fluxes in Gunn rats

The inarease in FMS by EZE, TD9, and OCA in previous studies has
been explained by its effects on intestinal choles terol flues 24
While TD9 in our study did not affect total FNS exaetion, this does
not exclude the possibility of changes in intestinal cholesterol
fluxes. To investigate this, we measured dietary cholesterdl intake
and biliary cholesterol secretion and subtracted these measure-
ments from FMNS excretion to obtain the net intestinal cholesterol
baance [Fig. 2. In untreated Gunn rats, the intestinal cholesterol
baance indicated a net cholesterol excretion into the intestine
(+60pmol’day/100g BW] and was inoeased about twofold by

Pediatric Research (2021) 89-510-517

EZE treatment (Fig. 2a). These findings were similar in hetero-
zygous Gunn rats ind'u:atir% that the observed effects of EZE are
independent of UGT1AT™"" (Supplementary Fig. 53).

While T09 administration alone did not change the nst
intestinal cholesterol balance, the combination of TO9 with EZE
inoreased net intestinal cholesterol excretion into the intestine
mare than EZE alone (14.8 vs. 1065 pmaliday/100g BW, Fig. 2a).
This change was assodated with a slight decrease in biliary
cholesterol secretion, observed in both the TO9-treated groups
[Fig. 2a).

When EZE was administered through oral gavage instead of va
the diet, net intestinal cholesterol exoetion inoeased ewven
further, to about 174 pmoliday100g BW compared to 1056
pmolfiday/ 100 g BW with dietary EZE (Fig. 2a, b). OCA alone
inmeased net intestinal cholesterol exoetion threefold. Previous
reports indicated that OCA reduces cholesterol absorption in
mice. ™ In our study, the addition of OCA to EZE treatment did not
result in a major additive effect on the intestinal cholesterol
balance compared to EZE alone (174 vs. 196 pmol/day100 g BW,
Fg. Zbl. Taken together, our results show that an increase in net
intestinal cholesterol exoetion does not result in lowering of
plasma TB levels.

The effect of EZE, LXR, and FXR activation on biliary and fecl
bilirubin sedretion

Previous studies in rats have demonstrated that plasma UCB
levels can be lowered through stimulation of fecal bilirubin
exaetion.®"® We assessed whether EZE treatment or activation
of LXR and FXR affected biliary and fecal UCB secretion rates. EZE
resulted in a lower biliary UCB seaetion rate both alone and
combined with T09 (Fig. 3a). T09 by itself did not significanty
alter biliary UCB seogetion (Fig. 3al. Fecal UCE excretion rates
were not altered by dietary administration of EZE; however, TO9
alone or combined with EZE significantly inoreased fecal UCB
exaetion [Fig. 3b). No differences were observed in biliary
and fecal UCB excretion after oral administration of EZE, OCA, or
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Fg. 4 The effect of T09 and EZE treatment on LXR target gene expression and triglyceride levels. Gene expresson of target genss of LXR
in the a duodenum and b liver, n=5. ¢ Triglycende concentration in plasma after administration of EZE, T09, or combination treatment and
d hepatic tiglycende content after administration of EZE, TOS, or combination treatment. n= 7.

(CA+EZE [data not shown). These results show that, while TO9
increased fecal UCB levels, this was not accompanied by a
deease in plasma UCE concentrations.

Validation of L¥R activation by TO9 in Gunn rats

In mice, the effect of LXR on FMS exaetion are (at least partially)
mediated via induction of ABCGS/8-mediated cholesterol
efflux®'**! Since we did not cbserve an inoease in NS exoetion
upon TO9 treatment in Gunn rats (Fig. 1al we wanted to exclude
the possibility that LXR was not activated by TO9 in ouwr
experiment. To determine the activation of LR by TO09, we
analyzed duodena mRMNA expression of LXR target genes involved
in cholesterol metabolism (Fig. 4al In Gunn rats, TOY increased the
expression of L¥R target genes Abog 58 and Abcal [Fig 4a). Npci I
gene expression was unchanged upon T09 treatment alone but
lower, compared to untreated controls, when combined with EZE
Figure 4b depicts hepatic target genes of LXR involved in bile acid
synthesis and lipogenesis. TS, with or without co-administration
of EZE, increased the expression of cholesterol 7o-hydroxylase
ICyp?al), the ratedimiting enzyme in bile add synthesis, while it
degeased the expression of mioosomal sterol 12a hydroxylase
ICyp8bl), responsible for the synthesis of cholic acid (Fig. 4b).
Administration of EZE alone did not affect the expression of these
hepatic genes. The changes in gene expression levels of Cypfal
and Cyp8b! by TO9 were accompanied by a percentual deaease

SPRINGER MATURE

74

of taurocholic add (TCA) in the bile (Supplementary Fig. S4A)L
Treatment with TO9 increased the hepatic mRMA expression of
sterolregulatory element-binding protein 1C (Srebp-1c) and fatty
acid synthase [Fas), genes involved in lipogenesis. In line with an
increase in lipogenesis, TO9 highly increased both plasma and
hepatic TG levels [Fig. 4. d), similar to previous cbservations in
mice.* and were partly attenuated by EZE. Supplementary Fig. 5
shows that TO9%-induced increase in plasma TG is positively
comelated to the increase in plasma TB in Gunn rats. Conversely,
plasma and hepatic total cholesteral levels were lowered upon
TO9 treatment with or withowut EZE co-treatment (Supplementary
Fig. 56A, BL. Finally, T09 treatment also increased liver weight and
bile flow [Supplementary Table 51). These data demonstrate that,
while Ti® did not affect FNS excretion in Gunn rats, it did induce
other known L¥{R-mediated effects on lipid, cholesterol, and bile
acid homeostasis without affecting plasma TB levels.

Validation of F¥R activation by OCA in Gunn rats

In mice, OCA treatment activates intestinal and hepatic FXR
thereby reducing the hepatic expression of Cypfal and Cyp8bl,
resulting in deoeased bile add symthesis and a subsequent
reduction in size and hydrophobicity of the bile acid pool
To determine whether OCA treatment resulted in similar effects
in Gunn rats, we measured the expression of hepatic FXR target
genes and the biliary bile acid concentration and composition

Pediatric Research (2021) 82510- 517
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Fg.5 The effect of OCA and EZE treatment on FXR target genes and bile aclds in Gunn rats. a Hepatic gens expression of FXR target genss
after administration of EZE OCA, or coadministration. b Total biliary bile add levels comected for bile flow after FXR activation.
€ Hydrophobicity index of the bile. d Plasma triglyceride concentration after administration of EZE OCA, or combination treatment, n= 3-5.

QLA treatment, either alone or with EZE, reduced hepatic Cypfal
and Cyp8bl mRNA levels compared to untreated controls
[Fig. 5al. EZE alone did not significanty alter Cypfal or Cyp8b1
gene expression. OCA treatment decreased total biliary bile acid
secretion by about 75%, either with or without co-administration
of EZE (Fig. 5bl. This was associated with a similar decrease
in plasma and fecal bile acids (Supplementary Fig. 57). OCA
reduced biliary hydrophobidty compared to controls, which was
unaffected by EZE co-administration (Fig. 5c). The decrease in
hydrophobicity resulted from a fractional decrease of TCA and
increase of tauro-o- and taurcf-murichalic acids (Supplemen-
tary Fig 54B). In contrast to LXR agonist treatment, activation
of FXR has been assodated with a reduction of plasma TGs
[reviewed in ref. *%). In Gunn rats, both EZE and OCA treatment,
irrespedive of EZE co-treatment, decreased plasma TG concen-
tration compared to controls (Fig. 5d). Plasma and hepatic
cholesteral levels were unaffected upon OCA and'or EZE
treatment [Supplementary Fig. 56C, D). These results show that
OCA treatmnent results in similar FXR-mediated effects on bile
add and chalesterol metabolism in Gunn rats compared to mice
but did not affect plasma TB levels.

DISCUSSION

In this study, we tested the hypothesis that stimulation of FNS
exmetion lowers plasma TB in hyperbilimmbinemic Gunn rats. To
inrease FMS excretion, we inhibited intestinal cholesterol
absorption using EZE and stimulated TICE wia ¥R or FXR
activation. We show that inareasing FNS exoetion by inhibition
of intestinal cholesterol absorption did not lower plama TB. We
condude that neither stimulation of FNS excretion nor LXR or FXR
stimulation exert hypobilirubinemic effects in Gunn rats.

We previously demonstrated that inoeased fecl fat excretion,
eitherwvia a HFD or ordistat, is assodated with decreased plasma UCB
in Gunn rats*'*'® Here we tested whether induction of fecal
excretion of another lipid, cholesterol, could aso exert hypobilir-
ubinemic effects. In addition, a transimestinal exoetion route is
present for both UCB and cholesterol*'*"® Therefore, we hypathe-
sized that treatments that stimulate TICE could potentially affect
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transintestina UCB excretion. Most of the induced NS exaetion in
our present experiment orniginates from (non-reabsorbed) transin-
testinally exoeted cholesterol. Our results provide two important
new insights: (1} the transintestinal excretion pathways for
cholesterol and for UCE are not quantitatively linked and (2] the
intestinal “capture” hypothess only relates to non-absorbed TGsS
fatty acids and not to cholesterol.

While ¥R activation did not lower plasma bilirubin lewels in
Gunn rats, fecal UCB exoetion was increased (Fig. 3b). Howsever,
it should berealized that fecal UCB excretion only accounts for an
estimated ~50% of TB tumover™ Since our analyses do not
provide a quantitative estimation of UCB tumover disposal and
degradation, into urobilinoids and other compounds), we @nnaot
definitively determine whether the inoease in fecal UCB was due
to (1} increased transintestinal UCEB seoetion, () deoeased
transintestinal B reabsorption, or (3] deoeased intraluminal
imicrobial) UCE degradation. Based on biliary LB secretion rates,
however, it an be excluded that the T09%-induced fecal UCB
exrretion is due to inaeased biliary excretion (FRg. 3a).

Despite clear activation of L¥R by TO9 in Gunn rats, as
evidenced from upregulation of known target genes (g, Aboal,
Abcgs, and Abog8) and increased lipogenesis, we did not obsere
an effect on FMS excretion, in contrast to previous observations in
mice.”® Intestinal ABCGS/E stimulation has been implicated in the
inmease of TICE upon T treatment in mice.” Van de Peppel &t al.
showed that, under physiological conditions, cholesterol excreted
via TICE is largely reabsorbed by the intestine in an MPCILI-
dependent pruces&“' In mice, activation of LXR deaeases Mpcil?
expression, which could result in decreased cholesterol (re)
absorption, th increasing FMS excretion independent of an
effect on ABCGS/E>* In our study, Npc?l 1 gene expression in Gunn
rats was unaffected upon TO9 treatment, while Abcgs/8 expression
was increased. Potential differences between mice and rats in
regulation of these transporters are illustrated by a study by
Fawase et al, showing that a 2% cholesterolenriched diet
decreased intestind mRMA and protein levels of NPCILT in mice,
but not in rats, while increasing ABCGSE only in rats™® These
observations suggest that the lack of an effect of TO9 on FNS
excretion in (Gunn) rats is potentially due to a species-spedfic
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effect on intestinal Npc 117 expression and subsequent cholesterol
(relabsorption. Interestingly, combined TO9 and EZE treatment
inoeased net intestinal cholesterol exoetion more than EZE
treatment alone (Fig. 2al suggesting that TO9 does increase TICE,
but under the conditions of unaffected WPCIL1 function or
expression, this is reabsorbed and does not contribute to FNS
excretion

The second approach to study whether higher FMN5 exoretion
could lower plasma bilirubin was by activating FXR using OCA. The
underying mechanism by which OCA increases FM5S excretion in
mice has been suggested to be mediated by a smaller and maore
hydrophilic bile acid pool'’ Hydrophilic muricholic bile acids
inhibit intestinal cholesterol absorption, thereby promating FNS
excretion. In our cumrent study, we showed that Gunn rats treated
with OCA with or without EZE also had lower biliary bile acid
concentrations and a more hydrophilic profile (Fig. 5b, cl. While
we did not measure intestinal cholesterol absorption directhy,
intestinal cholesterol balance data demonstrated net intestinal
excretion upon OCA treatment (Fig. Zb). Co-administration of OCA
with EZE slightly increased net intestinal cholesterol exoetion
further than either treatment alone, suggesting that, while most of
the effects of OCA are ako likely mediated through deoeased
cholesterol absorption in Gunn rats, a small part of the effects
could be due to direct stimulation of TICE.

Surprisingly, administration of T09 led to an inoease in plasma
bilirubin, and this was partially prevented by EZE co-treatment.
Our TO9-treated Gunn rats displayed severely increased plasma
TG levels, a welkknown effect of LXR activation, resulting in an
optical yellow-colored and turbid appearance. Thersfore, hyper-
triglyceridemia could have potentially interfered with the plasma
bilirubin measurements, resulting in higher values. However, it
has also been demonstrated that plasma TG levels =12 mmolL
inrease  hemolysis, possibly due to increased membrane
instability of erythrocytes®’ Biliubin is a degradation product
of heme metabolism and can thus be further inoeased upon
hemaolysis in our TO9-treated Gunn rats. ** We observed a strong,
positive correlation between plasma TG and bilirubin in Gunn rats
treated with TO9 with or without EZE (Supplermentary Fig. 55). The
presence of ingeased hemolysis due to hyperriglyceridemia
upon TO9 treatment is supported by decreased plasma-dfree
haptoglobin concentrations, a marker for intravascular hemoly-
sis,”” in both TOS-treated groups (Supplementary Fig. 521
Howewer, decreased haptoglobin levels are not conclusive of
hemolysis, and we did not have whole-blood samples to perform
ather red blood cell analyses to determine whether hemobhysis
indeed had been induced. Taken together, the present study
demonstrates that neither induction of FNS excaetion nor LXR or
FXR activation results in a hypobiliubinemic effect in Gunn rats,
in contrast to induction of fecal fat excretion ' This shows that
dinically relevant “capturing” of bilirubin can be realized only by
fatty acids and not by cholesterol. These data also demonstrate
that there is no quantitative link between TICE or FNS exoetion
and trarmsintestinal UCE excretion. Therefore, increasing FNS
exmetion s not a potential target to treat unconjugated
hyperbiliubinemia. Of further interest, we found that TO9 did
not inarease FMS excretion in Gunn rats but did induce intestinal
Abcg5/8 expression without affecting Npc 1/ 1 expression. Based on
this cbservation, we conclude that the inoeased expression of
Abcgs /8 perse upon TOY treatment is not aitical for the induction
of FNS excretion observed in mice but perhaps rather the
reduced expression of Npc?l1.**** This undedines important
spedes differences in (intestinal) lipid homeostasis, and caution is
wamanted in choosing what model to study.
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Abstract Background: Sevem hyperbilirubinemia can cause permanent neurological damage in
particular in neonates, whereas mildly elevated serum bilirubin protects from various oxidative
stress-mediated diseases. The present work aimed to establish the intrace [lular unconjugated bilirubin
concentrations (iUCB) thresholds differentiating between anti- and pro-oxidant effects. Methods:
Hepatic (Hep(G2), heart endothelial (H5V), kidney tubular (HK2) and neuronal (SH-5Y5Y) azll lines
werme exposed to increasing concentration of bilirubin. iUCE, cytotoxicity, intracellular reactive ooy gen
spedes (ROS) concentrations, and antioxidant capacity (50% efficacy concentration (ECgg)) wene
determined. Results Exposure of SH-5Y5Y to UCE concentration = 3.6 uM (iUCB of 25 ng/mg) and
=15 pM in H5V and HE2 cells (iUCB of 40 ng/mg) increased intracellular ROS production (p < (LO5).
ECsy of the antioxidant activity was 21 pM (iUCB between 5.4 and 21 ng/mg) in Hep(2 cells, (168 pM
(iUCB between 3.3 and 7.5 ngmg) in SH-5Y5Y cells, 2.4 uM (iUCB between 3 and 6.7 ng/mg) in HK2
cells, and 4 uM (iUCE between 47 and 7.5 ng/mg) in H5V cells. Conclusions: In all the cell lines
studied, iUCB of around 7 ngfmg protein had antioxidant activities, while iUCB > 25 ng/mg protein
resulted in a prooxidant and cytotowdc effects. UCB metabolism was found to be cellspecific resulting
in different iUCB.

Keywords: biliubin; ROS; antioxidant; redox state; bilirubin neurotoxicity

1. Introduction

Unconjugated bilirubin (UCB) is the final product of the heme catabolic pathway in the
intravascular compartment. UCB is produced by the activity of heme oxygenase (HMOX), an
enzyme that splits the tetrapyrrolic ring of heme into biliverdin, carbon monoxide, and ferrous inon.
Subsequently, biliverdin is reduced by biliverdin reductase (BLVE) into UCE, which is transported in
blood tightly bound to serum albumin before uptake by the hepatooyte. Only less than 0.1% of UCH is
unbound to albumin (so-called free bilirubin, Bf). The Bf fraction determines the biological activities of
bilirubin [1].

