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Among antioxidants in the human body, bilirubin has been recognized over the past
20 years to afford protection against different chronic conditions, including inflammation
and cardiovascular disease. Moderate increases in plasma concentration and cellular
bilirubin generation from metabolism of heme via heme oxygenase (HMOX) in virtually all
tissues can modulate endothelial and vascular function and exert antioxidant and anti-
inflammatory roles. This review aims to provide an up-to-date and critical overview of the
molecular mechanisms by which bilirubin derived from plasma or from HMOX1 activation
in vascular cells affects endothelial function. Understanding the molecular actions of
bilirubin may critically improve the management not only of key cardiovascular diseases,
but also provide insights into a broad spectrum of pathologies driven by endothelial
dysfunction. In this context, therapeutic interventions aimed at mildly increasing serum
bilirubin as well as bilirubin generated endogenously by endothelial HMOX1 should
be considered.
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INTRODUCTION

Bilirubin is widely known as an end-product of the degradation of heme which occurs in the spleen
primarily as part of red blood cell removal. Senescent or damaged red blood cells are degraded
and the heme groups derived from hemoglobin are converted into biliverdin by the activity of
heme oxygenases (HMOX1 and HMOX2) (Maines, 1988), and then converted into bilirubin via the

Abbreviations: 8-oxodGuo, 8-ox0-7,8-dihydro-2’-deoxyguanosine; ALA, 5-aminolevulinic acid; ABCA1, ATP-binding
cassette transporter A; Angll, angiotensin II; AT1, angiotensin type 1 receptor; BBB, blood-brain barrier; BRT, bilirubin
ditaurate; BLVRA, biliverdin reductase; CO, carbon monoxide; CoPPIX, cobalt protoporphyrin IX; CVD, cardiovascular
disease; DM, diabetes mellitus; EDH, endothelial dependent hyperpolarization; EPC/cEPC, endothelial progenitor
cells/circulating endothelial progenitor cells; FABPs, fatty acid binding proteins; GS, Gilbert syndrome; HFD, high fat
diet; HG, high glucose; HMOXI1, heme oxygenase 1; HMOX2 heme oxygenase 2; HNE, hydroxynonenal; MCAO, middle
cerebral artery occlusion; MMP2, metalloproteinases; MS, multiple sclerosis; NOXs, NADPH oxidases; NSCLC, non-small
cell lung cancer; OATP, organic anion transport binding protein; OVA, ovalbumin; PE, preeclampsia; PI, protease inhibitor;
PMBC s, peripheral blood mononuclear cells; ROS, reactive oxygen species; SLE, systemic lupus erythematosus; UCB,
unconjugated bilirubin; UTG1A1, uridine diphpspho-glucuronosyl transferase 1A1; VSMC, vascular smooth muscle cells;
XO, xanthine oxidase.
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activity of BLVRA. This form of bilirubin, known as UCB, is
bound to albumin to enable its plasma transport to the liver
where it is conjugated with glucuronic acid and excreted as main
component of bile (Kapitulnik, 2004).

The elevation of bilirubin concentration in plasma is well
known as a marker of hemolytic conditions, liver damage or
bile-duct impairment. When the concentration of UCB exceeds
the binding capability of albumin, the fraction of free bilirubin
(unbound UCB) increases and can cause toxicity in the nervous
system in particular, a serious condition known as bilirubin
encephalopathy which has been the focus of excellent reviews
(Ostrow et al., 2003; Shapiro, 2003; Kapitulnik, 2004). It is
important to note that neuronal cells are particularly sensitive
to UCB toxicity compared to other cell types (Silva et al., 2002).
Indeed, neuronal toxicity is observed in vitro even at relatively
low concentrations, e.g., 0.5 wM UCB is toxic to primary cells
and acts to enhance glutamate-induced toxicity (Grojean et al.,
2000). Moreover, mitochondrial damage is critically involved
in neuronal damage induced by UCB especially in developing
neurons (Rodrigues et al., 2002).

Nonetheless, different beneficial aspects linked to mild
elevations of plasma bilirubin (up to 12 mg/dl) have been
recognized. The anti-inflammatory effect of jaundice was
already observed by Hench (1938) in patients affected by
rheumatoid arthritis and by Engerman and Meyer (1959) in
hyperbilirubinemic rats. More recent evidence comes from
individuals with GS, where bilirubin affords cardiovascular
protection (Vitek et al, 2002; Novotny and Vitek, 2003;
Maruhashi et al., 2012; Gazzin et al., 2016). Furthermore, the
degradation pathway of heme occurs in virtually all tissues,
since heme-containing proteins are ubiquitously distributed and
undergo physiological turnover. Notably, also the generation
of bilirubin in peripheral tissues has been proposed to be
protective (Sedlak et al., 2009; Takeda et al., 2015; Nam et al.,
2018), and bilirubin derived from vascular cells could modulate
tissue microenvironment playing both antioxidant and anti-
inflammatory roles (Siow et al., 1999; He et al, 2015). We
pointed out this aspect in the different contexts analyzed in the
present review. Importantly, studies of cytoprotective pathways
in endothelial cells is receiving considerable attention in view of
potential therapeutic targets to maintain vascular health or to
delay or treat vasculopathies (Kim Y.-M. et al., 2011; Calay and
Mason, 2014; Mason, 2016).