UCH can diffuse into any cell [2,3] and although being a potent antioxidant at low concentrations,
it is towic at high concentrations. Hence, all cells must maintain the intracellular concentration
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of UCH below toxic thresholds. This is regulated by its intracellular metabolism (conjugation
and oxidation) as well as export out of the cells. UCH interacts mainly with three families of
detoxifying enzymes: cytochrome P-450-axygenase (CYPs) [4,5], glutathione-5-transferases ((G5Ts) [6],
and UDP-glucuronosyltransferases (UGTs) [7]. UCB export is another mechanism used by hepatic
and non-hepatic cells to prevent their intracellular accumulation. The export proteins include ATP
Binding Cassette Subfamily C Member 2 (ABCC2) involved in the hepatobiliary secretion of bilirubin
conjugates, as well as another three ABC transporters that were demonstrated to transport of UCHE: ATP
Binding Cassette Subfamily B Member 1 (ABCE] also called MDREPGPL) [5], ATP Binding Cassette
Subfamily C Member 1 (ABCCI also called MEP1) [9-12] and ATP Binding Cassette Subfamily C
Member 3 (ABCC3 also called MEP3) [13]. Under physiological conditions, these efflux pumps are
expressed in organs involved in the elimination of endo- and xeno-biotics, such as the liver and the
kidney, and in epithelial tissues that protect the organs from the entry of xenobiotics, like the small
intestine, testes, placenta, and blood—brain barrier (BBB) [14].

Hence, bilirubin behavior in a human body has two faces, similar to Janus Bifrons, a Roman god.
Elevated serumyplasma UCH concentration, and in particular the Bf fraction, expose babies to the risk
of neurotoxicity [15]. Comversely, mildly elevated systemic bilirubin concentrations such as in Gilbert
syndrome (G5) [16] protect against various oxidative stress-mediated and metabolic diseases including
cardiovascular diseases (CVD), type 2 diabetes, and/or metabolic syndrome [17].

Cells use multiple systems to protect against reactive oxygen species (ROS). Enzvmes with
antioxidant actions include catalase and supermwide dismutase that together convert superoxide
towater. Glutathione (G5H) is regarded as the prindpal endogenous intracellular small molecule
antioxidant ovtoprotectant. Studies on cells depleted of GSH or bilirubin indicate that bilirubin is of
comparable, or greater, importance to GSH in cytoprotection [18] since bilirubin is one of the most
abundant endogenous antioxidants in mammalian tisswes [19]. Among extensive series of antioxidants,
bilirubin has the most potent superoxide and peroxide radical scavenger activities [20]. The potent
physiologic antioxidant actions of bilirubin are further amplified by the oxidation of bilirubin to
biliverdin and then recycled by biliverdin reductase back to bilirubin [18].

Mevertheless, it seems that each cell type and tissue may have a different bilirubin threshold
switching between beneficial and toxic effects. Doré and Snyder [21] reported that its maximal
neuroprotective effects in hippocampal cultures were reached at nanomolar concentrations {10-50 nM),
while at higher concentrations the prooxidant effects of bilirubin became dominant. A similar dual
effect was reported in the primary cultumes of oligndendrocytes, showing protective effects at UCB
concentration from 005 to 200 uM and a diminished oytoprotective effects at 100 pM [22].

However, the exact concentration thresholds between anti- and pro-oxidant effects of bilirubin
remain undefined and need further investigation [23]. Thus, in the present work, we performed an
in vitro study using different human and murine cell lines exposed to increasing concentrations of
UCH, and correlated the intracellular unconjugated bilirubin concentrations with cytotoxic, antioxidant
and prooxidant effects.

2 Results

2.1. UCB Cytotoxicity

The four cell lines were exposed to a dose-dependent UCE treatment for 24 h and oytotoxdicity
was assessed by the propidium iodide (PI) test (Figure 1).

UCB cytotoxicity showed three different kevels of susceptibility among the cell lines. HepG2 cell
line was less sensitive, while the neuronal cells appeared the most sensitive. HE2 and H5V showed an
intermediate dose-dependent cytotoxicity behavior The first significant increase in dead cells was
detected at UCH concentrations of 3.6 pM for SH-5Y5Y, 7.5 uM for HE2 and 15 uM for H5V. No changes
were observed in Hep(G2
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The metabolic activity measured by MTT was also substantially affected upon the same UCH
exposure (Figure 2). In Hep(2 cells, formazan generation was reduced by 30% upon exposure to
increasing UCH concentrations, and similar data were obtained also in H5V and HE2 cells, while the
SH-5Y5Y cells were substantially more sensitive with reduction of formazan generation to 75% upon
exposume to as low as 0.4 pM UCE concentrations.
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24h Treatme nts
Figure 1. The effect of unconjugated bilirubin (UCB) treatment on cell viability. The cell lines wepe
exposed to the increasing UCB concentration (from 004 to 30 pM in the presence of 30 M BSA) or 0.5%
DMS0 for 24 h and then treated with propidium iodide (PI). The percentage of dead cells was calculated
as the proportion of flucrescence intensity of dead cells to that of total cells. Data ame expressed as
mean £ 50 of at least four independent experiments. * p < 0L05, * p < 0.01, *** p < 0001
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Figure  The effect of UCB on the metabolic activity of studied cells. The cell lines were exposed to
the increasing UCE concentrations (from 0.4 to 30 pM in the pressnce of 30 pM BSA) or 0.5% DMS0 for
24 hand then MTT test was performed. The capacity of control DMSO-tneated cells to modify MTT
into formazan was considened as 100%. Data ame expressed as mean + S0 of at kast four independent
experiments. * p < 005, ** p < 001, ™ p < 0.00.
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2.2, The Effect of UCE Exposure to Intracelular LICE Concentrition

All four cell lines were exposed for 24 h to increasing UCB concentrations, and then the intracellular
bilirubin concentrations were determined (Table 1).

Table 1. The effect of UCB exposure o intracellular UCB concentrations. The cell lines wene exposed
for 24 h to the increasing UCB concentrations. (from 0.4 to 30 yM in the presence of 30 uM BSA) or 0L5%
DMS0. Data ane expressed as mean + 5D of three independent experiments, UCB concentrations wene
recaleulated per myg of protein. p-values represent comparison with control eells.

HepiG2 H5V HEK2 SH-8Y5Y
Mean + 500 pValue Mean +5D  pValue Mean + 50 p-Valus Mean + 500 p-Value

Treatment ogimg) s Ol (ngmg s Cbl) ingimgl s Ol lngmg)  fvs Cil)
Contral 50+18 00 +00 00 +00 00+ 00
UCBL4pM  41x15 0735 L0 £ 00 L8+ 02 0ol4 13106 0508
UCBLS M 5120 0984 12109 0546 15x04 03 75+20 0308
UCBLEpM 2407 311 14 351 0415 10 x06 01T 130+30 D163
UCBRL6pM 2005 0245 A7 x06 08 67 £ 01 OO0 255+54 043
UCBZ.5puM 4623 o0 7516 0042 134:08 QOM 0 295:63 0043
UCB15uM 54207 OEF4  424£45 QA a1x%5  0OS2 FR1xE4 001
UCB30uM 21324 0033 122328 Q00 12382115 09 3083:112 0000

The intracellular bilirubin concentrations differ substantially among the cell lines, with HepG2
cells being the most resistant (intracellular UCB concentration remained comparable to the control
level until 15 pM treatment). SH-5Y5Y, HK2, and H5V cells showed a significant dose-dependent
intracellular bilirubin content, though the extent differs among the three cell lines: SH-5Y5Y was the
most sensitive, having one order of magnitude higher intracellular concentrations compared to Hep(G2
cells (p= 0.0014).

2.3. The Effect of UCE Exposure on Intracellular ROS Production

To test the prooxidant ability of UCE, the intracellular ROS production was measuned (Figure 3).

UCE did not result in any significant increase in intracellular ROS production in Hep(G2 cells
at any time point despite a two fold ROS increase by HyOw after 45 min (p < (L05) and 20 min
(p < 0.01) of treatment (Figure 51). On the contrary, in SH-5Y5Y cells, UCB concentration higher than
3.6 pM (corresponding to intracellular bilirubin concentration of 25 ng'mg) resulted in a threefold
increase in intracellular ROS production. In H5V cells and HE2 cells, UCHB treatments higher than
15 pM (corresponding to intracellular bilirubin concentration of 40 ng'mg) doubled the intracellular
ROS concentration.
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Figure 3. The effect of UCB treatment on intracellular reactive oxygen species (ROS) production.
The cell lines wene exposed to the increasing UCE concentration (from 0.4 to 30 uM in the presence
of 30 pM BSA) or (L5% DMSO for the time indicated on x-axis. The time of expesure to UCB was
defined based on a time course performed in each cell line. The time with the highest increase in ROS
preduction by UCH and 1 mM H;O, (used as pesitive contrel) was selected for each cell line (90 min
for Hep(:2 cells, 120 min for SH-5Y5Y and HEK2 cells, and 350 min for H3V cells). Fluorescence nesulls
reflecting ROS production wene normalized to the tolal protein content and compared to DMSO-treated
cells. Data ame expressed as mean + 50 of thiee independent experiments. * p < 005, * p< 001,
o p< 0L

2.4, The Antioxidant Effect of UCE on Live Cells Mensured by LUCS Technology ACQP1

Having assessed the prooxidant capacity of bilirubin by evaluating intracellular ROS accumulation,
we tested possible antioxidant effects of UCE using the Light-Up Cell System (LUCS) technology
(Figure 4). LUCS assay measures the ability of a condition to neutralize free radicals produced at
the intracellular level by a photo-induction process [24]. When applied on a dose—response mode,
the assay allows the evaluation of the 50% efficacy concentration (ECgy) of the intracellular antioxidant
effect of a compound [25].

A direct antioxidant activity of lower concentrations of UCH was detected in all the four cell lines
but differ significantly among cell lines. In Hep(G2 cells, the dose—effect curve showed an ECgy of
antioxidant effect around 21.2 pM (corresponding to an intracellular UCH concentration of 5.4 ng/mg
of total protein). In SH-SY5Y wlls, the antioxidant effect showed at 0,68 uM (coresponding to an
intracellular UCH concentration between 3.3 and 7.5 ng/mg), whereas in H5V and HK2 cells the
antioxidant effect occurned at infermediate UCH concentration. ECsy of antioxidant effect was at 4 uM
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and 2.4 pM, respectively, corresponding to an intracellular UCB concentration between 5 and 7 ng/mg
in both cell lines.

HepG2 RawData HepG2 DR
- 01 mas (B3N g
+- 3 [ABgNI) = gpo|___ECH0 | 2118
3 [23M) §
e T T = B00—
-+ C5[5T5uM E
e 6 [2,ETUN) B 400+
~ GF (143uM H
- G 0, T2k 3 200
= OB 0,350M
—= CTAL 1% OMSD 0 &
-1
HEV Rawlats H5V DR
1w 1000+
- C1 s A ELETTEEEE
g 254 ot = 800 [ =0 305 ]
(=TI M 'E
g:u- T Ch Tl = 600-
i FHetl - coonan E
é 15 s AR - T T 400+
SRR SRS Ty o L T E
1“,_ - B Al H 200
e )
"||||-|L-+mm“w T T 1
o4 kB W oMo 1.0 Y ¥ 1.5
Light finshes
HKZ RawData HK2 DR
1000 =
= T ma (50U}
- G2 (30uh) 3 o=,
CI15uM) B
= 4 [T 5uM) = snod
- 5 (35 E
bl
R T E 4004
= 7 [05uM) o
= 3 [04uM) E 200
= 302U
-~ = CTRL P DMEO e
T T T T T 1 d T T 1
a 1 F 3 L] & 1] 4 n 1 2
Light Rashees
Log [Bilirubin] pM
Figure 4. Conf.

&3



It J. Mol 5ci 2020, 21, 8101 Tofl7

SHEY RawData SHSY DR
- 1 ma (S0} 1008+ [ % squared | 0.0078
+ » goo-|[ ECG0 [ OGsid
€32 (15M) -]
- G TSl < oo
- 5 (3B g
== CB {1 8uk 400 .
v CT {05uM) S
- GH DAY E 200
= G D.2ukn
, - CTRLi%DMsSO B ...I—--'-'l : :
- A5 A0 4.5 0.0 0.5
Log [Bilirubin] uh

Figure 4. The antioxidant and cylotexic effect of UCB. Each cell line was incubated for 24 h with
indicated UCE concentrations and then ieated with the flucnescent bicsensor for 1 he Left panel eports
the kinedic profiles necorded for each cell line. Relative Flucmkescence Units (RFU) wene measuned at
exglem S0535 nm aceording to a necurrent 480 non LED flash application {20 iterations). Anticcidant
effect is measured as a delay (right shift) in ucrescence intensity incnease in comparison bo ne gative
conitrol profile. Fluorescence intensities higher than negative control at t = 0 (before light application)
indicate prooxidantfcytotoxic effects (as describes in [25]). Error bars nepresent SD values from
friplicates. Right panel neports dose-response curves obtained after integration of normalized kinetic
data. R%s mepresent determination coeficents obtained by fitting datawith a sigmoid megression analysis.
Unexpected concentrations C4 (Hep(2 cells) and C5 (H5V cells) were removed from the negression
analysis. Each series of data comesponds to an experiment representative of at least thiee experiments.

LUCS is a dedicated approach to discriminate between prooxidant/cytotoxic and antioxidant
effects [25]. Indeed, prooxidant/cytotoxic effect is revealed at the initial time course by a fluorescence
intensity higher than control value [24]. No oy totoxic effect was seen on Hep(G2 and HK2 cells while it
was present at low concentration on SH-SY5Y (treatment of 3.6 pM corresponding to an intracellular
UCH concentration of 25 ng/mg) and at very high concentrations (treatment of 30 pM coresponding to
an intracellular UCH concentration of 122 ng/mg) on H5V cells. Table 2 reports the intracellular UCH
concentration {(ng'mg protein} corresponding to the ECsy or oytotoxic effect in each cell line.

Table L The intracellular UCH concentrations cormesponding to antioxidant (30% e flicacy concentration
(ECsa])) or cytotoxic effects.

Antioxidant ECgp C}I‘hlnri: Effect
Cell Lines UCE Intracellular UCE Content UCE Intracellular UCE Content
Treatment (ng/mg Total Protein) Tee atment Ing/mg Total Protein)
betwesn
Hepl2 N2 uM 5.4 and 21.3 ng/mg total probein

HsV LM :“;r‘:;:;t e, Z30EM »122.3 ngimg
T twesn

HK2 244 M 3 and 6.7 ng/mg total prowein
betwesn

SH-5Y5Y &8 M »>255 ng/mg

33and 7.5 ngimg tokal protein. ~-0 KM

2.5, The Effect of LICE on Total GSH ad SOD Activity

Since the cells use multiple systems to protect against ROS overproduction, we measuned total
G5H concentrations (Figure 5) and SOD activity (Figure 52) in all the four cell lines exposed for 24 h to

increasing UCB concentrations.
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Figure 5. The effect of UCE exposure on intracellular glutathione (GSH) concentrations. The oIl
lines were exposed to increasing UCH concentrations (from 0.4 to 30 uM in the presence of 30 pM
BSA) or (L.5% DMSO for 24 h and then total GSH conceniration was measured. Dala are expressed as
mean = S0 of thee independent experiments. * p < 0L05.

The basal level of GSH was higher in Hep(52 cells. G5H concentration was not affected by UCE
treatment. The only exception was the SH-SY5Y cells, in which GSH concentrations increased upon a
UCH treatment above 7.5 pM (corresponding to an intracellular bilirubin content of 30 ng/mg of total
protein). SO0 activity was not affected by UCEH treatment in Hep(i2 cells, while its induction was
observed in the other cell lines at UCH prooxidant/ oy totoxic concentrations.

3. Diiscussion

Severe hyperbilirubinemia can cause permanent neurological damage in neonates [16], while a
mild elevation of systemic bilirubin concentrations protects against some diseases such as CVD
and diabetes thanks to its antioxidant and anti-inflammatory action [26]. To better understand the
determinants of this Janus-like behavior of bilirubin, we performed a comparative study using four
different cell lines coming from organs/tissues of different origins. HE2 and H5V derived from
normal kidney and heart endothelium and were immortalized by viral transduction (see Methods).
Hep52 and SH-5Y5Y cells derived from hepatoblastoma and neuroblastoma, respectively. Although
they are not normal cells, cancer cell lines are valuable surrogates for in vitro model systems that
are widely used in basic and translational research [27] as they provide an unlimited source of
biclogical material The quantity of cells requested by the experimental plan developed in the present
manuscript was not compatible with the yield of primary cell culture. Cells were exposed to the same
UCH treatment, the intracellular UCBH concentrations were measured and correlated with oytotoxic,
antioxidant, and/or prooxidant effects. This approach allowed us to confirm that the intracellular UCE
concentrations {(and not the external UCB treatment) determine the antioxidant or proaxidant/oy totoxic
effects and to define thresholds for antioxidant and oytotoxic effects in these cells.

Intracellular UCH concentration substantially differs among the four cell lines; Hep(i2 hepatic
cells have the lowest concentrations, while the SH-5Y5Y neuronal cells are the most sensitive (Table 1).
Intracellular UCB concentration depends on several factors including the extent of uptake, excretion,
and metabolic transformation, with each of these steps differing in various organs. The ability of Hep(G2
cells to maintain an intracellular UCB equilibrium in the presence of increasing extracellular UCE
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treatment is not surprising since the hepatocyte has a flexible and robust sy stem of bilirubin metabolism
and detoxification via its conjugation with glucuronic acid by bilirubin UDP-glucuronosyltransferase
(UGT1AT) [28-30]. In contrast, many cells of different origins do not possess UGT1IAT activity [7]
and must either oxidize or export UCB to prevent its intracellular accumulation [14,23]. Hence,
the vulnerability of the neurons may be due to lower activities of the mitochondrial enzymes that
oxidize UCH as well as the decreased expression of MREP1, one of the bilirubin e fflux pump limiting
the intracellular accumulation of the pigment [10-12,31]. A different pattern of expression of efflux
transporters and UCH metabolizing enzymes ocours also on H5V and HE2 cells [32] and can explain
the difference of UCE accumulation between hepatic compared to those of non-he patic origin.

UCB cytotoxicity showed three different levels of susceptibility among the cell lines (Figure 1).
As expected, the hepatic Hep(G2 cell line was less sensitive to UCH toxicity, even at the highest
UCBH concentration tested (corresponding to an intracellular UCH concentration of 21 ng/mg of
protein). Conversely, the neuronal cells appeared the most sensitive since ortotoxicity started at a
UCB concentration of 3.6 pM corresponding to an intracellular UCB concentration of 25 ng'mg protein.
HEZ2 and H5V showed an infermediate behavior, with UCB oy totoxicity starting from concentrations
of 15 uM cormesponding to an intracellular UCH concentration of around 40 ng/mg protein. Our results
are consistent with previous data showing that different cells exhibited different susceptibilities to the
cytotoxic effects of bilirubin; neuroblastoma was most susceptible while hepatocytes were the least
vulnerable [33].

The effect of PCB on cell viability (Figure 1) and metabolic activity (Figure 2) varied substantially.
The reduction in the metabolic activity occurred in HepG2 cells at UCB above 3.6 uM but was not
associated with the cell toxicity. Similarly; in non-hepatic cell lines, the reduction in formazan formation
occurred at UCH concentrations lower than cell mortality (i.e., on SH-5Y5Y cells metabolic activity
reduction ocourred at (0.4 uM while mortality started from 3.6 uM). Most importantly, the percentage
of dead cells detected by PI was dose-dependent while the reduction of formazan reached a plateau
(25-307% of reduction) at keast from UCH treatment of 7.5 pM in all cell lines. UCB has an anti-proliferative
activity that prevents the cells from multiplving rapidly and maintains the same number of viable
cells [34]. MTT test does not discriminate between cell viability and cell proliferation [35]. The plateaun
effect seen on MTT test in all cell lines points to the ability of UCB to stop the cell growth. Thanks to
this comparative study, we demonstrated that, in case of UCH treatment, MTT test is not a reliable
viability test but needs to be supported by a test measuring dead cells.

Among the molecular mechanisms contributing to UCB cytoboxicity, oxidative stress has emerged
as a potential crucial event [36]. In various cellular systems, UCH causes ROS production, protein
oxidation, and lipid peroxidation [37,38], leading to apoptosis [39]. On the protective side of
mild hyperbilirubinemia, in vivo studies suggested that bilirubin significantly reduces the clinical
signs of disease where oxidative stress is important, such as in autoimmune encephalomyelitis [22],
coronary artery disease [40], renal tubular injury [41] or diabetic nephropathy [42]. Bilirubin has
been demonstrated to be a powerful antioxidant substance in in vitro studies [19,20,43], suppressing
oxidation mome strongly than many other antioxidants, [44-46]. Bilirubin at low concentrations exerts
its potent oy toprotective effects by bilirubin/biliverdin redox oycling. [15].

The exact concentration thresholds between anti-and prooxidant effects of bilirubin remained
undefined [23]. Crur results showed that, in spite of ROS induction by HyOy, the highest UCE treatment
dose not induce ROS production in the cell line of hepatic origin (Hep(G2 cells) while intracellular ROS
increase starts in neurcnal cell line (SH-SY5Y cells) from UCB concentrations of 2.6 uM, and from 15 pM
in both aortic endothelial (H5V) and tubular kidney cells (HE2). On the other side, UCH antioxidant
activity showed an ECgp of 21.8 pM in Hep(G2 cells, 0.95 uM in SH-SY5Y cells, 2.44 uM in HE2 cells,
and 4 uM in H5V cells. Or results expand and better substantiate what was already published [21,22]
showing that each cell type has a different bilirubin threshold switching between the beneficial and
toxic effects of bilirubin. Total UCH concentration treatment is an uncertain predictor of its biological
effects because intracellular levels of UCE are modulated by its ooddation, conjugation, and export from
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the cells by membrane ABC transporters [11]. The ability to measure real UCB concentration in the
cells much improve our understanding of UCB-induced cytotoxicity as well as its protective effects [3].
Considering the intracellular UCB concentration regardless of the UCH concentration treatment,
we observed that all cell lines have a similar intracellular UCB threshold for antioxidant and prooxidant
effects. Figure 6 summarizes all the results previously presented and demonstrates the proposed
iUCB threshold. An intracellular UCB concentration around 7 ng/mg acts as an antioxidant, while an
intracellular concentration higher than 25 ng/mg is associated with prooxidant and oytotoxic effects.
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Figure 6. Intracellular UCB prooxidant and antioxidant thresholds. The cell lines were exposed for
24 h to the increasing UCB concentration (from (.4 to 30 uM in the presence of 30 uM BSA) or 0.5%
DMS0. Data ane expressed as mean £ 50 of three independent experiments, UCB concentrations wene
recaleulated per my of protein. p-values represent comparisen with control cells. * p < 005, ** p < 0.01,
e p< 0001

Finally, we showed that total GSH concentrations and S0D activity, other cellular systems to
protect against ROS, do not contribute to the UCBE antioxidant activity. Total GSH concentrations
(Figure 5} are not influenced by UCH treatment, maintaining the same level of control cells upon
UCH dose-dependent treatment. The only exception is on SH-5Y5Y cells where GSH levels increased
significantly upon a UCH treatment higher than 7.5 uM (corresponding to an intracellular bilirubin
content of 30 ng/mg of total protein). These results confirmed what was previously observed by our
group when UCH modulated the GSH concentration in neuroblastoma cells through the induction
of the System Xe- increasing cysteine uptake and intracellular GSH content [47]. In addition, SOD
activity (Figure 52) increased in all cell lines in response to UCH's prooxidant effect [48].

4. Materials and Methods

4.1. Cel Cultures

SH-5Y5Y human neuroblastoma cells (ATCC-CRL-2266) were maintained in EMEM/F12 1:1
supplemented with 15% fetal bovine serum (FBS), 1% penicillin/streptomy cin solution (penicillin G
{100 UfmlL), streptomycin (100 mg/mL}), --glutamine (2 mmol/L) (Euroclone S.p.A., Milano, Italy) and

% non-essential amino acids (Sigma-Aldrich, 5t Louis, MO, USA).

Hep(2 human hepatoblastoma cells wene maintained in DMEM high glucose supplemented with
107 FBS, 1% penicillin/streptomycin solution (penicillin G {100 U/mL), streptomycin (100 mg/mL)),
L-glutamine (2 mmol/L).
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H5V, murine heart endothelial cells transformed by polyomavirus middle T antigen (kindly
provided by Istituto Mario Negri, Milan, Italy), were grown in DMEM low glucose containing 10%.
(0'v) FBS, 1% penidllin/streptomycin solution (penicillin G (100 UfmL), streptomycin (100 mg/mL]),
t-glutamine {2 mmol/L).

HEKZ2, papillomavirus 16 transformed human proximal tubular epithelial cell line (kindly provided
by Prof. R. Bulla, Department of Life Sciences, University of Trieste), was cultured in DMEM low glucose,
Ham's F12 media (1:1) supplemented with decomplemented 5% (nft) FBS, 1% penidllin/streptomycin
solution (penicillin G {100 UfmL}), streptomycin (100 mg'mL}}, t-glutamine (2 mmolL), bovine insulin
(5 mg/mL), holo-transferrin (5 mg/mL), sodium selenite (5 ng'mL), hydrocortisone (5 ng/mL), EGF
{10 ng/mL), T3 {5 pg/mL), and PGE (15 pg/mL}.

When 80% of confluence was achieved, the cells were used in studies as described below.

4.2, Treatments

UCH (Sigma-Aldrich, 5t Louis, MO, USA ) was purified as previously described [4%], dissolved in
DMS0 (6 mM), and added to the cell medium (completed with FBS 10% and BSA in order to achieve a
final BSA concentration of 30 pM]) to reach a range of final concentration from 0.4 to 30 pM performing
serial dilution. DMSO {(L5%%) was used to treat control cells.

4.3, Cuantification of Intraceflular LICE Concentration

The cells at B0 % confluence wene incubated with different UCB concentrations (from (L4 to 30 uM)
for 24 h, or (L5 % DMSO. After treatment time, the cells weme collected by centrifugation and washed
three times in PBS. The intracellular UCH level was quantified using an LC-M5MS method as was
described previously [540].

Briefly, the cells were mixed with internal standard (mesobilirubin), then lysed and deproteinated
by (0.5% ammonium acetate in methanol. Finally this suspension was sonicated and centrifuged.
After the final centrifugation steps, 100 pl. of supernatant was pipetted into glass vials with the inert
insert (suitable for liquid chromatography-tandem mass spectrometry (LC-MS) analysis), and 2 uL.
was directly injected into the LC-MS5 apparatus. The LC-MS5MS analyses were performed using
high-performance liquid chromatography (Dionex Ultimate 3000, Dionex Softron GmbH, Germany)
equipped with a Poroshell 1200 EC-C18 column (2.1 pm, 3.0 x 100 mm; Agilent, CA, USA). For a
gradient elution, the phase was prepared by mixing 1 mM of NHyF (Honeywell, International Inc,,
Morris Plains, NJ, USA) in water and methanol (40% — 100%, 0~13 min) (Bicsolve Chimie SARL,
Dheure, France) [50]. The analytes wene detected by mass spectrometer (T30 Cuantum Acoess Max
with a HESHII probe, Thermo Fisher Scientific, Waltham, MA, USA) operating in a positive SRM
mode: bilirubin [585.3 — 299.1 (20 V); 585.3 — 271.2 (18 V)]; MBR [589.3 — 301.1 (20 V); 589.3 — 273.2
(44 V)]. Protein concentration in the el suspension was determined by DC Protein Assay (Bio-Rad
Laboratories, Irvine, CA, USA) and results weme expressed as nmol/mg of protein. All steps were
performed at dim light.

4.4. Cytotoxicity Test (P1) and Metabolic Activity Test (MTT)

The fests were performed on cells cultured in black %6-well plates [51,52].

P1 (Sigma-Aldrich, 5t Louis, MO, USA) was solubilized in PBS to a final concentration of 50 pg/ml.
After 60 min of incubation at 37 *C, the initial fluorescence intensity from the dead cells was measured
using a multiplate reader (EnSpire 2300, PerkinElmer, Waltham, MA, USA). The excitation and the
emission wavelengths were 530 and 620 nm, respectively. After the initial intensity was obtained,
Triton X-100 at a final concentration of 0.6% was added to each well to permeabilize the cells and label
all nuclei with PL After 30 min of incubation on ice, fluorescence intensity was re-measured to obtain a
value corresponding to the total cells. The percentage of dead cells was calculated as the proportion of
fluorescence intensity of dead cells to that of total cells.
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Metabolic activity was determined by assessing the reduction of 3(4,5dimethy] thiazolyl-2)-2.5
diphenyl tetrazolium (MTT, Sigma-Aldrich, 5t Louis, MO, USA) to formazan by succnate
dehydrogenase, a mitochondrial eneyvme, as previously described. In brief, a stock solution of
MTT was prepared in FBS (3 mg/mL). MTT solution was diluted to 0.5 mg/mL in the cell medium. The
test was performed on the cells cultured in 96-well plates. Cells were incubated with the cell medium
containing MTT for 1 h at 37 °C. At the end of the incubation period, the insoluble formazan crystals
were dissolved in 100 pL of DMSO:. Absorbance was determined at 562 nm using a multiplate reader
{EnSpire 2300, PerkinElmer, Waltham, MA, USA). Results weme expressed as the percentage of control
@lls not exposed to UCH, which were considered as being 1007% viable. Is it worth noting that MTT
test is a quantitative colorimetric assay for detecting living, but not dead, mammalian cell survival and
proliferation [53].

4.5, Determination of Intracellular BOS Production

Intracellular KOS  concentrations were monitored by using  the fluoescent dye
¥ -dichlorodihy droflucrescein diacetate (HyDCFDA, Invitrogen, Thermo Fisher Scientific, Waltham,
MaA, USA), which is a non-polar compound converted into a non-fluorescent polar derivative (H2DCF)
by cellular esterases after incorporation into cells. H2ZDCF is membrane-impermeable and is oxidized
rapidly to the highly fluorescent 2°,7-dichlorofluomescein (DCF) in the presence of intracellular KOS,
Cells were seeded in 96-well black plates. At the end of UCB treatments, the cells were washed
with PBS and were post-treated for 1 h with 10 pM H2ZDCF-DA diluted in serum-free medium
{free phenol red-DMEM high glucose 24.5 mM) (Sigma-Aldrich, St Louis, MO, USA). HyOy treatment
was used as a positive control. Cells were washed in PBS and then incubated in PBS solution to read a
normal fluorescence (EnSpire 2300, PerkinElmer, Waltham, MA, USA) at an excitation and emission
wavelengths of 505 and 525 nm, respectively Time of exposune to UCB was defined by a time course
performed in each cell line. The time with the highest peak of ROS increase, both by UCH and by Hx(Oy
1 mM {used as positive control), was chosen for each cell line (90 min for Hep(G2 cells, 120 min for
SH-5Y5Y and HEK2 cells, and 360 min for H3V cells).

4.6, Anti Oxidant Power 1(AOF1)

HepG2, SHSYSY, H5V, and HE2 cells were seeded in 96-well plates and then incubated with UCH
{4 concentrations obtained by serial log2 dilutions) in the cell growth medium in the presence of FBS
plus BSA to reach BSA final concentration of 30pM. Cells wemne treated for 24 h at 37 “C in the presence
of 5% COy. At least three independent experiments were performed each on triplicate wells. LUCS
assay measures the ability of an antioxidant to neutralize oxidative stress and the effect is measuned
by a delay in the kinetic evolution of flunrescence emission according to Gironde et al. [25]. Briefly,
after the 24-h incubation, the cells were treated with the fluoreseent biosensor thiazole orange (4 ph,
Sigma-Aldrich, 5t Louis, MO, USA) for 1 h and Relative Fluorescence Units (RFU) at 535 nm wene
recorded (Varioskan, Thermo Fisher Scientific, Waltham, MA, USA) after a recurrent {20 iterations)
480 nm LED application procedure (24 ml/em?} [25] of the whole 96-well plate. Kinetic profiles were
recorded and dose-response curves were calculated. Prooxidant/cytotoxic effect is revealed at the initial
time course by a fluorescence intensity higher than control value [24]. RFUs (Felative Fluonescence
Units) presented in Figure 4 were plotted in a kinetics-like mode and analyzed by Prism# softwane
(GraphPad, San Diego, CA, USA) to generate dose—response curves. Results were normalized to
control data and expressed as a Cellular Antioxidant Index {CAI) corresponding to the integration of all
normalized data following the equation CAI= 1000 — 1000 A UG A UCcontrol) where AUCx = CI__|"12
NFUFMNx and AUCcontrol = EI_||.‘12 MFUFMcontrol and WFUFNx = flash number x. For dose—response
experiments, CAl values were then used to calculate 50% efficacy concentration (EC50) values from
a mathematical non-linear regression model (sigmoid fit) following the equation: ¥ = Bottom +
(Top — Bottom (1 + 1 LegE 50— X HillSlopey o he pe HillSlope = slope coefficient of the tangent at the
inflection point. EC50 and K2 values were deduced from the regression model. Two AUCs whose
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value was above AUC values obtained from higher concentrations wemne discarded from the fit model
as regression sigmoid model should describe an increasing function.

4.7. GSH Determinations

Total GSH concentration was determined using a GSH Colorimetric Detection Kit (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA}. The kit uses a colorimetric substrate that reacts with the
free thiol group on GSH to produce a highly colored product. The cells were cultured in a well plate
at different concentrations according to the cell size. When a confluence of around 80% was reached,
the cells were treated with different bilirubin concentrations. Aflerward, the cells were washed with
ice-cold PBS, suspended in ioe-cold 5% agqueous 5-sulfosalicylic acid dehydrate, and sonicated to
lyse cells. The dilution and assay were conducted as indicated by the kit instructions (the end-point
method). Total GSH concentrations (uM) were obtained by interpolation on the standard curve. Results
were normalized per 100,000 seeded oells.