BIOSYNTHESIS, METABOLISM,
BIOAVAILABILITY AND ACTIVITY

Heme oxygenase (HMOX) is the first, rate-limiting enzyme
in heme degradation pathway, with two major isoforms of
HMOX identified. HMOXI1 is inducible, expressed only under
oxidative stress or when heme concentration increases; HMOX2
is constitutively present mainly in testis and neuronal cells
(Maines et al., 1986) but has also been detected in vascular
cells (Chen et al, 2014). HMOX catalyzes the opening of
the prothoporphyrinic ring of heme, generating biliverdin, free
iron (Fe?*) and CO (Maines, 1988). The activity of BLVRA

converts biliverdin into UCB. Heme degradation occurs in all
cell types in order to complete the turnover of heme-containing
proteins. Furthermore, HMOXI induction crucially drives cell
adaptive responses to stressors and its metabolic products exert
potent biological activities (Siow et al., 1999; Otterbein et al.,
2016; Kishimoto et al,, 2019). CO has anti-apoptotic and anti-
inflammatory activities (Ryter et al., 2002), both intracellularly
and in the microenvironment (Morita and Kourembanas, 1995)
of blood vessels by increasing cGMP concentration and activating
the MAPK pathway (Siow et al, 1999; Ryter et al, 2002).
The generation of free iron is potentially highly toxic but,
under physiological conditions, a parallel induction of the heavy
chain of ferritin, and the activation of membrane Fe-ATPase
transporters occurs (Dulak et al., 2002; Loboda et al., 2008). This
adaptation is critical in decreasing intracellular Fe?™ content
and prevents the generation of ROS via the Fenton reaction,
and thereby maintains endothelial function (Balla et al., 2007).
Finally, bilirubin is a potent antioxidant, as highlighted by
the pioneering studies of Stocker et al. (1987). It has been
well demonstrated that bilirubin efficiently scavenges ROS,
peroxynitrite and peroxyradicals (Neuzil and Stocker, 1993).
Moreover, as it is lipophilic, bilirubin is able to prevent lipid
peroxidation (Stocker et al., 1987). Indeed, in HEK293 cells,
the ability of UCB to prevent lipid peroxidation has been well
documented (Sedlak et al., 2009), e.g., in hepatoblastoma cells and
plasma samples exposed to oxidative stressors and LPS (Zelenka
etal., 2012). Notably, UCB was shown to prevent LDL oxidation,
20 times more efficiently than vitamin E (Wu et al., 1994).

In addition to HMOX1, modulation of other steps involved
in bilirubin production, from the synthesis of heme rings to
the reduction of biliverdin catalyzed by BLVRA, plays a role
in cellular protection (Figure 1). Indeed, recent evidence from
different cell lines suggests that a continuous de novo synthesis
of heme occurs with the specific purpose of bilirubin generation
in order to provide cytoprotection (Takeda et al., 2015). Indeed,
by inhibiting the synthesis of ALA the synthesis of bilirubin is
reduced, leading to increased cell damage in response to oxidative
stress and demonstrating that endogenous bilirubin is highly
efficient in preventing cell damage.

Furthermore, BLVRA contributes to the antioxidant
properties of the HMOXI1/bilirubin system, as pointed out
by Jansen and Daiber (2012). Importantly, Nam et al. (2018) have
recently discussed the physiological relevance of the conversion
of biliverdin to bilirubin through an energy consuming reaction,
highlighting that the reaction carried out by BLVRA dramatically
increases the electrophilicity of bilirubin in comparison to
biliverdin. This enables its binding to thiol reactive cysteines on
Keapl, favoring Nrf2-dependent gene induction and thereby
generating a positive feedback of cytoprotection. Moreover,
the up-regulation of Nrf2 induced by bilirubin treatment has
already been demonstrated in neuronal-like cells (Qaisiya
et al., 2014) and is of relevance in the context of maintaining
vascular health. Notably, bilirubin can be oxidized back to
biliverdin and then be regenerated by the activity of BLVRA.
The biliverdin-bilirubin cycle has been postulated to be highly
active under reducing oxidative stress (Baranano et al., 2002)
and, by cooperating with GSH (Sedlak et al., 2009), is able to
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FIGURE 1 | Enzymatic reactions modulated to increase bilirubin generation and cytoprotection. HMOX1 catalyzes the degradation of heme groups to CO, Fe2t and
biliverdin, the latter subsequently converted to bilirubin by BLVRA. By reaction with oxidant species, bilirubin is oxidized back to biliverdin, amplifying the antioxidant
effect. Bilirubin is also the substrate of CYP2A6 responsible for its oxidation to biliverdin. Bilirubin and CO exert anti-apoptotic and anti-inflammatory activity. Fe2+ is
quenched by the heavy chain of ferritin, and further released to form heme. In addition to iron availability, the synthesis of heme groups depends on the activity of
ALAs that catalyzes the reaction between succinyl-CoA and glycine to form 5’ALA; this is then converted to porphobilinogen and protoporphyrin IX that forms heme.
Heme groups can also derived from the constitutive turnover of hemoproteins that can be amplified by cell damage. A positive feedback of cytoprotection can be
generated by the ability of bilirubin to bind nucleophiles such as thiol reactive cysteines on Keap1, favoring Nrf2-dependent HMOX1 gene transcription. References
in brackets.