4.8. 50D Activity

The superoxide dismutase activity was measured according to Ewing and Janero (1995) [54].
50D activity was measured using an NBT/NADH/PMS system. The non-ensymatic phenazine
methosulfate-nicotinamide adenine dinucleotide (PMSMADH) system generates superoxide radicals
that reduce nitro blue tetrazolium (MBT) into a purple-colored formazan. One S0D activity unit was
defined as the amount of an enszyme required to cause 50% inhibition of the NBT photoreduction
rate. Cell lysates were added to a reaction mixture containing 50 mM potassium phosphate, pH 7.0,
166 pM MNADH, 43 uM NBT. The reaction was initiated with the addition of 50 pl. freshly prepared
PMS 0,75 pM. The absorbance (considered as an index of MBT reduction) was monitored at 560 nm.
over 5 min every 30 min using a multiplate reader (EnSpire 2300, PerkinElmer, Waltham, MA, USA) in
the kinetic mode. The change in absorbance at 560 nm was plotted as a function of time. The slope
obtained in the absence of SO0 (the activity control) should be maximal and is taken as the 100% value;
all other slopes generated with S0OD standards or cell tissue extracts were compamned to this slope.
The % inhibition of the rate of increase in absorbance at 560 nm is calculated as follows % Inhibition =
{(Slope of 1X 501 Buffer Control — Slope of Sample) » 100)/Slope of 1X500 Buffer Control.

IC50 values of the samples were determined by plotting percentage inhibition vs. the quantity
{mg of total proteins) of the @ll extract. The SO activity was expressed in terms of units/mg of
total protein considering that one S0D activity unit was defined as the amount of enzyme required
to cause 50% inhibition of the NBT photoreduction rate. Protein concentration was determined by
Bicinchoninic Acid Protein assay (Sigma-Aldrich, 5t Louis, MO, USA). Bovine 50D Cu, Zn- 50D (S0D1)
(Sigma-Aldrich, 5t Louis, MO, USA) was used as an internal control to generate a standard curve of
the 50D activity.

4.9. Statistionl Analysis

All data are presented as mean + standard deviation. A statistically significant difierence between
two data sets was assessed by unpaired two-tailed Student’s t-test using Prism5 software (GraphPad,
San Diego, CA, USA). Statistical significance was determined at p = 0.05, unless otherwise indicated.
Significance was graphically indicated as follows: * p < .05, ** p < (L01, *** p < 0.001.

5. Conclusions

In all the cell lines studied, the intracellular UCH concentration of around 7 ng/mg protein
had antioxidant activities, while its intracellular concentrations > 25 ng/mg protein resulted in
prooxidant and cytotoxic effects. UCB metabolism was found to be cell-specific resulting in different
UCB intracellular concentrations. Nevertheless, we could define the threshold of intracellular UCB
concentration valid for various cell types that set the switch between the anti- and pro-oxidant effects
of bilirubin.
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Abbreviations

LB Intrace llular unconjugated bilirubin concentrations
UCB Uneonjugated bilirubin

ECH) Half maximal e ffective concentration
ROS Reactive oxygen species

HMOX Heme oxy genase

BLVE Biliverdin reductase

Bf Free bilirubin

CYFs Cytochrome P-450-oxy genases

GSTs Glutathicne S-ransferases

UGTs UDP-Glucuronosy Hransferase

ABC ATF Binding Cassetle

ABCC1 ATP Binding Cassette Subfamily C Member 1
ABCC2 ATF Binding Cassette Subfamily C Member 2

ABCC3 ATP Binding Cassette Subfarnily C Member 3
ABCE1 ATPF Binding Cassette Subfamily B Member 1
MDR1 Multidrug resistance probein 1

MEF3 Multidrug resistance-associated Protein 3

PGF1 P-glycoprotein 1

BEB Blocd-brain barrier

G5 Gilbert syndrome

oD Cardiovascular diseases

Pl Propidium iodide

[ Drimne thyl sulfeecide

MTT 34, 5-dimethylthiazolyl-2}-2,5 diphenyl tetrazolium
H2DCFDA - P7 -dichlorodihydrofluomesesin diacetate

DCF ¥, 7-dichloroflucmesein

Hz05 Hy drogen peroxide

BSA Bow ine serum albumin

LUCs Light-Up Cell System

ADP Anticeidant powerl

RFU Relative fluorescence units

50D Superoxide dismutase

UGTIAL UDP Glucurcnosyliransferase family 1 member Al
GSH Reduced ghatathicme

NET Mitro blue tetrazolivm

NADH B-Micotinamide adenine dinucleotide reduced
PMS FPhenazine methosulfate

CuZnS00  Copper- and zine-containing superoxide dismutase
S0 Supercxide dismutase [Cu-Zn]
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For severe unconjugated hyperbiirubinemia the gold standard treatment is
phototherapy  with  blue-green light, producing more polar photo-oxidation
products, believed to be non-toxic. The aim of the present study was to compare
the effects of bilirubin (BR) and lumirubin (LR), the major BR photo-axidation product,
onmetabolic and oxidative stress markers. The biological activities of these pigments
were investigated on several human and murine cell lines, with the focus on
mitochondrial respimfion, substrate metabolism, reactive oxygen species
production, and the overall effects on cell vishility. Compared to BR, LR was found
to be much less taxic, while still maintaining & similar antioxidant capacity in the serum
as well as suppressing activity leading to mitochondrial superoxide production.
Mevertheless, due to its lower lipophilicity, LR was less efficient in preventing
lipoperoxidation. The cytotoxicty of BR was affected by the celuler glycolytic
reserve, most compromised in human hepatoblastoma HepG2 cells. The observed
effects were correlated with changes in the production of ticarboxylic acid cycle
metabolites. Both BR and LR modulated expression of PPARa downstream effectors
involved in lipid and glucose metabolism. Proinflammatory effects of BR, evidenced by
increased expression of TNFa upon exposure to bacterial lipopolysaccharide, were
observed in murine macrophage-like RAW 264.7 cells. Collectively, these data point to
the biological effects of BR and its photo-oxidation products, which might have clinical
relevance in phototherapy-treated hyperbilirubinemic neonates and adult patients.

lite

Keywords: antioxidant, bilirubin, cell respiration, hemirskin, intracelhl -
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INTRODUCTION

Bilirubin (BR) (Figore 1A), the major product of the heme
catabolic pathway in the intravascular compartment, has been
identified as a molecule of unique biological signifiance.
Whereas in the past BR was merdy considered as waste and a
potentially neurotoxic product of heme @tabolism, experimental
as well as dinical research over the recent decades has
convindngly proven its  important antioxidant, anti-
inflammatory, and other positive biological effects (Wagner
et al., 2015).

Thus, mild hyperhiliruhinemia exhibits protective effects
against various chronic diseases mediated by increased
oxidative stress (Wagner et al, 2015). Long-term, mildly
elevated BR concentrations protect mitochondria and the
respiratory chain, with a concomitant decrease of reactive
oxygen species  (ROS) and pro-inflaimmatory  cytokine
production (Zelenka et al, 2016); these cbservations are
conzistent with our previous im vitro and in vivo data, further
demonstrating the anti-inflammatory effects of BR (Valashova
et al., 2019). This data are also in line with recent observations on
beneficial effects of BR on metabolic pathways implicated in
pathogenesis of diabetes, metabolic syndrome and obesity (Stec
et al, 2016; Hinds and Stec, 2019) proposing BR as a signaling
molecule with “real” endocrine activities (Hinds and Stec, 2018;
Vitek, 2020). These pathways inchude those activated by PP ARa
(Stec et al, 2016; Hinds and Stec, 2018; Hinds and Stec, 2019},
although signaling pathways activated by other nuclear as well as
cytoplasmic receptors are likely to contribute as wdl (Vitek,
2020).

On the other hand, BER virtually behaves as a yin/yang
molecule, heing beneficial when only mildly elevated, whie
harmful when overcoming a safe threshold (Wagner et al,
2015). In fact, due to its lipophilic nature BR hinds to mydin-
rich membranes, insulating neurons and consequently affecting
their function (Watchko and Tiribelli, 2013). BR-induced
changes in the CNS are multifactorial, with ectensive impacts
on the bran compartment, inflimmatory statis, marphology,
and are followed by cognitive dysfunction (Dal Ben et al., 2017).
In coltured rat neurons, BR causes DN A fragmentation (CGrojean
et al., 2000), decreases respiration, changes both membrane
potential and permeability, releases optochrome ¢ from the
mitochondria to cytosol, and initiates apoptosis via caspase 3
(Rodrigues et al., 2002). Similar effects, induding suppression of
respiration followed by mitochondrial swelling leading to
apoptosis, were ohserved in other ol types as wdl (Mustafa
et al., 196%; Noir e al., 1972 Almeida and Rezende, 1981).

To some eoxtent, neonatal jaundice is bdieved to play a
protective role against increased oxidative stress (Hegyi o al.,
1994; Shekech et al, 2008; Hansen et al, 2018). However, a serum
BR concentration above 340 pmol/L is potentially dangerous for
neonates  with  a  high  risk of BR  nenrotoxicity
(Hyperbilirubinemia, 2004). The gold standard treatment for
severe newborn jaundice is phototherapy (PT) which is
generally  considered a  safe  therapeutic method [(AAP
Subcommittee on  Hyperbilirubinemia, 2004). During blue-
green light PT (400-520nm), BR is converted to photo-

FIGURE 1 | Sructure of (&) BA, and {B) LA.

oxidation products that can be maore effectively ewcreted into
the urine and/or bile (McDonagh and Falma, 1980; Onishi et al.,
1981; Lightner et al, 1984; Maisels and McDonagh, 2008). These
products include, among others, BR photoisomers ZE-BR [Xa,
EZ-BR Do, Zlumirubin (LE) (Figore 1B), as wdl as
monopyrrolic (BOX A and  BOX Bl dipyroolic
(propentdyopents) and tripyrrolic (biopyrrin A and biopyrrin
B) oxidation products (Jaiprova et al., 2018). Surprisingly, the
biological properties of BR photoisomers and oxidation producs
are only poorly understood, primarily because of the absence of
commercial standards for BR photoisomers.

Mevertheless, the metabolism of BR photoisomers seems to
have clinical mportance. Although FT is an effective. non-
invasive, and relatively safe therapeutic method, accompanying
potential side effects of the treatment are kmown in clinical
practice, including hypoclcemia (Khan et al, 2016),
dehydration (Xiong et al, 2011), ilens (Raghavan et al, 2005),
type 1 diabetes (Mcnamee et al,, 2012), allergies (Safar and Elsary,
2020), increased incidence of @ncer at advanced age (Auger etal.,
2019), and even increased mortality of exctremey low birth-
weight nfants (Arnold o al., 2014).

Hence, the aim of the present study was to investigate the
biological properties of LR, the most abundant BR photoisomer,
in arder to account for some of the clinical observations in PT-
treated neonates. 5o far, the intracedlular metabolic impact of BR
photoisomers has never been properly investigated, although our
previous data suggest their biological importance (Jasprova et al.,
2016; Jafprova et al, 2018). Therefore, we had aimed to study the
in vitro effects of BR and LR on redox homeostasis and energy
substrate metabolism.
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MATERIALS AND METHODS

Chemicals

All chemicals and cell culture reagents were obtained from
Sigma-Aldrich (MO, United States) unless otherwise specified.
Commercial BR was purified as previously descaribed (McdDonagh
and Assisi, 1972) and diluted in DMSO or a stoichiometric
concentration of bovine serum  albumin (BSA) in PBS
(Jatprova et al, 2018). BR stock soltion (10 mmol/L in
DMSO) was divided into aliquots and stored at <20°C to
prevent degradation from repeated thawing. LR was isolated
from the irradiated BR solution (BR was dissolved in a rabbit
serum albumin solution) as previously described (asprova et al.,
2020). For PPARa activity experiments, BR was dissolved using
serumy albumin-free conditions (see below). The LR was dissobved
in PES with the concentrations measured spectrophotometrically
(TECAN Infinite M200, Switzerland). LR stodk solution (1 mmol/
L) was divided into aliquots and stored at <20°C.

Cell Cultures

Human neurchlastoma SH-5Y5Y cells, hepatoblastoma HepG2
cells, murine macrophage-liee RAW 264.7 cells, and fibroblast-
like MRCS cdls from normal lung tissue were all purchased from
the American Type Cuture Collection (ATCC, VA,
United States). Hep(Z, SH-5Y5Y, and MRCS were cultured in
Minimum Essential Mediom (MEM; Biosera, France) with
S5mmol/l. gluoose, and supplemented with both 2 mmol/L
ghitamine, 10% fetal bovine serum (FBS; Biosera), as wdl as
with 1% non-essential amino acids (Biosera) in a normaocic CO,
chamber at 37°C in a humidified atmosphere. RAW 264.7 cels
were cultured in Dulbecoo’s Modified Eagle's Mediom (DMEM
with 4500 mg/L glucose, L-ghitamine, and sodium bicarbonate)
with 10% FBS.

The medivm was replaced 24—48h  prior, starting the
experiments with fresh medium contaming LR and BR in a
final concentration of 5, 25, or 50 ymol/l. (control samples
were treated by medium containing an adequate volume of LB
BR solvents; finad concentration of DMSO 0.5% wiv,
concentration of BSA in FBS = 2.5g/L (Soutar et al, 2019)).
Thus, the respective concentrations of Bf (Bilirubin free, unbound,
biologically active fraction of bilirubin) corresponded to non-
toxic, borderline toxic and toxic concentration s, respectively (Roca
et al, 2006; Ledenla etal, 2012). On the day of the experiment, the
control cdl culture reached a confluence of 80-90%.

GC-MS Analysis of Intracellular Metabolites
of the Tricarboxylic Acid Cycle

The cel samples (pellets washed with PES) with an internal
standard (15, oxalate) were extracted with water/methanol/
chloroform (1112, vwiwviv) and centrifuged at 1000 x g for
10min. The upper polar phase was transferred into a glass
vial and lyophilized. The analytes were derivatized with
pyridine/N, O-bis{trimethyls iyl Jacetamide/chlorotrimethylsilane
(842 wivlv) at 65°C for 75min. Derivatized samples were
injected directly into a gas chromatograph - mass spectrometer
(GC-MS, GC 6890N, MD 5973, Agilent Technologies, CA,

United States) (Dvorak et al., 2017). The analyte amount was
normalized to the 1S and the cell count and calculated as a % of
the contral.

High Resolution Respirometry

Cdls pretreated for 24h with BR/ALR or ther solvents were
harvested and re-suspended in an adequate fresh medium
(with BR/LR or therr solvents) before measurement. The
oxygen consumption of living cels was measured at 37°C
using an Onygraph-2k (Oroboros Instruments GmbH, Austria)
in 2 2ml chamber in a MEM-based medium. The protein load
reached roughly 3-15mg/chamber, depending on the cell type
After air calibration and equilibration, the following inhibitors
and uncoupler were used (SUIT-003 protocoll: oligomycin
(2.75 pmal/L), FOCP (6 pmol/L) (at least a 2-step titration),
rotenone (0.2 pmol/L), and antimycin A (5 pmaol/L). All
respiratory  parameters were analyzed in  Datlab 7.4.04
software (Oroboros Instruments ), and were ecpressed in pmol
O,/s/mg protein (Smolkova et al, 2015).

The same procedure was wsed for experiments in serum-free
medium. As recently reported, BR may affect FP AR« epression
and modify cdl respiration and lipid metabolism (Gordon et al.,
2020), but unsaturated fatty acids or their derivatives from FBS
may compete with BR in active site (ligand-binding podket) of
spedfic nuclear receptors (Stec et al., 2016). Hence, in spedfic
experiments FBS in medium was replaced by fatty acid free-BSA
(to avoid the BR precipitation) 24 h before eqperiments. BSA was
dissolved in PES (43 g/L) and BSA solution was added to the FBS-
free medium to a final concentration of BSA = 4.3g/L (10% wiv).

ATP Production

ATP amount was measured in oells exposed to a medium with
glucose (normal phenotype) or galactose containing 25 pmal/L
BR. Galactose in medium was sdected to mimic starving leading
to increase in the odl respiration, smce deacase of ATP
production by glycolysis must be compensated by increased
oxidative phosphorylation.

The CellTiter-Glo Luminescent Cell Viahility Assay (Promega
Corporation, WI, United States) was used to determine ATP
amount n the Hep(G2, MRCS and SHSYSY cdls after BR
treatment in substrate-specific conditions (galactose/glucose).
For determination, MEM culture medium was replaced by
DMEM-based medium 24 h before experiment (components
were made to order and prepared by Institate of Molecular
Genetics of the Czech Academy of Sciences). Experimental
medium  contained DMEM, 10% FBS, 1% Penidllin-
Streptomydin, glutamine (2mmaol/L), ghicose (Smmaol/L) or
galactose (5 mmol/L), NaHCO; (1.5g/L) and BR (25 pmol/L)
or respective solvent. To perform the assay, Cel Titer-Glo reagent
was prepared by reconstituting the lyophilized CellTiter-Glo
substrate i the CdlTiter-Glo buffer according to
manufacturer s instructions. Before the measurement the cells
were washed with 100 pL of fresh medium to avoid artificial AT
detection from disrupted cells. Equivalent amount of the reagent
was added to cach sample and the signal was measured by a
luminometer  (Synergy/HT  Microplate  Beader,  Biotek
Instruments, Inc., VT, United Staes) at 22°C within 0, 5 and
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10min. The ATF concentration was normalized to the protein
concentration measured  immediatdy  after  Juminometric
analysis. The 96-well plate was divided in half and first part
was wsed for luminometric method, whereas the second for the
protein determination (treatment, seeding and time management
were comparahle). The wells were washed by PES, and the lysis
buffer (Buffer LY5IS LR, Biotechrabbit GmbH, Germany) was
added, then the platewas vigorously shaken for 30 min on ice and
the lysates were measured by Nanodrop  ([DS-114
Spectrophotometer, DeNOVIX Inc, DE United States) at
280 nm.

Determination of Mitochondrial Superoxide

Production

Superoxide produdion in live cdls was detected using MitoSOX
dye (Life Technologies, CA, United States). The cell suspension
was stained for 15 min in a complete medium, then the sample
was centrifuged (250 = (5, 5 min); then the medium was removed
and the pellet re-suspended in PBS. Fluorescence of the stained
cells was measured by a flow cptometer (Mindray, BriCyte E6,
China) every minute (0-15 min; 10,000 events/minute), and the
change in proportion of supermdde-producing cells upon various
treatments was monitored. The slope of fluorescence change,
reflecting the production of superoxide in real time was
calulated. Rotenone (10 pM) was used as a positive control of
the increased superoxide production in the treated cels (Zelenka
et al., 2016).

MTT Viability Test

The viability of cells exposed for 24 and 48 h to LR and BR was
measured using the MTT test as previously descaribed (Jasprova
et al,, 2018).

Determination of Lipoperoxidation

The degree of lipoperoxidation was determined by a modified
method, as previously described (Vreman et al, 1998). In brief,
rat brain tissue (stored at -80°C until analysis) was diced, diuted
19 (wiw) in a phosphate buffer and sonicated. Mext, 20 pl of this
suspension was added to carbon monoxide (COj-free vials
together with 1pl of LR or BR (with a fina concentration
range of 1-50 pM). The LR was dissolved in PBS or BSA, and
the BR was dissolved in DMSO or BSA; while the pure solvents
served as control samples. The Fenton reaction was initiated by a
ferrous salt-ascorbate system injected across the airtight cap.
Samples were incubated for 3 min at 37°C, and then the
reaction was stopped by 10 pl of 60% (wi'v) sulfosalicylic acid,
then the samples were incubated for 30 min on ice. CO released
into the vial headspace was quantified by gas chromatography
(GC-RGD  Peak Peformer 1, Peak laboratories, CA,
United States), and reflected the lipoperoddation rate.

Determination of Serum Peroxyl Radical

Scavenging Capacity
The serum permoy] radical scavenging capadty (AQX, antimddant
capacity) was determined using a fluorimetric method, as the

relative proportion of chain breaking antioxidant consumption
present in the serum compared to that of Trolox (a reference and
calibration antioxidant compound) (McDonagh and Assisi, 1972).
The sam ples (human serum of healthy volunteer mixed with BR or
LE; then LE, BR and Trolox dissolved in HSA, and also degraded
LR dissolved in PBS measured after 6 and 24h after dissolution
were measured using a 96-wel plate. Forty pl of dipyridamal
{dissolved in [MSO and diluted to 2.5 pmal/l in PES), 40 pl. of
sample (25 5, 25 and 50 pmol/L BR/LE) and 20pl of 22'-
azohis(2-methylpropionramidine) dihydrochloride (100 mmol/L)
were added into the reaction well and fhuorescence (Ex. 415nm,
Em. 480 nm) was measured immediately. Total time of analysis
was 2 h, fluorescence was measured every 2 min (plate was shaken
periodically before each scan) For all samples, the time to
fluorescence quenching was evaluated and was compared to
respective control samples.

Determination of the Glycolytic Reserve
The glycalytic reserve of the cells (SH-5Y5Y, HepG2, and MRCS)
was measured using a Seahorse XF24 Analyzer (Agilent
Technologies), with a combination of two standard Agilent
protoonls (the Mito Stress and Glycolysis Stress tests). The
combination of both protocols made it possible to check if the
cells were respiring normally.

Toimprove cell adherence, the plate was coated with poly-L-
Iysine (100pL of 0.01% solution per wel). One day before the
experiment, the cells were seeded by adding 100 pl of suspension
(at density of 500,000 cdlsim L for HepG2 cells, and 750,000 cells/
mL for MRC-5 and SH-5Y5Y). The plate with cells was left
overnight in a humidified incubator supplemented with 5% CO,
at 37°C.

Assay medium preparation: D5030 DMEM assay medium was
diluted in sterile water according to the manufacturer’s
instructions, the pH was adjusted to 74 with NaOH, and then
the solation was made to make the accurate volume. Then, the
DMEM solution (99 ml) was mixed with 1 ml of L-glutamine
(water stock solution, 200mmol/L). The assay mediuvm was
heated to 37C and the pH was cheched. This medium was
used for preparation of the stressor compounds. Stodo
solutions  were  prepared as  10x concentrated  (glucose
50mmol/L. digomycin 20pmol/L, FCCP 5 pmol/L. rotenone
20pmol/L, antimydn A 10 pmol/L, 2-deoxyghicose 0.5mal/L).

O the day of the experiment, the cell culture medium in a 24-
wdl plate was removed and changed for 100 pl. of the assay
medium. The plte was placed in a humidified, temperature-
controlled (37°C) incubator withowt C0O; atmosphere for
45-60min for degassing, while the sensor cartridge was
hydrated by loading of the stressor mix into every port A-D
(A: 50 pL. of glucose, B: 55 pl of oligomycin, C: 61 pL of BCCP,
and D: 67 pl. of 2-deoxyglucose, rotenone, and antimycin A).

The glycolytic capacity and reserve were evaluated as the
difference of the extracellular addification rate (ECAR) under
conditions in the presence of digomydn and glucose

Determination of Nitric Oxide Production
Production of nitric oxide (NO) was measured in the media by
determination of nitrite concentration using the Griess reagent.
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Cels seeded in 96 wells were cultured in colorless medium and
mixed with LR or BR (5 or 25 pmal/L), with or without
lipopolysaccharide (LPS; 1pg/ml), 24h before measurement.
Eighty pl of medium from each wel were mixed with 80plL
of Griess solution (004 g'ml), and ahsorbance at 540nm was
measured by an iMark Microplate Reader.

Quantitative Real-Time PCR

Total BNA was odracted wing a GenUP Total BNA it
(BiotechRabbit, Germany), and complementary DMNA [cDNA)
was  synthedzed with a High Capacity DNA Reveme
Transaiption Kit (Applied Biosystems, CA, United States).
Amgplification of the target genes was performed on a Viid 7
instrument (Applied Biosygems) in 10-pl reaction wolumes,
containing 45 pl. of 10-fold dilued cDNA template from a
completed mverse  transcription  reaction, TagMan™  Fast
Advanced Master Mix (Applied Biosystems) and TagMan™ Gene
Expression Assay (MmD0443260_g1 TNFa; MmO15453%9_ml
HPRT, Hs00947536_m1 PPARa, H99999909_ml human HPRT,
Ha00354519_m1 CD36, HeD0173927_m1 FGF21, Hs00912671_ml
CPT1A, H=D1037712_ml PDK4, Hs01101123_gl ANGPTLA,
HaD1005622_ml FASN; Applied Biosystems). The temperature
profile was: 2 50°C, 92°C 10" 40k (1" 95°C, 20" &0°C). The
relative quantification was made by the 2-AACt method with
HPET as a housceeping gene.

For TMFa mRMA expression the murine macrophage-like
RAW 264.7 cels were seeded in 6-well plates and incubated
for 24 h with 5and 25 pmal/L BR or LR, To assess the dfed of
LPS on TNFo expression, the cells were incubated for the last
hour with 50ng/ml of LPS. Then the cels were washed with PBS
and oollected in a lysis buffer (Buffer LYSIS LR, Biotechrabbit
GmbH, Germany ).

For PPARn and its downstream effector gene mBNA
expressions (FASN, CPT1A, FGF21, PDK4, ANGPTL4 and
CD36, (Rakhshandehroo et al., 2010)), the HepG2 aells were
seeded in 12-well plates. The medium was replaced by the fresh
serum-free medium for 24 h, then BR, LR or solvent was added.
After 05,1, 2, 4, 6 and 24h, the cells were washed with PBS and
collected as described above To maintan serum and albumin-
free conditions in these experiments, BR was dissolved in 0.1 M
NaOH, neutralized by 0.1 M H3 POy andbuffered by PBES (0.01 M,
pH B0, added in large =roess). Final concentration of BR stock
solution was 480 uM. LR was dissalved directly by PBES used for
final step of BR solution preparation. Final concentration of BR/
LR in medium was 25 pM.

TNFa and FGF21 Protein Quantification
Concentrations of TNFa were measured in culture media (50 pl)
removed from the murine cells RA'W 264.7, incubated for 24h
with or without BR or LK (5 and 25 pmal/L), using a spedfic
TN Fa Mouse ELISA Kit (Thermo Fisher Scientific) according to
the manufacturer’s instructions. For TN Fa expression with LPS,
50ngml of LPS were added into the medium 4 h before the end
of a 24 h incubation.

Concentration of fibroblast growth factor (FGF) 21 was
measured in culture media (50 pl.) removed from the HepG2,
incubated for 48h in serum-free media with or without BR or LR

15pumol/L), using a specific Quantikine ELISA Human FGF-21
Immunoassay kit (R&D Systems, United Kingdom ) according to
the manufadurer’s instuctions. TNFa  and FGFZL
concentrations were measured in triplicates from individual
wels on a micoplate reader (TECAN Infinite M200). The
concentrations were expressed in pg/ml. Due to increased
toeicity of BR on HepG2 cdls cultured in serum-free media,
BER was wed in conentration of 15pmol/l and the
concentrations of FGEF21 in media were rdated to g of the cdl
lysate protein.

Stability of LR and BR

The culture medium as wel as the human serum of a healthy
volunteer were mixed with LR and BR to a final concentration of
10pmol/L. Both solutions (medinm and serum) were incubated
for 6h in a CO; incubator (humidified atmosphere, 37°C, 5%
C0z). Spiked medium or serum (10 pl.) were collected every h
{(0-6h) and then immediatey frozen at =80°C until the pre-
analytical extraction. With the uwse of other solvents, the same
procedure was performed for the evaluation of LR stability. The
culture medium was used for hypoxic treatment as well (samples
were colleted in both normoxic and hypoxic conditions
simultanecusly). A spedal hypoxic box  (OxyCyder
GT4181CN, BioSpherix, NY, United States) within the C0,
incubator was used for the experiments. The atmosphere was
controlled by Oy Cycler software, with the low oxygen volume
compensated for by nitrogen. Gases certified for tissue mlhire
experiments were used (Air Products, Czech Republic).

LC-MS/MS Analysis of LR and BR

Ten pL of liguid samples were spibed with 10pl of IS
(mesobilirnbin, ¢ = Spmol/l) (Frontier Scientificc UT,
United States). The extraction was performed with 1 ml of
basic methanol The samples were vigorously shaken and
vortexed, and then the mixture was centrifuged (16,000 = G,
30min). Mext, 100 pL of supernatant were pipetted into glass vials
with an inert insert (suitable for LC-MS analysis), and 3 pl. were
directly injected into the LC-MS/MS.

LC-MS/MS analysis was performed using an HPLC (Dionex
Ultimate 3000, Dionex Softron GmbH, Germany) equipped with
a Poroshdl 120 BEC-C18 column (21 pm, 3.0 % 100 mm: Agilent
Technologies). For the gradient dution, the phase was prepared
by mixing 1 mmol/l. of NH.F (Honeywell International Inc,
Morris Plains, N], United Stacs) in water and methanol (Biosolve
Chimie SARL, France). The analytes were detected by MS (TS0
Quantum  Access Max with HESI-II probe, ThermoFisher
Scientific, CA, United States) operated in a positive SRM
mode (Jaiprova o al., 2020).

Detection of LR Oxidation Fragments
Samples of LR fragments (decay products) were obtained by the
spontaneous degradation of LR dissobved in PBS (humidified
atmaosphere, 37°C, 5% CO,, overnight incubation). The fragments
were determined by direct injection of deproteinated samples into
the MS.

The MS was set to scan parent ions in the 100-1,050m/z
range, with a 1 sscanning period. The initial tuning of the heated

Frorliers in Pharrmacaogy | wass Sonliersn omg

99

barch 2001 | Mblurme 12 | Arfice 587001



Drcrdls e al Lurrinubn and Oxidaive Sress

1505 150 -
A - BR - LR B = BR -» LR
© ® "
'E 100 %. 100 -I.
-] =
w (E]
- -—
o o
. 504 s
0 r T T 0 T T T
o 2 4 ] ] 2 4 L]
time [h] time [h]
c D
100 - 1% 0,
_ _ -+ 21% 0y
=3 L=}
- -
- E
= =}
(1] (T
= s 50
== =
“ 1 1 L
0 2 4 [
time [h] time [h]
E 1= 2311
w0
B+
]
E T4
|-}
‘E A5R 04
£ wod
2
= [T
; ELE
& 304
20+
1o ez 1837
T
3. l J t .‘M‘ A Y !I&I-_?ILI..A.ITI ?1!-:3. :B‘BLM . aTe a2 Sl a7
100 2 300 400 40 509 w60 w00
miz
FIGURE 2| Stabilly ol LA ancl BA. Stabilly of LR snd BA g 4 e =10 prmoli/L) was determined during 6 hin: (&) MEM mediumspikedwih LR and BA (=
9); B} huirrsan sarurn spiked with LA and BA jn - 3); (C) dilterent solibilization rredia spiked with LR i - 9); (D) MEM rrediurn spiked with LR under hypexie
and norrmosdc condilions (n= q; TEJ e zab cegr:scmim procucts of LA ecreenad afer 24 h ol norrmasds inculbdlion in PES n = 1;1. BA, bilirubsin: LA,
luiFrirubsin.

HESI-II probe was performed according toa previously published  the mobile phase, 20 pl/min ) and the mobile phase (400 pLimin);
paperof LR analysis (Jasprova et al., 2020). Further tuningof M5/ the collision gas (Ar) pressure was set to 0.2 Fa.

MS transitions, derived from the most intensive parent ions, was Mono-, di-, and tri-pyrroles simiarity was  identified
performed by the combined infusion of the analytes (10 mg/L in  according to the described structures of known compounds
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(e.g. monopyrrolic BOXes, propentdyopents, and biopyrrins).
Fragmentation of tetrapyrroles as well as their ionization in MS
were taken into account for in molecular weight estimations
(assuming the charge number = 1).

Statistical Analyses

The data are expressed as the mean + S0 Depending on data
normality, differences among variables were evaliated by the
one-way ANOVA, Mann-Whitney Bank Sum test and Student
unpaired t-test.  Differences  were  considered  statistically
significant at p < Q05 Statistical analyses were performed
using Prism B0.1 software (GraphPad, CA, United States).

RESULTS

Stability of LR and BR

The stability of LK and BR in the relevant biological matrices were
tested before any experiments with the biological samples. LR and
BR concentrations were measured in samples of a standard
medium (Figore 24) and human serum (Figure 2B) spiked
with LR and BR dwring 6-h incubation at 37C in a COy
atmosphere. The relatively fast degradation of LR was
observed in both matrices. The half-lfe of LR was
approximately 4h; the remaining LR level after the
6 h-experiment was 293% and 38 2% in medium and serum,
respectively. In contrast, BR was stable during the entire
experiment. The half-life of LR was similar when wsing other
soluhilizing media (the rate of degradation in DMSOand PBS was
comparable to that in MEM medium, even though the
degradation curves were not identical; Fignre 2C).

LR stability was also tested under different oxygen conditions
(normoxia 21% Oy and hypoxia 1% O] (Figare 2D). The
presence of oxygen contributed to LR degradation beginning
only 2h after the start of incubation. The rate of degradation
during the first 2 h was much faster under normoxic conditions
(LR reduction: &% per h in hypoxia, 17.5% per h in normoxia).
After an additional 2—6h, the same trend and rate of LR
degradation was obseved (LR reduction: 10% per h in
hypoxia, 10.5% per h in normoxia) (Figure 2D). These results
suggest that higher oxygen concentration can trigger LR
degradation.