counteract a 10,000-fold excess of H,O, (Doré et al., 1999), UCB is able to bind different proteins to facilitate crossing
affording protection in endothelial cells (Jansen et al., 2010). plasma or intracellular membranes. As widely reviewed
Moreover, mitochondrial CYP2A6 is able to perform the same (Bellarosa et al., 2009), it can bind ABC transporters (ABCBI,
oxidation of UCB back to biliverdin, highlighting the biological ~ABCC1,2,3, ABCG2 and the OATP). In plasma, UCB binds to
importance of biliverdin-bilirubin redox cycle to maintain cell ~albumin and to enable uptake in the liver, it binds to transport
homeostasis (Abu-Bakar et al., 2012). proteins initially identified as ligandins (Litwack et al., 1971)
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and subsequently recognized as members of GSH transferases
(Habig et al., 1974). Especially in the liver, UCB is transformed
to conjugated bilirubin by the activity of uridine diphospho-
glucoronosyl transferase 1A1 (UGT1A1) in order to increase
its water solubility. Hepatic bilirubin metabolism and transport
have been widely investigated (Kamisako et al., 2000).

Interestingly, as far as the intracellular transport is concerned,
it was postulated as early as 1969 (Levi et al, 1969) that
UCB could bind FABPs which are involved in the intracellular
transport of organic anions. In this context, the discovery of
UnaG protein from freshwater eel (Kumagai et al., 2013), a
protein belonging to FABPs that selectively binds bilirubin
and generates a fluorescent signal, improved the detection
of endogenously generated bilirubin enabling studies of its
subcellular localization and transport. Endogenous UCB seems
to be mainly located at ER cytosolic membranes, associated
with HMOXI1/BLVRA activities and has also been detected in
the nucleus and mitochondria (Park et al., 2016). However,
intracellular transport mechanisms of endogenous UCB and its
role in subcellular compartments remain to be explored.

Among the different cell types, neuronal cells are highly
sensitive to UCB toxicity especially during development, and
undergo apoptosis at relatively low concentrations (0.25-5 wM)
of UCB (Grojean et al, 2000; Rodrigues et al., 2002). In
addition, as far as endothelial cells are concerned, different
sensitivities to UCB have been postulated depending on the
different tissues from which endothelial cells were derived.
Moreover, immortalized endothelial cell lines, such as bEnd.3
cells used as a model of BBB, undergo oxidative stress and
apoptosis when treated with 20-40 M UCB, while no significant
damage occurs in endothelial cells derived from pancreatic islets
of Langerhans (Kapitulnik et al., 2012). The peculiar sensitivity
of BBB-like endothelial cells has been confirmed by other authors
(Palmela et al., 2012), underlining the marked sensitivity of brain
endothelial cells and neurons to UCB, as previously reviewed
(Ostrow et al., 2003; Brito et al., 2014).

However, regardless of the endothelial cell type, the protective,
pro-survival activity of low concentrations of UCB (0.1-5 pM)
has been widely documented and ascribed to its antioxidant
properties (Kapitulnik et al., 2012). Thus, although the different
cell types exhibit varying degrees of sensitivity toward bilirubin
toxicity, they all benefit from bilirubin cytoprotection at low
concentrations. This has clinical implications, since recent
research has shown that BRT prevents ROS generation in ex vivo
platelets, opening the possibility of screening the actions of
acute BRT treatment to improve platelets storage and function
(Pennell et al., 2019).

EFFECTS ON VASCULAR REDOX
STATUS: IMPLICATIONS FOR
HYPERTENSION, DIABETES AND
ISCHEMIA/REPERFUSION INJURY

The molecular mechanisms underlying the antioxidant activity
of UCB in endothelial cells have been investigated extensively

in the context of various pathophysiological conditions and
diseases. Cytoprotection afforded by UCB has been attributed
to quenching of superoxide anions derived from NOXs
(Datla et al, 2007). Indeed, HMOXI induction by hemin
prevents NOX2/4 activation in apolipoprotein E-deficient
mice characterized by vascular oxidative stress, and the same
result is observed following bilirubin treatment in vitro
or HMOXI1 overexpression via gene transfer in VSMC
(Datla et al., 2007). Notably, UCB derived from HMOXI1 in
endothelial cells has been shown to be able to scavenge NADPH
oxidase derived ROS, impairing leukocyte transmigration
and inflammatory responses (Vogel and Zucker, 2016), as
discussed in Section “Effects on Adhesion Molecule Expression:
Implications for Obesity, Atherosclerosis and Chronic
Inflammatory Diseases.”

Protection afforded by bilirubin in endothelial cells has
recently been reported Ziberna et al. (2016), who demonstrated
that HMOX1 induction in response to CoPPIX or cell
supplementation with a very low concentration of bilirubin
(<50 nM) significantly elevates intracellular bilirubin levels,
leading to increased antioxidant defenses. It is important to
note that bilirubin derived from HMOX2 can also protect
vascular cells. Notably, based on the co-localization of HMOX2
with NOX4 in cerebral microvascular endothelial cells, it has
been hypothesized that bilirubin may scavenge ROS derived
from TNFa induced NOX4 activation (Basuroy et al., 2009).
Thus, there is accumulating evidence that low concentration
of UCB, both plasma and endothelial cell derived, can affect
endothelial redox balance and thereby attenuate cell damage in
oxidative stress.