After 24 h of normoxic incubation of LR, degradation LR products
were monitored with LC-MSMS using a TIC scan between mfz
100-1,050. Two dominant (with m/z 203.1 and 453.1) and one less
intensive (myz 326.4) ions were oheerwed in a MS scan of the PBES
solution ecract (Fguare 2E). These are highly likely to be derived
from mono-, di- and tripyreolic structures (Lightner and Cuisad,
197%; Yamaguchi et al, 1994; Seide ot al, 2014).

The Effect of LR and BR on Cell Viability

The effect of LR and BR on cdl visbility (SH-SYSY
neuroblastoma, Hep(G2 hepatoblastoma, and MRC5 lung
fibroblasts cells) was measured by MTT test after 24 and
48 h-treatments with different concentrations of LR and BR.
Whereas LR had no effect on the viability of any tested cdls, BR

concentrations negatively corrdated with cell viahility of all cel
lines (Figore 3). A signifimnt time- and ooncentration-
dependent decreases in cell wviability were observed after
incubation with BR (p < 0001 for almost all of the BR
concentrations used, Figure 3); with HepG2 cells being the
most sensitive to BR, most likdy due to having the lowest
glycolytic reserve (see below).

Antioxidant Capacity of LR and BR

In the next step, the ADX of LR and BR was tested in different
biological matrices. First, we tested the capability of ER and LR to
scavenge peroxyl radicals in human serum. BR and LR were
added to the serum in increasing concentrations (25, 5, 25, and
50 pumol/L), which correlated well with the AOX of spiked serum
(Figure 4A). Interestingly, LR had the same AOQX as BR
(Figure 4B) despite its degradation (Fignre 4C). This
observation was subsequently confirmed in the solution of
human serum albumin (H5A) where both tetrapyrroles were
compared to Trolox. The ADX of this vitamin E analogue was
half that of BR and LR in the same concentration (5 pmal/L),
respectivdly (Fignre 4B). Because of the instability of LR
(Figure 2C), the AQX of LR solutions with its spontaneous
degradation was also tested. The AOX of LR solution
deeased after 6h to approximately 80% of the initial value
(Figure 4C, p < 0.05), although the drop in LR concentrations
reached 30% (Figure 2C). Even more interestingly, the dearease
of AOX after 24 hreached approximatedy 50% of the initial value
{p = 0001, the data similar to that of Trolox from Figore 48);
although virtually no LR could be detected in the system (data not
shown). This observation was suggestive of the antioxidant
activity of the LR degradation products detected in our studies
(Figure 2E).

Finally, the rate of lipoperoxidation (LPX) was measured in
lipid -rich tissue (ratbrain tissue). BR and LK were added to the
matrix under different conditions. In the first set of
experiments, LR was dissolved in PBS and BR in DMSO
(Figure 4D); while in the other experiments, both
tetrapyrroles  were  dissolved in BSA  (Fignre 4E).
Surprisingly, a higher AOX of both compounds were
ohserved  in non-albumin - solutions  (Figores  4D,E).
Compared to BR, LR was much less efficient in protecting
lipid-rich cell homogenates from peroxidation, although still
exerting a biologically relevant AOX (Figures 4D,E).

The Effect of LR and BR on Superoxide

Production
Production of mitochondrial superoxide was measured using a
mitochondrial spedfic fluorescent probe MitoSOX, with two
concentrations of LR and BR (5 and 25 pmal/L). Higher
concentrations of BR (50 ypmol/L) were too apoptotic, and cel
debris  interfered  with  determination  of mitochondrial
supermdde.

After overnight pretreatment, both LR and BR were almost
equally capable of the scavenging of mitochondrial superoxide in
a concentration-dependent manner (Figore 5). In HepG2 and
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SH-5Y5Y cells, only the higher concentrations of LR or BR caused
asignificant drop in superoxide production (Figures 54, B); while
in MRCS cells, even the lower concentrations were significantly

efficient (Figure 5C).

The Effect of LR and BR on Mitochondrial
Respiration

Since  both pigments inhibited mitochondrial  superoxide
production, and previous studies had demonstrated an
inhibitory role of BR on mitochondrial respiration (bustafa
et al., 196% MNoir et al, 197% Almeida and Rezende, 1981;

Rodrigues et al, 2002), we were thus interested in the effects
of LR and BR on mitochondrial respiration in our cell models.

Cell respiration was measured in all cell lines after overnight
incubation with BR and LR in two different concentrations (5 and
25pumol/L) (Figures 6 A-C). Practically no changes in respiration
were observed in any of the studied cdls, mecept for the higher BR
concentration (25 pmal/L), which decreased both basal aswell as
maximal respiration in all cdl lines (Figures 64-C). Substantial
inhibition of respiration was observed nder serum-free
conditions, in particular in the cells of hepatic and cercbral
origin; BR/LR treatment did not affect respiration in these
spedific conditions (Figures 64-C).
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The ratio of maximal to endogenous (basal) respiration,
corresponding to the respiratory capacity (Brand and Nicholls,
2011), was different for each cdl line + 4 for MRCS; + 2.8 for
HepG2: + L& for SH-8Y5Y: with no significant changes between
the controls and treated oells (Figure 603). Serum-free conditions
did not affect the ratio of maximal to basal respiration
(Figure 61).

The ATP-synthesis intensity was calculated as the ratio of
basal {endogenous) respiration to respiration after inhibition of
ATP-synthase with oligomycin. The values of the ATP-synthesis
intensity under studied conditions did not differ (Figure 6E),

suggesting that ATP-synthesis (or ATP-synthase involvement) is
proportional to the reduction of maximal and basal respiration.
Inzignificant changes of both ratios hetween the control and cells
treated with BR and LR indicated an owerall depression of
mitochondrial respiration with higher concentrations of BR,
but not with LR

Fmally, the glycalytic reserve of tested ccll lines (without BRS
LE treatment) was determined. The data demonstrate the highest
glycolytic reserve in SH-5YSY cells, whereas the lowest values
were observed in HepG2 (Figure 6F). Interestingly, ATP
production was not improved when glucose was exchanged for
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galactose instead, it was further substantially decreased in the
galactose medium in Hepl2 cdls, while only mild or no effects
were ohserved in SH-5Y5Y and MRCS cdls (Figure 7).

These results negatively correlated with the viability data,
where the highest vulnerability was observed in HepG2 cells;
contrasting with the lowest values observed in SH-5Y5Y odls
(Figure 3).

The Effect of LR and BR on PPARa and its
Downstream Effector Gene Expressions,
and FGF21 Production

Since BR was recently demonstrated to improve metabolic
functions in white adipose tissue wia PPARa-activated
mitochondrial metabolism (Gordon et al, 2020), we
analyzed the offect of LR and BR on PPARa and its
downstream dfector gene expressions in HepG2 cells. While
PPARa gene expression was not affected by exposure to both
pigments, its downstream effector genes FGF21 and ANGFTL4

were significantly, time-dependently upregulated by both BR
and LE. Interestingly, LR, but not BR significantly upregulated
also CPT1A and PDE4 gene expressions (Figure 8). Increased
gene expression of FGF21 upon exposure to BR and LR was
reflected by increased FGF21 production as demonstrated by
significantly increased FGF21 concentrations in culture media
(Figure 9).

The Effect of LR and BR on Production of

TCA Cycle Metabolites
Due to the impact of BR on mitochondrial metabolism, we next
investigated the possible effects of LR and BR on the production
of intracelhilar metabalites of the TCA oycle, kmown to not only
affect energy balnce but also to modulate multiple cellular
functions (Martinez-Reyes and Chandel, 2020).

Hence, the potential effects of LR and BR on the production of
metabolic intermediates of the TCA cycle were measured in all
investigated cell lines exposed to LR and BR. At lower concentrations
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(5 pmaol/L), both compounds did not have any marked effect in A different response was observed with a 5x  greater
MRCS and HepG2 cells; while in SH-5Y5Y cells the concentrations concentration of BR, with most metabolites signifiantly
of 2-hydmoxyghitamte and Z-oroghitarate significantly decreased reduced in all cell lines; whereas virtmlly no effect was
(p = 005) in the presence of both compounds (Figure 10). observed in cells exposed to LR (Figore 10).

mnliers in Pharmacadogy | wew fonliersn.omg i Rbarch 2001 | ol 12 | Arficie SET0O1

105



Drverdls e al

Lurrirubn and Oeddalive Siress

HepG2 SH-8Y3Y
150 150+
ns 3 #
o
L8 O ——— o eenn e e 8 100 SR
: o : -
G 0 L E 50+
0- ] T
GAL  Gl+BR GAL+ER GAL  Glc+BR GAL+BR
MRC5
1501 s
—
S 1004 Lo - Gic
§
: 50
0=

GAL

I
Glc+BR GAL+ER

FIGURE T | The aflect of BA and LA an ATP prduction. Gle - glueoas, 5 rmadl; GAL - galsctoss, 5 ol BA < 25 prmob

Anti-Inflammatory Effect of BR and LR
BRisa potent immunosuppressive compound (Jangi etal,, 2013),
but LR does not seem to act in the same manner (Jasprova et al.,
2018). Thus, we were interested in the effects of BR and LR on
THFa mxpression aswel ason NO production through inducible
NO synthase (Xie et al, 1994).

The anti-inflammatory effects of BR and LR were assessed in
murine macrophage-like RAW 264.7 cdls exposed to LPS. Basal
TWFa expression was increased by both pigments (2-fold
increase upon exposure to higher concentrations); with LR
being effective in low concentrations (increase in TAFa
expression by 40% at 5pmol/L) (Figure 114). When the
cells were exposed to LPS, both pigments slightly, although
significantly, modified TNFo expression (Figore 11A). More
impaortantly, both pigments increased TNFa protein expression
under unstimulated conditions (200- and 4-fold increase for BR
and LR, respectively), and this effect persisted with almost 2-
fold increase with 25 pmaol/L concentration of BR (p < 0.05)
(Figure 11B).

However, an inoease in TNFo expression was not reflected by
increased NO production (Figore 11C) On contrary,a decreased

TNFx expression by higher BR concentration led to a decreased
NO production, and a slight decrease in NO produdtion was also
observed with LR treatment despite its increasing effect on TNFa
expression (Figure 11C).

DISCUSSION

During the last several decades BR has been increasingly
recognized as  an  important  bicactive molecule,  with
substantial toxic effects when it reached high concentrations
within the human body (such as during the neonatal period).
The gold standard treatment for severe neonatal jaundice is PT
with blue-green light, generating more water-soluble BR
photoisomers.  Although considered  safe, the hiclogical
propertics of BR photoisomers and ther oxdation products
have not properly been investigated. However, the still sarce
data obtained until now suggests some biological activity of these
products (Jasprova et al., 2018), which may account for the
reported dinical observations (Raghavan et al, 2005 Xiong
et al, 2011; Mcnamee et a., 2012; Amold et al, 2014; Khan
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et al., 2016; Auger ctal., 201%; Safar and Elsary, 2020). In addition,
practically no mechanistic studies have been performed to
address these issues.

In our current study, we tried to compare and correlate the data
on BR and LR cell toxicty with the parameters of mitochondrial
metabolism and mddative dress As expected, compared to BR, LR
was found to be much less toxic in all cdl lines used including
hepatic, fibroblast as well as neuronal modds (Figore 3). The
cytotoxicity of BR was affected by the cellular glycolytic reserve,
which was mogt compromised in human hepatoblagoma HepG2
cells (Figure 6F). This data was consistent with the inhibitory effects
of BR on mitochondrial respiration, and more importantly on the
TCA cycle. In fact, BR in contrast to LR exhibited profound
inhibitory effects toward TCA cycle metshaolites, being tightly
linked to oxdative phosphorylation (Martinez-Reyes and
Chandel, 2020). BR inhibited the mitochondrial respiration of all
tested cell lines of different arigins. This is consistent with previous
reports of the impact of BR on mitochondrial morphology and
metabolism (Mustafa et al, 196%; Moir ¢ al, 1972 Almeda and
Rezende, 1981; Rodrigues et al., 2002), while LR did not have any
serious harmiful effect. Importantly, these inhibitory effects were
demomstrated mostly m bmin cdls (Mustafa o al, 196% Almeida
and Rezende, 1981; Rodrigues et al., 2002), whereas in other tissues,
such as liver or heart, the effects on mitochondrial metabolism were
oppaosite, e benefidal, espedally in lower concentrations (Mustafa
et al., 1967; Mustafa et al., 1969; Stumpf ot al, 1985). In addition,
beneficial effects of BR. on mitochondrial function were also reported
recently in adipocytes (Gordon et al., 2020). Hence, it seems that the
effects of BR and its derivatives are complex, being cell-specific and
dependent on concentration as wel as other conditions. We were
alsy able to confirm, consistent with a previous recent report
(Gordon et al, 2019), potential metabolic adivities of both BR
and LR, as demonstrated by increased expressions of PPARa-
dependent genes FGEF2I (reflected also by increased FGF21
proten production) and ANGPTI4, both imvolved in guonse and

lipid metabolism. Interestingly, LR, but not BR signifiantly
upregulated also the other important metabolic genes CPT1A and
PDK4 gene expresions, pointing to the possble metabolic
importance of this BR photoproduct. Up-regulations of these
PPARa-dependent genes became apparent under albumin-free
conditions indicating that presence of albumin in the cell culture
interfered with PPARa signaling mechanisms

It is well known that deficiencies of respiratory complexes
causes adrop in ATP production, with the appropriate metabalic
consequences (Fielinskd et al, 2016), including pseudo-hy poxic
changes with hypoxia indudble factor (HIF)la activation and
pyruvate dehydrogenase inhibition (Kim et al, 2006), followed by
an impairment of metabolic substrate utilization (Crewe et al,
2013; Kappler et al, 2019). Based on our data, it seems that
inhibition of respiration may result in subsequent inhibition of
anaplerotic pathways, and also to compensate for the undesirable
and excessive production of NADH. This step may be arucial to
avoid Krebs cycle overload associated with overwhelming redox
stress (Koves et al., 2008).

An important finding of our study is the effect of LR on
oxdative stress LR exerted serum antioxidant capacity as wdl
as mitochondrial superoxide produdion suppressing activity
comparable to BR, which is lmown to be onc of the most
potent endogenous antioxidants  (Stodker et al,  1987)
Interestingly, a substantial anticxidant effect of LR was observed
in our cell models despite its marked degradation, suggesting a
marked ROS-smvenging adtivity of LR degradation producs.
Nevertheless, LR was much less efficient in preventing
lipoperoxidation, most lkdy due to its lower lipophilicity.

Additionally, BR was found to behave as a pro-inflammatory
molecule in the macrophage-like RAW 264.7 cells, while onby mild
and insignificant effect was observed for LE. This is in contrast
with our previous study performed on different cell models of
CMNS ongin (Jatprova et al, 2018) indicating substantial cell
variahility of BR/LR-induced pro-inflammatory effects. This
ohservation may be linked to the BR-induced TCA cyde
dysregulation known to affect  inflammatory status, NO
production, as well as post-transhtional acetylation (Williams
and O'Meill 2018). Interestingly, both treatments lead to a
demease in NO availability. Although inducible WO synthase
activity is up-regulated by TNFa, and positive assodations
between TWFx and NO were reported in dinical settings
(Soufli et al., 2016)% BR is Jmown to scavenge NO by forming
MN-nitmso derivatives (Barone ot al., 2009), and the same might
also be true for LR, In addition, BR inhibits indudble NO synthase
(Zucher ot al., 2015), and LR may also act in a similar manner.

One of the limitations of our study is that metabolic changes
were only analyzed for LR, and not for the other specific BR
photo-oxidation products (such as biopyrrins, propentdyopents,
or monopyrrolic BOXes), which might have different biological
impacts upon mitochondrial metabolism. In addition, the data
from our in vitro experiments should be confirmed in ex vivo,
animal and/or clinical studies.

MNevertheless, our data point to the biological effects of BR and
its photo-oxidation products, which seem to have clinical
relevance in phototherapy-treated hyperbilirubinemic neonates
and adult patients.
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Abstract The *gold standard’ reatment of severe necnatal jaundice is phototherapy with blue-green
light, which produces more polar photo-cxidation products that are easily excreted via the bile
or urine. The aim of this study was to compare the effects of bilirubin (BR) and its major photo-
cecidation preduct lumirubin (LR) on the proliferation, differentiation, merphology, and specific gene
and protein expressions of seli-repewing human pluripotent stem cell-derived neural stem cells
(NSC). Neither BE nor LE in biclogically relevant concentrations (125 and 25 ymol /L) affected cell
proliferation ot the cell cycle phases of NSC Although none of these pigments affected terminal
differentiation to neurons and astrocytes, when compared to LE, BE exerted a dose-dependent
oy totoxdcity on seli-renewing NSC. In contrast, LR had a substantial effect on the morphology of the
MSC, inducing them to form highly polar rosette-like structures associated with the redistribution of
spedfic cellular prodeins | B-catening N-cadherin) responsible for membrane polarity. This observation
was accompanied by low et expressions of NSC-specific proteins (such as S0X1, NE2ZF2, or PAXE)
together with the upregulation of phospho-ERE. Collectively, the data indicated that both BR and LE
affect early human neurodevelopment invitro, which may have clinical relevance in phototherapy-
treated hyperbilirubinemic neonates.