Bilirubin and Hypertension

Slight increases in plasma total bilirubin concentrations
(1.53 £ 0.48 mg/dl) have been reported to preserve flow-
mediated vasodilation compared to subjects with low levels of
plasma bilirubin (0.40 £ 0.08 mg/dl) (Erdogan et al., 2006).
As recently reviewed (Mortada, 2017), a negative correlation
between serum level of bilirubin levels and hypertension has
been established in different studies (Mortada, 2017). The
antihypertensive activity of a moderate hyperbilirubinemia
is related to an increase in NO bioavailability due to the
reduction of Angll-dependent superoxide generation by
endothelial cells (Pflueger et al, 2005; Vera et al, 2009).
Indeed, bilirubin quenches superoxide anion derived from
NOX in cultured vascular endothelial cells exposed to Angll
and increases the bioavailability of NO, leading to vascular
relaxation and lowering of blood pressure (Pflueger et al., 2005;
Fujii et al., 2010).

Furthermore, HMOX1 derived UCB protects endothelial
cells against nitrosative stress, induced by hemin pre-
treatment, which is able to further increase HMOX1 dependent
bilirubin generation to reduce endothelial apoptosis induced by
peroxynitrite (Foresti et al., 1999). Indeed, NO and peroxynitrite
are able to induce HMOXI1 in endothelial cells, and bilirubin
may directly scavenge NO to prevent excessive accumulation
(Kaur et al., 2003) and the formation of peroxynitrite-dependent
protein modification in human plasma (Minetti et al., 1998).
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Thus, a positive loop of cytoprotection seems to exist between
NO and HMOX1-derived bilirubin (Figure 2).

Moreover, the increased availability of NO due to UCB,
positively affects the rate of glomerular filtration improving
renal hemodynamics (Vera and Stec, 2010). However, it has
also been hypothesized that other mechanisms in addition to
superoxide scavenging can be involved in the ability of bilirubin
to lower blood pressure and decrease hypertension, for instance
the modulation of calcium and potassium channels (Stec et al.,
2013). In fact, it has been shown that the induction of HMOX1,
through the generation of bilirubin, favors vessel relaxation by
acting on the transport of calcium and potassium, and thereby
improving EDH in a rat model of spontaneous hypertension
(Lietal, 2013).

Bilirubin and Diabetes

The role played by UCB in preventing endothelial dysfunction
in chronic sequaele of diabetes has been widely demonstrated
(Vitek, 2012). Indeed, the incidence of retinopathy, coronary
artery disease, and cerebrovascular diseases is low in Gilbert

subjects (i.e., bilirubin level 1.2 mg/dl) with diabetes (Inoguchi
et al, 2007). Moreover, the Hisayama Study revealed that
increased bilirubin levels counteract diabetic retinopathy (Yasuda
et al., 2011), with total bilirubin concentration negatively
correlated with the severity of retinopathy (Sekioka et al., 2015).

Furthermore, in diabetic rats, up-regulation of HMOXI
increases serum bilirubin, reduces superoxide anion and
endothelial sloughing induced by hyperglycemia (Quan et al,
2004). Moreover, we have reported that activation of the
HMOX1/bilirubin pathway protects endothelial cells against
HG-induced damage by reducing HNE production and lipid
peroxidation (He et al., 2015). In addition, as mentioned
before, bilirubin acts by inhibiting NOX. This action, at
the level of endothelial cells and mesangial cells in diabetic
kidney, has been shown to ameliorate diabetic nephropathy
(Fujii et al,, 2010). An elegant study by Liu et al. (2015), in
different animal models of diabetes, established that HMOX1
overexpression improves vascular function, but that BLVRA
activity is also required, underlining that conversion of biliverdin
into bilirubin is fundamental. These authors also established

Mild hyperbilirubinemia (Mazzone 2009) TNFa § WEGE
(Foresti 2003) TiL-8
up to 12 mg/d| | } VEGFsoluble
\ 4
An g| | LipO ‘ T receptor
(PAlueger 2005 peroxidation ICAM
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FIGURE 2 | Functional effects of bilirubin on endothelial cells. Positive loop between plasma- and HMOX1 derived bilirubin is shown highlighting the main activities in
maintaining endothelial function. The ability to reduce oxidative stress by quenching both Oy~
increased bioavailability of NO favors vascular relaxation and further activates HMOX1. The direct activity of bilirubin and HMOX1 in preventing the expression of

adhesion molecules (VCAM, ICAM, E-selectin) is showed as well as the generation of angiogenetic factors (VEGF, IL-8, VEGF soluble receptor). A further contribution

from VSMC-derived bilirubin has been hypothesized. References in brackets.
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that administration of exogenous bilirubin affords vascular
protection by restoring AKT-dependent signal transduction
(Liu et al, 2015). AKT seems to be a key target in bilirubin
activity in endothelial cells, and the ability to restore the
AKT-eNOS pathway is involved in not only maintaining
endothelial redox balance and cell survival but also pro-
angiogenic signals (see section “Effects on Angiogenesis:
Implications for Wound Healing, Vascular Dysfunction in
Pregnancy and Tumor Growth”). In addition, in a mouse model
of obesity, bilirubin has been shown to activate AKT, reducing
insulin resistance in skeletal muscle (Dong et al, 2014) and
improving glucose tolerance. The role of HMOX1 and BLVRA in
inflammation associated with diabetes has recently been reviewed
(Rochette et al., 2018).

Bilirubin and Ischemia/Reperfusion

Injury

Bilirubin has been shown to be protective against
the development of ischemic damage associated with
ischemic/reperfusion injury and endothelial activation (Yang
et al.,, 2016). A recent cross-sectional study performed on 1121
healthy Japanese demonstrated that low levels of plasma bilirubin
are associated with a high prevalence of ischemic modifications
in brain white matter (Higuchi et al., 2018). In this context, a
recent review form Thakkar et al. (2019) rigorously analyzed
clinical studies highlighting a relationship between bilirubin
levels and cerebral ischemic stroke. These authors provided
evidence that in the large majority of the studies, a negative
relationship exists between the level of serum bilirubin and
prevalence of stroke. However, they also discussed limitations
of some of these studies that only considered total bilirubin
levels and ischemic stroke without considering hemorrhagic
stroke or traumatic brain injury. Interestingly, recent evidence
in a rat model of MCAO established that intraperitoneal
administration of biliverdin significantly reduces the infarct size
by modulating microRNA-mRNA network (Zou et al., 2019).
It is important to note that at the level of the nervous system,
up-regulation of HMOXI1 can be both protective and damaging
as reviewed recently (Nitti et al., 2018), but the role played by
HMOX1 derived bilirubin in neurons and non-neuronal cells in
neuroprotection has been highlighted (Hung et al., 2010).

In different models of cardiac ischemia/reperfusion damage,
bilirubin administration protects against tissue damage. Indeed,
ex vivo heart perfusion with BRT improves post-ischemic
outcomes by reducing oxidative damage (Bakrania et al., 2016).
Moreover, intraperitoneal administration of bilirubin has been
shown to prevent cardiolipin oxidation and to reduce the
infarct size in a rat model of coronary ischemia/reperfusion
injury (Ben-Amotz et al., 2014). More recently, preconditioning
performed using nanoparticles of pegylated bilirubin was highly
effective in preventing hepatic ischemic damage (Kim et al,,
2017). Furthermore, the critical importance of the endogenous
HMOX1/bilirubin pathway has been demonstrated following
supplementation cell culture media not only with UCB but
also with hemin. Both reduce ROS generation induced by re-
oxygenation of cardiomyocytes subjected to hypoxia, preventing

cell injury (Foresti et al., 2001). Furthermore, hemin efficiently
prevents oxidative damage in VSMCs by increasing bilirubin
generation (Clark et al., 2000). Even though the majority studies
performed in vivo or ex vivo evaluate whole tissue without
considering the specific role played by endothelial cells, it is
conceivable that bilirubin supplementation can directly protect
the endothelium. It is important to note that UCB induces
HMOXI1 up-regulation in aortic endothelial cells, generating a
positive loop that increases endothelial resistance to oxidative
stress (Foresti et al., 2003). The specific anti-inflammatory
activity exerted by bilirubin on endothelial cells plays a role in
preventing ischemia/reperfusion damage by reducing leukocyte
infiltration, as discussed in section “Effects on Adhesion
Molecule Expression: Implications for Obesity, Atherosclerosis
and Chronic Inflammatory Diseases.”

Moreover, protection afforded by bilirubin against rejection
of kidney transplantation has been demonstrated, and its

antioxidant activity in preventing ischemia/reperfusion
damage as well as its anti-inflammatory  action
that favors organ acceptance has been reviewed,

highlighting the positive impact on renal hemodynamics
(Sundararaghavan et al., 2018).

EFFECTS ON ADHESION MOLECULE
EXPRESSION: IMPLICATIONS FOR
OBESITY, ATHEROSCLEROSIS AND
CHRONIC INFLAMMATORY DISEASES

The first evidence for the anti-inflammatory properties of
bilirubin stems from Philip Hench who in 1938 described
the remission of rheumatoid arthritis in the 94% of patients
who developed jaundice (Hench, 1938). Even though Hench
tried to correlate this phenomenon with an increased level
of cortisol (Hench, 1949), this has never been demonstrated,
and the anti-inflammatory effect of jaundice has been then
proved to be due to UCB itself (Jangi et al, 2013). In
this context, a negative correlation between bilirubin plasma
concentration and clinical manifestations of other immune-
mediated diseases such as MS (Peng et al., 2011) and SLE (Vitek
et al., 2010) has been demonstrated. Moreover, an elevation
of UCB between 2 and 12 mg/dl has been shown to reduce
experimental autoimmune encephalomyelitis in an animal model
of MS (Liu et al., 2008). However, it is important to note
that UCB concentrations higher than 15-20 mg/dl always
induce cytotoxicity.

The ability of UCB to modulate immunoglobulin production,
native or acquired immunity as well as complement activity has
been reviewed by others (Basiglio et al., 2009; Jangi et al., 2013),
highlighting how UCB can impact neutrophil and macrophage
phagocytosis, as well as antigen presenting functions to
lymphocytes and the generation of pro-inflammatory cytokines.
In this way, UCB exerts beneficial effects in different chronic
inflammatory and autoimmune diseases, as discussed in section
“Bilirubin and Chronic Inflammatory Diseases.” However,
we here focus on the role played by endothelial cells,
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which are closely involved in the onset and development
of inflammation.

Bilirubin and Obesity

Endothelial ~dysfunction and inflammation characterize
the development and progression of obesity, and mild
hyperbilirubinemia contributes to a reduction of obesity
especially during aging. These findings were particularly
significant when abdominal obesity, triglyceridemia and hip
and waist circumference were considered (Seyed Khoei et al.,
2018). The same authors have shown that in Gilbert individuals
expression level of p-AMPK, PPAR-a and y, and PGCl-a in
PBMCs were significantly higher in comparison to age- and
gender-matched control subjects (Molzer et al., 2016), whilst
others have shown that UCB limits lipid deposition in adipose
cells by binding PPAR-a nuclear receptors (Stec et al., 2016).
The effect of UCB toward PPARa is discussed subsequently
with a focus on atherosclerotic lesions (see section “Bilirubin
and Atherosclerosis”).