Keywords: bilirubin; neuredevelopment; phototherapy

1. Introduction

Bilirubin (BR) is the end product of the heme degradation pathway. While in the past
BR was considered a potentially neurotoxic waste product of heme catabolism, numerous
invitro, in vivo, and clinical studies over recent decades have demonstrated that when it
is only mildly elevated it is also an endogenous antioxidant with potent anti-inflammatory
and cytoprotective effects, mediated via true endocrine mechanisms [1].

Elevated serum BR concentrations are present in most newborn infants [2]. The phys-
iological neonatal jaundice spontaneously resolves within a few days after birth, and it
is believed to even have a protective roke against pathological conditions associated with
increased oxidative stress [3,4] However, severely jaundiced neonates (ie., with hyper-
bilirubinemia above 340 pmol/L) are in danger of serious health risks, which may lead to
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bilirubin encephalopathy or even death [5]. BR is capable of binding to myelin-rich mem-
branes, making neurons the principal target cells, with multiple biological consequences
including motor and intellectual disorders, chronic BR encephalopathy, hearing deficits, or
paralysis of the oculomotor muscles [6].

Phototherapy (IFT) with blue—green light (400-520 nm) is the worldwide gold standard
for the treatment of severe neonatal jaundice. During this therapeutic approach, BR is trans-
formed into more polar and easily excreted BR photoproducts [7], with Z-lumirubin (LE),
E.Z-BE, and Z,E-BR being the principal compounds. Additional BR photoproducts include
monopyrrolic (Z-BOX A-D), dipyrrolic (propentdyopents), and tripyrrolic (biopy rrin A/ B)
compounds [8,9]. Although PT is generally believed to be a safe therapeutic procedure,
intensive PT of extremely low birth-weight (ELBW) newbom infants has recently been
reported to be associated with an increased risk of allergies, diabetes, and even cancer
and overall mortality (for reviews see [10,11]). These surprising recent observations might
be due to the possible negative effects of BE photoproducts on the developing newbom
brain. In fact, Kranc et al. showed in their in vivo and in vitro experimental models that
monopyrrolic BOXes can have vasoconstrictive effects [12]. In one of our own studies, we
demonstrated the striking upregulation of proinflammatory cyvtokines in organotypic rat
hippocampal slices after short-term exposure to LE [13]. Mevertheless, in another of our
recent in vitro studies, LR exerted beneficdary effects on metabolic and oxidative stress
markers when compared to BR [14]. Based on these observations, BR photoproducts could
puossibly affect early human neurodevelopment, although no scientific data relevant to this
assumption are currently available.

Hence, the aim of this study was to compare the effects of BR and its major photo-
oxidation proeduct (LR) on the proliferation, differentiation, morphology, and specific gene
and protein expressions of self-renewing neural stem cells (N5SC) derived from human
pluripotent stem cells (hPSC) [15-18]. These NSC lines have the ability to self-renew and ter-
minally differentiate into neurons and glia [15], and thus they represent a biologically and
developmentally relevant surrogate human model to study the influence of the potentially
biologically active compounds on these processes.

2. Materials and Methods

All chemicals and reagents were obtained from Sigma-Aldrich (St Louis, MO, USA),
unless otherwise specified.

2.1. Unconjugated BR and LR, Preparation

Unconjugated BR was purified according to McDonagh and Assisi 1972 [19], and
LE was prepared as previously described [20] with slight modifications. Briefly, uncon-
jugated BR was dissolved in 2 mL of MaOH (0.1 mol/ L), immediately neutralized with
1 mL of HzPOy (0.1 mol/L) and gently mixved with ¥ mL of human serum albumin in
PBS (phosphate buffer saline) (664 pmol /L). The final concentration of unconjugated BR
was 480 pmol/ L. The mixture was irradiated for 120 min at 460 nm using a Lilly pho-
totherapeutic device (TSE Medical, Crech Republic) at 70 pW / {cm?®-nm). The irradiated
solution was mixed with ammonium acetate in methanol (0.1 mol/L; 1:1 0/7) and then
vortexed. Following the Folch extraction, the solution was mixed with chloroform and
vortexed intensively for at least 30 s, followed by the addition of water; the mixture was
then briefly vortexed and centrifuged at 3000 g for 10 min at 4 °C. After the separation, the
lower chloroform phase containing LE was transferred to the glass flask, and chloroform
was evaporated by a vacuum rotary evaporator (EVO 200 A, INGOS, Ceech Republic).
The residue was dissolved in chloroform /methanol solution and separated by thin-layver
chromatography (TLC) on silica gel plates (TLC silica gel 60 plates, 0.5 = 200 = 200 mm,
Merck, Darmstadt, Germany); mobile phase = chloroform,/methanol/ water (40:%:1, o/ofr).
The LK was isolated from scraped silica gel by methanol, dried under a stream of nitrogen,
and its purity and identity verified by both HPLC and LC-MS/MS5 analyses (19). For all
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experiments, the BR was dissolved in DMS0 (dimethyl sulphoxide) (final concentration of
DMSO = 0.1%), whereas the LR was dissolved in PBS.

2.2, Cel Cultivation and Diferentiation to Neurons

An established NSC cell line (CoMo-NSC) was derived from human embryonic stem
cells {cell line ESI-017, ESI BIO, Alameda, CA, USA) as described previously [15]. These
self-renewing NSC wene cultured at 37 "C in a 5% COy atmosphere, on the cultivation plates
coated with poly-L-omithine and laminin (Thermo Fisher Scientific, Waltham, Ma, USA) in
the basic N5C (standard growth) medium consisting of DMEM /F12 (Dulbecco’s Modified
Eagle Medium), 1% Glutamax, 1% non-essential amino acids, 0.5% N; supplement, 0.5%
BZ7 supplement without vitamin A, FGF2 {fibroblast growth factor 2) recombinant human
protein (Thermo Fisher Scientific, Waltham, MA, USA), and 5 pl./mL of Zell shield cell
culture contamination preventive solution (Minerva Biolabs, Berlin, Germany). The first
step of the coating was the addition of 20 pg/ml poly-L-omithine diluted in PBS. After
15 min of incubation at room temperatume, the plates weme washed three times with
PBS, coated with 4.2 pg/mL laminin diluted in PBS, and incubated for 30 min at room
temperature. For passage, the cells weme detached from the surface by Accutase (Thermo
Fisher Scientific, Waltham, MA, USA) and harvested with the basic NSC medium without
FGF2 After centrifugation at 200« g for 5 min, the cells were resuspended in N5C medium,
counted in a hemocytometer, and immediately seeded in the appropriate density on plates
coated with poly-L-ornithine and laminin for the experiments.

For terminal differentiation studies, the N5SC on day () were seeded at the density
of 25,000/ cm® on a 24well plate with cover glasses, and cultured at 37 “C in a 5% COx
atmosphere. From day 3, the cells were treated for 4 days with BR (125 pM) and LE
(125 and 25 uM), PBS (1%), and DMSO (0.1%) in basic NSC medium without FGF2,
with the addition of brain-derived neurstrophic factor (BDNF) and glial cell line-derived
neurctrophic factor (GDNF) (20 ng/mL) (Peprotech, London, UK), cAMP (300 ng,/mlL})
and Zell shield solution (5 pl. /mL}. The medium was changed every day. On day 7, the
cells were cultured in basic NSC medium without FGF2 and with Zell shield solution
(5 uL/mL) and DAPT y-secretase inhibitor (2.5 uM; Selleckchem, Houston, TX, USA) NSC
were cultured in this medium for the next 10 days and the medium was changed every
second day The experiment lasted for a total of 17 days.

2.3, Additional In Vitro Studies

Unless otherwise specified, in all of the other in vitro studies the NSC were seeded
at the density of 12,000/ em? in five 96-well plates. One day after seeding, the NSC were
treated for 96 h with fresh basic medium and the addition of BR (6.25, 12.5, 25, and 50 uM]),
LR (6.25, 12.5, 25, and 50 pM), with PBS (1%)/ DMS0 (0.1%) as the negative control. The
medium was changed every day.

231 Growth Curve Analysis

Each day one of the 96-well plates was fived with 4% paraformaldehy de, then washed
twio times with PBS, stained with (0.1% crystal violet for 60 min at room temperature, and
washed three times with deionized water Subsequently, 33% acetic acid was added for
20 min at room temperature while being shaken. Absorbance was measured at 570 nm
with a Synergy HTX spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA).

2.3.2. Cytotoxicity Assay

A 96-well plate was fixed with 4% paraformaldehyde and washed three times with
PBS. Muclei were labeled with Hoechst 33342 solution {Thermo Fisher Scentific, Waltham,
MA, USA), diluted to a final concentration of 5 ug/mL in PBS, incubated for 20 min, and
washed three times with PBS.

Cell imaging was performed on an ImageXpmess Micro XL automated epiflucres-
cence microscope (Molecular Devices, San Jose, CA, USA) using a Plan Fluor ELWD
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20 = f0.45 objective. The acquired images were analyzed as the combination of these
two techniques by use of CellProfiler 4. 2.0 open-source software (Boston, MA, USA;
www. cellprofiler.org accessed on 15 July 2021) as well as manually by the use of FIJI
software (Madison, W, USA; www fiji.sc accessed on 15 July 2021).

2.3.3. MTT Cell Viability /Metabolic Activity Test

Viability / mitochondrial metabolic activity was measured by an assay using 3-(4,5-
dimethylthiazol-2-v1}-2,5-diphenyltetraz olium bromide (MTT). The cells were incubated
with 1 mg/mL of MTT dissolved in N5C medium at 37 “C for 1 b Then, the N5C medium
was aspirated and cells were treated with 92.9% DMSO for 10 min while being shaken.
Absorbance was detected at 570 nm and 6% nm, as a reference, using a Synergy HTX
spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USAL).

2.34. Flow Cytometry Analyses

For the flow cytometry analyses, the cells at the end of the treatment were harvested
into the medium using Accutase, centrifuged at 200 ¢ for 5 min at room temperatune,
washed with PBS, centrifuged again at 200 ¢ for 5 min, and then fixed by the addition
of 1 mL of ice-cold 70% ethanol by individual drops with gentle vortexing, and stored at
4 °C for at least 30 min. Before the flow cytometry analyses, fixed cells were centrifuged
(2001 ¢ for 5 min), and the pellet was washed twice with FACS (Fluorescent Activated
Cell Sorting} buffer ((L5 M EDTA, 2% FBS, 1 = PBS) and finally resuspended in 250 pL.
of FACS buffer with 50 pL. of KNase A (011 mg/mL) for 30 min at 37 “C. The nuclei were
stained by adding propidium iodide {(Thermo Fisher Scientific, Waltham, MA, USA) to
make a final concentration of 50 pg/ml. Samples were incubated in the dark for 30 min
at room temperature and subjected to FACS analysis. Data wemne collected for a minimum
of 6000 events per sample. Flow cytometry was performed by use of a BD FACS Canto
Il cvtometer (Becton Dickinson, Franklin Lakes, NJ, USA ) with excitation at 535 nm and
emission at 617 nm. The analyses were performed with Flow]o 7.2.2 softwane (Tree Star,
Ashland, OR, USA).

24, Western Blot Analysis

Samples of self-renewing NSC were harvested after %6 h of treatment with BR (12.5 pM)
or LR (12.5 and 25 pM) and analyzed according to Fedorova et al [21]. In brief, the NSC
wene washed once with PBS, lysed by 250 pl. of lysis buffer (50 mM TRIS-HCI pH 6.8, 1%
SDS, 10%: ghycemol), and stored at —20 “C. The protein concentration was measured by a
DC Protein Assay Kit (BioFad, Prague, Czech Republic). Ten pg of total protein per well
was separated using 8 to 10%: SDS-polyacrylamide gel electrophoresis. The proteins were
transferred to the PVDF (polyvinylidene fluoride) membrane (Merck, Millipore, MA, USA),
blocked with 5% milk in Tris-buffered saline, and incubated overnight at 4 “C with the
appropriate primary antibody. The membranes were incubated with secondary antibodies,
and the proteins were visualized on AGFA film using Amersham ECL Prime Western blot-
ting detection reagent (GE Healthcare Life Sciences, Marlborough, MA, USA). p-actin was
used as a loading control. The list of antibodies is described in Table 51. The densitometry
was performed using FIJI software, and the data were visualized using GraphPad Prism
version 8.0.0 for Windows (GraphPad Software, San Diego, CA, USA; www.graphpad.com
accessed on 15 July 2021).

2.5 DNA Damage Analysis (Comet Assay)

For these analyses, the M5C that were treated with HaOy (37 ppm) for 10 min before
harvesting were used as a positive control. The cells were detached from the surface by
Accutase and harvested in the basic NSC medium without FGF2. After centrifugation
at 200 ¢ for 5 min, the supernatant was aspirated and cells were stored in the freezing
medium (60% basic N5C medium, 30% FBS 10%: DMS0) in liquid nitrogen. To measure the
genotoicity, the cell suspension was centrifuged at 1000 g for 1 min, and the pellet was
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re-suspended in 0.5 mL of PBS. Fifty ul. of the suspension was mived with 150 pL. of low
melting point agarose (0.01 g/mL), and 80 pL. of the mesulting agarose-cell suspension was
seeded on a precoated slide with 1% agarose. Cell lysis, gel electrophoresis, and staining
wene performed as previously described [22]. The slides were analyzed for the tail length
and intensity using an Image] 1.51s (Mational Institutes of Health, Bethesda, MA, USA)
connected to a fluorescence microscope (AXT0 Provis, Olympus, Japan).

2.6, Immungfuorescence and Cell Imaging

For the cell imaging experiments, N5C cells were seeded at a density of either
12,000,/ cm? or 25,000/ cm? (for differentiation to neurons) as previously described. After
fixation with 4% paraformaldehyde, the ells were washed three times with FBS and
permeabilized with buffer (0.2%: Triton X100 with 1 PBS) for 15 min, and the primary
antibodies weme incubated overnight at 4 *C. Next, the slides were washed three times
with PBS. Secondary antibodies and Hoechst weme added with the permeabilization buffer
and incubated for 1 h at room temperatume (the antibodies” dilutions are described in
Table S2A B). After incubation, the slides wene washed three times with PBS, dried, and
mounted onto microscopic slides with Mowiol 4-88 Reagent (Merck, Darmstadt, Germany).
Cell imaging was performed with a Zeiss LSM 800 Laser scanning confocal microscope
using an ORCA-Flash 4.0LT digital sCMOS monochromatic camera and Plan-Neofluar
20 = 050 AIR objective (Feiss, Jena, Germany).

2.7. RNA Isolation and Quantitatioe Real-Time RT-PCR

Samples for analyses were harvested 12 and 17 days after the seeding of the NSC
for terminal differentiation. Total RNA was isolated using RMA Blue reagent (Top-Bio,
Prague, Crech Republic) according to the manufacturer’s instructions. The total amount
of RNA was measured by a NanoDrop® ND 1000 UV-Vis spectrophotometer {Thermo
Fisher Sdentific, Waltham, MA, USA). For quantitative real-time KT-PCE, cDNA was
synthesized by a Transcriptor first-strand cDMNA synthesis kit (Roche, Basel, Switzerland),
and the analyses weme performed in triplicates using SYBR Green [ Master (Roche, Basel,
Switrerland) according to the manufacturer’s instructions. The designed PCRE primers
by PrimerBank and OriGene are described in Table 53. DNA amplification was detected
with 274 analysis using a LightCycler 480 1T {Roche, Mannheim, Germany ). The elative
mENA levels wemre normalized to GAPDH. The data were visualized using GraphFPad
Prism version 80,0 for Windows.

2.8. Statistioal Amalyses

All data are expressed as the mean + standard deviation. Depending on their distri-
bution, the data were assessed either by f-test or Mann—Whitney test using Prism 8.0.1.
softwane (GraphPad, San Diego, CA, USA). Differences were considered statistically signif-
icant at a p-value = (.05,

3. Results
3.1. The Effect of BR and LR on the Viakility of NSC

In the initial phase of our studies on self-renewing N5C derived from hPSC, we
intended to assess the possible cytotoxic effects of both BE and its major photoisomer LE.
After 96 h of continuous exposure to BR or LR, a decreased number of the cells treated
with higher concentrations of both pigments were dearly detectable; this effect was most
pronounced with the 50 pM concentration of BE. (Figure 1A—Brightfield panels).
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Figure 1 The effect of BE and LE on the viability of NSC. (A) Morphology of NSC exposed to BE
and LE (brightfield images, scale bar = 250 pm) and Visualization of the cell nuclei (bottom black
panels; scale bar = 150 um, stained with Hoechst). (B) Cell nuclei quantification of N5SC exposed
te BR and LE. Stained by Hoechst and analyzed by CellProfiler and Image]. Controls expressed as
100%. n = 4. {C) Viability /metabolic activity of NSC exposed to BR and LE. Analyzed by MTT test.
Controls expressed as 100%. =4, * p < (.05, exposure time =9 h

To quantify this phenomenon, the number of cell nudei was evaluated using image
analysis and the MTT assay was also performed. A significantly decreased number of
nuclei was observed in the cells after exposume to the 50 uM BR concentration (p < 0.05)
(Figure 1A—upper black panel, and Figure 1B), which was also confirmed in the viability
assay (MTT test). In this test, a gradual and significant decrease in the viability / metabolic
activity of the cells exposed to BR was observed within the whole range of tested concentra-
tions (6.25-50 pM) (Figure 1C). Compared to BR, the effect of LR on the viability / metabolic
activity of the treated cells was much lower, and only visible at the highest concentration
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(50 pM) (Figure 1C), indicating the much higher toxicity of BR on NSC compared to LE, its
photo-oxidation product.

3.2. The Effect of BR and LE on the Proliferation and Cell Cyde of NSC

Based on the morphology and data on the counting of nuclei shown in Figure 1,
125 uM concentrations of BR and LE weme selected for all of the experiments that followed.
For both BR and LR, the cells exposed to these concentrations retained a healthy mor-
phology and the numbers of cell nuclei were comparable to those in the solvent controls.
As the MTT assay is a measure of metabolic activity [14,23], we assumed that adverse
effects detected after treatment with BR might have been affected by its impact on cellular
metabolism rather than viability. In addition, it should be noted that the selected LR
concentration is biologically relevant for hyperbilirubinemic neonates treated with PT, as
proven in our previous clinical observation [B].

The growth curves constructed to analyze the effect of both pigments on the NSC pro-
liferation rate did not demonstrate anything adverse during 96 h of exposume (Figure 24);
although a slight but a non-significant trend toward slower proliferation of BR-treated cells
was detectable. Subsequent measurements of the cell oycle profile and distribution of cells
in the cell cycle phases confirmed that NSC treated with BR or LR do not accumulate in
any of the phases of the cell cycle (Figure 2B,C).

To furtherexplome the possible effects of BR and LE on the NSC, the protein expressions
of the following apoptotic or DNA damage-related markers weme analyzed in N5C exposed
to both pigments for %6 h: tumor suppressor protein p53, cleaved nuclear poly (ADP-ribose)
polymerase (c-PARFP), and the phosphorylated form of H2A histone family member X (-
H2AX). Although no significant changes in the expression of p53 were detectable in the
cells, a significantly increased c-PARP (p < (L05) and v-H2AX (p < (L05) protein expression
was observed in N5C exposed to BR. Conversely, a significant and completely opposite
trend of the expression of c-PARF in N5SC exposed to LR was detected (pr < 0.05, Figure 2D
Lastly, in this set of experiments the extent of DN A damage /single- and double-strand
breaks in the cells exposed to BR and LE was quantified by Comet assay. Nevertheless, no
significant changes in these parameters of N5C exposed to both pigments weme observed
(Figume 2E). Cherall, our results demonstrated that the proliferation and cell cycle of NSC
wem not significantly altered after exposure to BR or LE. However, substantial changes
wene detectable on a molecular level where BR exposure induced apoptotic (c-PARFP) and
DMA damage (v-H2AX) markers, while LE-exposure in clinically relevant concentrations
exerted protective effects against these changes.

3.3. LR Induces Morphological Changes and Rosette Formation in Self-Renewing NSC

While testing the toxidty of various conentrations of LR on N5C (as shown in
Figure 14}, we noticed that with increasing concentrations of LR, the N5C significantly
changed their undifferentiated arrangement and acquired a different phenotype.

In order to explone this phenomenon in greater detail, immunoflucrescent staining of
those markers typical for the rosette structures was performed to confirm this observation.
Specifically, we detected substantial changes in the M-cadherin, zonula occludens-1 (£0-1),
and P-catenin distribution within the NSC, all markers of the formation of neural rosettes
(Figure 3A) [24,25]. Asvisualized by immunostaining, the cells retained the expression of
S0OX1 and S0X2, the crucial transcription factors (Figure 34) [25,26]. These changes were
clearly visible in LR at a concentration of 12.5 pM and were even more pronounced when
using 2-fold higher concentration. Cur data indicated that NSC treated with LE showed a
significantly polarized phenotype, typical for immatume neural rosettes, being even more
appament with higher concentrations of LE. Importantly, this phenomenon was unique to
LE; it was not detected in NSC exposed to BE.
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Figure 2 The effect of BR and LE exposure on behavior of NSC. (A) Growth curve of the NSC
exposed BE. BE and LE concentration = 125 uM, 0.1% DMS0 and 1% PES used as nespective controls.
Exposure time = 9% h, » = 4. (B,C) Cell oycle analysis of N5C exposed to BR and LR (B) 12.5 uM BR
(BR 12.5) and 0.1% DMS0 (BR control). n = 4; (C) 1.5 pM LE (LR 12.5) with 1% PBS (LE control).
1 =4; charts nepresent the quantification of at least four independent measurements. BR and LR
coneentrations = 12.5 ph, 0.1% DMSCO and 1% PBS used as respective controls. Exposune time =% h,
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n = 4. (D) Expression of p53, c-PARE, and y-H2ZAX proteins in N5C exposed to BR and LE. BR and
LE concentrations = 12.5 phd, 0.1% DMSCO and 1% PBS used as the nespective controls. B-actinwas
used as a loading control. Quantification of Western blots was performed using Image]. Exposurne
time =9 h r =3 * p< 005 (E)} The extent of DNA damage /single- and doublestrand breaks of N5SC
expesed to BE and LE. Analyses performed by the Comet assay. BR and LE concentrations = 125 uM,
0.1% DMS0 and 1% PBS used as respective controls, HoO: was wsed as a positive control. Exposure
time=9h n=3.
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Figure 3. The effect of BR and LR on the NSC differentiation markers. (A) Immuncstaining of apically localized cell polarity
proteins of NSC exposed to BR and LE. Staining and visualization was performed after 96 h exposure of the NSC to 125 pM
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BE (BR 12.5) with 0.1% DMSO (BE contrel), 12.5/25 pM LR (LR 12.5/ 25) with 1% PBS (LR control). Cells were labelad
by three combinations (1) SOK1 (green) and Z0-1 (ned), (2) SOX2 (red) and p-catenin (green), and (3} N-cadherin (green).
Muclei wene counterstained with Hoe chst (blue) and visualized with a Zeiss LSM 800, Scale bar = 50 pm. (B) Western Blot
analysis of NSC-specific transcription factors. Data were normalized first to f-actin (used here as a loading control), and
then visualized as percentage of respective control. (C) Quantification of prolein expressions of NSC-specific transcription
factors. Quantification of Western blot signals performed using Image]. n = 3. * p< (.05,

Based on these results, Western blot analysis of NSC-specific transcription factors was
performed. These included those expressed upon differentiation of hPSC towards neuroec-
toderm, such as PAXG, S0X1, S0X2, BRN2, and NR2F2 [21]. Interestingly, compared to BR
treatment, expressions of N5C-specific markers upon exposure to LR showed no change
(BEMNZ, S0OX2), a minor decrease (SOX1, NR2F2), or a significant drop (PAXE; p = 0.05)
(Figure 3B,C). In addition, we also analyzed ERK activation (ERK/P-EEK), a signaling
pathway important for neural cell differentiation from NSC [27]. Interestingly, a significant
and dose-dependent upregulation of P-ERK expression was clearly present upon exposure
of the M5C to LE.

The data strongly suggested that LE-treated selfrenewing N5C acquire a significantly
different morphology reminiscent of immature rosettes, with apically localized cell polarity
proteins; a phenomenon accompanied by changes in various transcription factors and
activation of an ERK signaling pathway.

34. The Effect of BR and LR Exposure on Terminal Differentiation of NSC

Lastly, in order to determine if BRE or LE affected the ability of the N5C to terminally
differentiate into neurons, the NSC were exposed to both pigments and the extent of
their terminal differentiation was subsequently assessed. NSC were seeded in a standard
conditioned growth medium on Day 0, and the treatment was started three days after
plating (for details of the experimental design see Figure 44).

First, the general morphology of the neurons was evaluated using immunofluores-
cence staining at the end of our differentiation protocol. As shown in Figure 4B, differ-
entiating N5C formed a homogeneously distributed network of tubulin (TUJ)}-positive
neurcnal filaments. However, no significant morphological differences between BR- or
LR-treated cells (and their respective solvent controls) were detectable in these experiments.
The gene expression of selected differentiation-associated markers was then analyzed. The
results showed that the N5C had gradually increased the expression of selected neuronal
markers (such as DCX, TUJ, MAPZ, NFL, and NFM) as well as glial markers (S1008 and
GFAP), while there were no changes in the expression of the neural stem cell markers
(502, S0X1, and PAXA). However, no significant changes in the expression of any of these
analyzed markers were observed afier treatment with BR or LE. This is certainly a notable
observation, since just a short-term exposure led to significant changes in these markers
(Figure 3C), suggesting these pigments played a role in the earlier phases of differentiation
of the N5C, an influence which, howewver, was later lost Altogether, our data suggest that
despite visible changes in the morphology of NSC, no major changes can be detected at the
level of the terminal differentiation of NSC towards neuronal and glial cell types.
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Figure 4. The effect of BR and LR on terminal differentiation of NSC. (A) Experimental layout. {B) Tubulin-positive neuronal
filament formabion upon exposure to BR and LR Visualization was performed after 17 days of terminal differentiation,
when the NSC wene ireated with 12.5 uM BR (BR 12.5) and 0.1% DMSO as a contrel, and 125 pM LE (LR 12.5) and 25 pM
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LE (LE 25) with 1% PBS as a contrel. Cells werne stained by Hoechst (blue ) and TU] (red) and visualized with a Zeiss LSM
B0 Scale bars = 50 um. (C) The effect of BR and LE exposune on the expression of selected markers specific for NSC,
meurons, and astrocytes. Samples were harvested on Day 12 and 17 of terminal differentiation. * p < 0.05. Two different lime
points wene chosen to evaluate possible changes in the onset/ iming of the differentiation process. Genes were detected
using a LightCycler 480 IL Relative mRNA levels weme normalized to GAPDH with 2-% analysis. n = 3.

4. Discussion

Sever neonatal hy perbilirubinemia represents a serious health threat for newbom
infants with global health and sociceconomic burdens [2,28]. Although PT is considered
the gold standard treatment for sevemrely jaundiced neonates, there is a surprising lack of
scientific data on the biological effects of bilirubin photo-oxidation products generated
during PT. Importantly, FT does not seem to be entirely safe, particularly in ELBW preterm
necnates [10,11].

As was demonstrated in our recent study, a short-term 4-h exposure to BR and its
photoisomer LE, as well as monopyrrolic BOX-A and BOX-B of human neuroblastoma
(SH-5Y5Y), glicblastoma (U-87), and microglial cells (HMC3) (representing major brain
cerebral cell populations), did not affect cell viability at all, even at the biologically relevant
concentrations (25 uM) [13]. However, prolongation of exposure of the neuronal cells up to
24-48 h revealed clear BR toxicity, while LE did not have this toxic effect [14]. One of the
reasons for these observations lies in the profound inhibitory effects of BR on mitochondrial
respiration and the tricarboxylic acid ovcle metabolism [14]. BR neurotoxicity has also
been confirmed in more complex studies, such as those on organotypic brain slices derived
from hyperbilirubinemic Gunn rat pups [29], plus other experimental studies (for review
of the mechanisms see [53]), as well as in numerous clinical observations [2,25]. These
findings are consistent with the early studies by Silberberg et al., who did not detect any
towic effects of photo-irradiated bilirubin on myelinating cerebellum cultures—in contrast
to bilirubin [3]. However, LR (and also the other BR photo-oxidation products) do not
appear to be harmless. In another of our recent studies, the potential neurcinflammatory
effects of LR as evidenced by overexpression of proinflammatory cytokines in brain cells
weme clearly documented [13]. It is important to note that numerous studies confirmed
proinflammatory oytokines exerting harmful effects on neurogenesis [31]; these results are
in agreement with the clinical data on hyperbilirubinemic newbom infants treated with T,
which demonstrate an increase in systemic concentrations of drculating proinflammatory
cytokines [32].

Based on these findings, and since NSC have never been studied for their susceptibility
to the potentially harmful effects of BR, we focused on the possible cytotoxic effects of
BE and LR on these cells. We observed a significantly decreased viability and metabolic
activity in those cells treated with gradually increasing concentrations of BE, while LE only
had a significant effect only at the highest concentration.

As discussed above, BR in high concentrations clearly exerts cytotoxicity, in particular
on cells of the central nervous system (CNS). However, the pathogenesis of the whole
process is not fully understood, with significant differences in susceptibility to BR toxicity
across various brain regions and cell populations [29,33]. Previous studies have also shown
that exposure to increasing concentrations of unconjugated BR are gytotoxic to rat oligoden-
drocytes and increase its apoptosis in vitro [34]. Several additional studies have shown the
cytotoxic and pro-apoptotic effects of BR on astrocytes” neuronal cultures [35-39]. Although
under our study conditions no significant changes in DNA damage were observed using
the Comet assay, and the flow cytometry analysis demonstrated only a negligible modu-
lation of the cell orcle of treated NSC exposed to BR, an increase in c-PARFP (apoptotic),
y-H2ZAX (DNA damage), and p53 (apoptosis activator) protein expression was clearly
demonstrable, consistent with previous reports mapping BR-induced apoptosis and DMNA
fragmentation in rat brain neurons [40]. Importantly, these changes in NSC were prevented
by the biologically relevant concentration of LE (125 pM), suggesting the neuroprotective
effects of LR. Hence, changes at the molecular level may not be apparent when using non-
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specific methods, such as the Comet assay (used in our study ), where the negative result
could be explained by its decreased sensitivity during the analysis of small pro-apoptotic
changes [41]. On the other hand, the data are in contrast with observations on DNA dam-
age in peripheral blood lymphocytes [42-45] and increased serum apoptotic markers [46]
in phototherapy-treated newbom infants suggesting cell-specific responsiveness to BR and
LE.

Interestingly, while performing these studies on the cytotoxicity of BR and LE, we
noticed that LR induced major morphological changes in our self-renewing N5C, while
no such changes were noticed after exposure to BR. This observation may be of clinical
importance, since cellular polarity plays a significant role during the development of the
CNS [47] During the onset of neural differentiation in vivo, the neurcepithelium forming
the neural tube represents the first polarized single cell layer with a central lumen and
cells displaying apicobasal polarity [48]. Under in vitro conditions, this phenomenon is
mimicked by the formation of neural rosettes—radially organized neurcepithelial cells
differentiated from hPSC [21,45-50]. Such polarity also ensures a different distribution
of junction proteins (such as M-cadherin, -1, and f-catenin) as well as of signaling
molecules induding Motch, Sonic Hedgehog, or FGF2/ERK [24,49,50]. Importantly, the
rosette structures also epresent the niche from which NSC are isolated. Surprisingly,
our study demonstrated for the first time that LR induces MSC to mepolarize, and that
this induction is dose-dependent. Additionally, these repolarized NSC cultures, possibly
as a positive feedback mechanism, expressed higher amounts of phosphorylated ERE,
important for the process of neurogenesis [27], as well as showing an altered expression
of N5C-specific markers including PAX6, NE2F2, and 50X1. Thus, our data suggested
that LR has the potential to affect the polarity and identity of NSC during early human
neural development. These results may be of dlinical relevance, since aggressive PT is used
on preterm ELBW neonates, often accompanied by serious adverse effects [10,11]. Itis
also well known that the processes of neurogenesis and neurodevelopment are impaired
in these neonates [51], which may even be exacerbated by BR photo-oxidation products
generated during PT, based on our current data.

Finally, we also assessed the capacity of BR or LR to affect the terminal differentiation
of NSC. Previously, it has been shown that moderate to severe hyperbilirubinemia could
induce neurclogical dysfunction and potentially impair brain myelination with long-term
sequelae, particularly in preterm infants [6]. However, studies addressing the possible
effects of LR and/ or other BR photo-oxidation products so far have not been reported.
Here, we found that despite significant changes in the expression of pro-apoptotic markers
in BR-exposed N5C, or altered cell polarity and morphology in LR-exposed NSC, no major
changes weme detected in differentiating neurons or in their gene expressions.

5. Conclusions

Char study has assessed the possible impact of BR as well as its major photoisomer
LR on human neurodevelopment using an in vitro model of hPSC-derived NSC. Our data
demonstrate that neither of these compounds significantly affected the exfent of terminal
differentiation of neurons and astrocytes. However, compared to LE, BR exerted a higher
cytotoxicity on self-renewing N5C, and this effect was dose-dependent and accompanied
by mildly elevated pro-apoptotic markers. On the other hand, LE had a dose-dependent
effect on the morphology of self-renewing N5C, inducing them to form highly polarized
structures with lower expressions of some NSC-specific markers, but with activation of
ERK signaling. Considering the tightly orchestrated processes during the formation of the
NS, this effect of changed cell polarity and identity could potentially have a detrimental
effect on the developing brain. Although complex mechanisms behind these phenomena
remain to be addressed, both BR and LR clearly affect early human neurcdevelopment
in vitro.
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