Furthermore, a positive effect of CoPPIX-induced HMOX1
activation on reduction of body weight has been reported by
Abraham et al. (2016). The same group, more recently focused
on long-term endothelial HMOXI1 activation in mice fed a
HFD demonstrating the gene therapy to increase expression
of HMOX]1, reduced ICAM and VCAM expression, decreased
serum markers of inflammation, such as IL-1 and TNFa, reduced
the size of adipocytes and down-regulated PPARy. Furthermore,
these effects were prevented by using a specific inhibitor of
HMOX1 activity, indirectly suggesting that the ability to restore a
proper crosstalk between the vasculature and adipocytes depends
on the metabolic products of endothelial HMOXI1 activity
(Peterson et al., 2019). Together these findings demonstrate that
endothelial activation of HMOXI1 could play an important role
in the treatment/prevention of obesity, and further highlight
the importance of AMPK-dependent signaling in mediating the
anti-obesogenic effects of bilirubin.

Bilirubin and Atherosclerosis
Endothelial activation and recruitment of inflammatory cells are
two pivotal steps in the development of atherosclerotic lesions
(Moore et al., 2013). The negative correlation between plasma
concentrations of bilirubin and onset and progression of CVD
is clearly demonstrated by numerous studies and is evident in
individuals with GS (Hopkins et al., 1996; Vitek et al.,, 2002;
Novotny and Vitek, 2003; Maruhashi et al., 2012; Vitek, 2017).
UCB has been shown to impair leukocyte migration by
affecting endothelial adhesion molecules. The activation of
endothelial cells induced by pro-inflammatory cytokines such
as TNFa leads to the expression of adhesion molecules
(Young et al.,, 2002). In vitro studies demonstrated that UCB
prevents TNFa-induced leukocyte adhesion to endothelial cells
by reducing the expression of E-selectin, VCAM and ICAM
(Mazzone et al., 2009a) by impairing NF-kB nuclear translocation
(Mazzone et al., 2009b). However, others maintain that
bilirubin does not modulate expression of adhesion molecules
but instead impairs adhesion molecule-dependent intracellular
signals. Indeed, the signaling cascade activated by the binding

of leukocyte integrins to VCAM and ICAM is known to
generate ROS from the activity of NOX and XO, favoring
leukocyte transmigration following activation of MMP2 (Wang
and Doerschuk, 2000, 2002). Vogel et al. (2017) have reported
that the intraperitoneal administration of bilirubin in LdL™/—
mice prevents atherosclerotic plaque formation by inhibiting
leukocyte infiltration in vessel wall. These authors also confirmed
in vitro that both exogenous bilirubin and HMOX1 derived
bilirubin are highly efficient in reducing VCAM and ICAM
dependent signals by quenching NOX4- and XO-derived ROS.

It has clearly been shown that UCB mimics the hypolipidemic
activity of fenofibrate (Hinds and Stec, 2018). In addition, its
ability to act as Selective PPAR Modulator (SPPARM) toward
PPARa has been pointed out, confirming that, by enhancing lipid
metabolism, bilirubin is able to reduce cholesterol deposition,
decreasing plaque formation (Hinds and Stec, 2018). However,
it has been also reported that UCB decreases the export of
cholesterol from macrophages through the degradation of the
ABCA1 (Wang et al., 2017). These data show that, in the vessel
wall, the activity of bilirubin on lipid metabolism is complex
and merits further investigation. However, serum UCB does
exert a strong antioxidant activity at the level of atherosclerotic
plaque by reducing the content of lipoperoxides in the lesions
(Lapenna et al., 2018).

As recently reviewed, bilirubin prevent platelets aggregation
due its ability to interfere with the surface expression of adhesion
molecules and its antioxidant activity, thereby supporting a role
played in the prevention of hypercoagulability and thrombosis
(Kundur et al, 2015). Even though at high concentration
(50-200 pM) UCB activates p38/MAPK favoring platelet
apoptosis (NaveenKumar et al., 2015), the protective role
of bilirubin against platelet aggregation has been confirmed
in Gilbert individuals (Kundur et al, 2017), providing
evidence for the inhibition of collagen-induced activation
(Kundur et al., 2014).

Bilirubin and Chronic Inflammatory

Diseases

As mentioned before, the beneficial role of UCB in autoimmune
and chronic inflammatory diseases is widely accepted. Indeed,
there is clinical evidence that higher total serum bilirubin levels
reduce the risk of rheumatoid arthritis (Fischman et al., 2010),
Gilbert’s subjects are less likely to develop Crohn’s disease (de
Vries et al., 2012), and patients with MS have low levels of total,
conjugated and UCB (Peng et al., 2011, 2012), as highlighted in a
previous extensive review (Jangi et al., 2013).

Focusing on the role played by endothelial cells in the
context of chronic inflammation, it has been shown that bilirubin
impairs the expression and the activity of adhesion molecules
as documented in animal models of airways inflammation and
inflammatory colitis. Indeed, intraperitoneal administration of
bilirubin blocks the influx of leukocytes into the lungs of mice
with OVA-induced asthma (Keshavan et al., 2005), and bilirubin
is able to counteract iNOS expression and activity in colonic
tissue by preventing leukocytes infiltration (Zucker et al., 2015).
In both these studies, the molecular mechanism involves the
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ability of bilirubin to disrupt VCAMI-dependent signaling by
quenching intracellular ROS.

EFFECTS ON ANGIOGENESIS:
IMPLICATIONS FOR WOUND HEALING,
VASCULAR DYSFUNCTION IN
PREGNANCY AND TUMOR GROWTH

Pro-angiogenetic activity of bilirubin has been demonstrated
and related both to vascular activation of HMOXI1 and to an
increased plasma concentration of UCB. Favorable or detrimental
actions can be associated with increased angiogenesis, depending
on the different pathological conditions involved. Indeed, pro-
angiogenetic activity can be desirable in repairing tissue damage
or in preventing placental dysfunction (Chen and Zheng, 2014)
but becomes deleterious when is linked to retinal degeneration in
diabetes (Wang and Lo, 2018) or in the context of tumor growth
(Viallard and Larrivée, 2017).

At a molecular level, pro-angiogenetic activity of bilirubin is
achieved by the modulation of different pathways, some of which
are not directly related to its antioxidant activity. In vivo and
in vitro studies have shown that exogenous bilirubin promotes
angiogenesis in response to ischemia via direct modulation of
the PI3K/AKT pathway, which favors eNOS activation (Ikeda
et al., 2015). The activation of AKT pathway in response to
bilirubin exposure has been also been confirmed in other studies
(Liu et al., 2015).

Furthermore, HMOX1 induction favors the
production of angiogenic factors, such as VEGF and IL-8, and
decreases antiangiogenic factors such as VEGF soluble receptor
(Dulak et al., 2008; Kim Y.-M. et al., 2011), with all HMOX1
metabolic products seeming to mediate these proangiogenic

vascular

activities (Dulak et al., 2008; Kim Y.-M. et al., 2011). Moreover,
the angiogenic potential of endothelial cells exposed to
intermittent HG is restored by CoPPIX-induced HMOXI1
activation to reduce ER stress (Maamoun et al., 2017). In
this context, the protective role of HMOXI1 in maintaining
endothelial function by preventing both oxidative and ER stress
has recently been reviewed (Maamoun et al, 2019). VEGE
in addition, is able to activate endothelial HMOXI1 favoring
angiogenesis, leading to positive feedback. However, the role
played by HMOX1 in the vasculature is more complex, since
it has been shown in VSMC that HMOXI1-derived CO is able
to increase VEGF production, whilst HMOX1-derived iron can
inhibit VEGE, thus affecting endothelial responses in different
ways (Dulak et al., 2002) which are not completely understood.

Furthermore, constitutive HMOX2 has been proposed to play
an important role in angiogenesis. In HMOX2 null mice, an
increase in corneal angiogenesis has been observed, which is
paralleled by a down-regulation of HMOX1 (Seta et al., 2006).
However, in another study HMOX2 deletion favors angiogenesis
but, in this case, a parallel up-regulation of HMOX1 was
observed (Bellner et al,, 2009). Thus, the interplay between
HMOX1 and HMOX2 seems to be more complex and merits
further investigation.

Bilirubin and Wound Healing

The process of wound healing is strictly dependent on tightly
regulated angiogenesis. The role played by both HMOXI1
(Lundvig et al., 2012) and HMOX2 (Halilovic et al., 2011)
in wound healing has been well documented and related to
the generation of CO and bilirubin. In particular, HMOX1
deficient mice exhibit less capability for wound healing
compared to wild type mice due to a reduced ability to
recruit endothelial progenitor cells (EPC) for capillary formation

Atherosclerosis
(Novotny 2003)
Myocardial infarction
(Shan 2019)
Stroke
(Thakkar 2019)
Hypertension
(Mortada 2017)
Thrombosis
(Kundur 2017)
| CVD Diabetes [ Obesity J Ischemia/reperfusion Chronic Pregnancy Tumor onset
(Vitek 2017)| chronic sequelae |(seyed 2018) injury inflammatory | complications (Vitek 2019)
(Liu 2015) (Foresti 2001) diseases (George 2011)
— N Jangi 2013
’ Prevented by bilirubin ‘ RS
bilirubin
‘ Facilitated by bilirubin ‘ (Furfaro 2019) (Ram 2016)
Tumor Wound
progression healing
FIGURE 3 | Modulation of bilirubin production can affect a broad range of pathologies driven by endothelial dysfunction. Schematic representation of
pathophysiological processes influenced by the ability of bilirubin to modulate endothelial function. In the upper part, diseases prevented by bilirubin are shown; in
the lower part, conditions favored by locally generated bilirubin are indicated. References in brackets.
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TABLE 1 | Bilirubin affects vascular cell functions: In vivo and ex vivo studies.

Experimental model

Plasma bilirubin concentration
(mg/dl) or M

Main findings

References

Hypertension
C57BL/6J mice

Gunn rats

Human plasma

C57BL/6J mice

C57BL/6J mice

Old male SHRs or WKY rats

Diabetes
Diabetic patients with or without GS

Diabetic patients (Hisayama study)

Diabetic patients (type 2 DM)

STZ-induced diabetic rats

STZ-induced diabetic Gunn rats

db/db mice

db/db mice

db/db and DIO mice

T2DM patients

Ischemia/reperfusion damage
Healthy human subjects

MCAQO rats

“Ex vivo” perfused rat hearts

Rat model of coronary ischemia

0.9-1 mg/di

117.9 £ 9.8 uM

15 uM

1-1.2 mg/dl

1-2 mg/dl

Serum content not modified

1.3-1.6 mg/dl

0.89-1.1 mg/dl

0.80 =+ 0.39 mg/d

3.3 mg/di

7.01 4+ 0.43 mg/d

Not significant increases

200 nM

Not evaluated

64 + 21 uM

<0.5 mg/dl

Not evaluated

Not applicable

Not evaluated

Bilirubin i.v. infusion (37.2 mg/kg) or indinavir induce
moderate hyperbilirubinemia and prevent Angll
dependent hypertension

Pathophysiological concentrations of UCB protects
animals from hypertensive effects of Angll by reducing
oxidative stress

The addition of bilirubin to human plasma samples
reduces peroxynitrite-induced protein modifications
Moderate elevations in unconjugated bilirubin are able
to preserve renal hemodynamics in Angll-dependent
hypertension.

Mild hyperbilirubinemia induced by UGTA1A1
antisense decreases Angll-induced hypertension
inhibition superoxide generation

Up-regulation of HMOX1, through the generation of
bilirubin, improves endothelial function favors vessel
relaxation in a rat model of spontaneous hypertension

Patients with diabetes and GS show a lower
prevalence of vascular complications than diabetic
patients

Patients with plasma bilirubin concentration in the
highest quartile show a reduced prevalence of diabetic
retinopathy

Serum total bilirubin concentration negatively
correlated with the severity of retinopathy
Up-regulation of HMOX1 activity induced by CoPPIX
by increasing bilirubin concentration reduces
endothelial damage in diabetic animals
Hyperbilirubinemic rats are protects against renal
diabetic complications

Biliverdin (5 mg/kg) protects diabetic mice toward renal
complications

HMOX1 induction and BLVRA activation prevent
endothelial damage in diabetes, through the
modulation of Akt pathway

HMOX1 activation (CoPPIX 10-20 mg/kg, i.p.) and
Bilirubin (20 wmoli/kg i.p.) reduce hyperglycemia and
increase insulin sensitivity

Short-term treatment with atazanavir inhibits UGT1A1
activity induces a mild hyperbilirubinemia and
ameliorates endothelial functions

Low levels of plasma bilirubin are associated with a
high prevalence of ischemic modifications in brain
white matter

Biliverdin administration (35 mg/kg i.p.) significantly
reduces the cerebral infarct size

Treatment with bilirubin ditaurate (BRT, 50 wM)
prevents ischemia/reperfusion damage. The infarct size
shows negative correlation with BRT tissue content
Intraperitoneal injection of bilirubin (10 mg/kg)
decreases heart infarct size

Vera et al., 2009

Pflueger et al., 2005

Minetti et al., 1998

Vera and Stec, 2010

Stec et al., 2013

Lietal, 2013

Inoguchi et al., 2007

Yasuda et al., 2011

Sekioka et al., 2015

Quan et al., 2004

Fuijii et al., 2010

Fuijii et al., 2010

Liuetal., 2015

Dong et al., 2014

Dekker et al., 2011

Higuchi et al., 2018

Zou et al,, 2019

Bakrania et al., 2016

Ben-Amotz et al., 2014

C57BL/6 mice Not evaluated Preconditioning performed using nanoparticles of Kim et al., 2017
PEG-bilirubin (10 mg/kg) attenuates IRI-associated
hepatocellular injury
(Continued)
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TABLE 1 | Continued

Experimental model

Plasma bilirubin concentration
(mg/dl) or pM

Main findings

References

Obesity

GS and age-/gender-matched healthy
controls and obese female type 2
diabetes patients

GS subjects

PPARa knockout

C57 male mice

Atherosclerosis

GS subjects

GS subjects

Male atherosclerotic patients

Early familial CAD patients

Ldir=/= mice

Patients with carotid atherosclerotic

plaques

GS subjects

Chronic inflammation
MS patients

SLE patients

RA patients

Crohn’s patients

SJL/J mice and Lewis rats

C57BL6/J mice

C57BL/6J

>17.1 pM (1 mg/d))

35.3 & 1.04 pM (male) 28.9 + 6.8 uM
(female)

29.2 +11.6 uM

32.6 £13.5 uM

/!

8.9 + 6.1 uM(CAD) 12.4 + 8.1 uM(ctr)

1.7 mg/di

13.6 4+ 3 pM

23+ 5uM

<13.97 uM

71 +£53uM

>11uM

>23 uM

Not evaluated

Not evaluated

Not evaluated

Mild hyperbilirubinemia protects from age-related
weight gain and dyslipidaemia.

GS subjects show higher expression level of p-AMPK,
PPARa and y and PGC1a in PMBCs in comparison to
age- and gender —-matched control subjects. They are
less likely to contract metabolic diseases or die
prematurely

Bilirubin (30 mg/kg) directly binds to activate PPARa
and limits lipid deposition in adipose cells

HMOX1 induction by CoPPIX (5 mg/100 gr
subcutaneous) or HMOX1 endothelial overexpression
by gene therapy in HFD mice reduce inflammation
markers, down-regulate PPARy and reduce
adipocytes size

Mild hyperbilirubinemia contribute to reduce oxidative
stress and vascular complications in atherosclerotic
patients with GS

Mild hyperbilirubinemia protects GS subjects from
ischemic heart disease

Meta-analysis of 11 published studies proves the
inverse relationship between serum bilirubin levels and
atherosclerosis

CAD risk is negatively correlated with bilirubin
concentration

Intraperitoneal injection of bilirubin reduces VCAM and
ICAM signaling in endothelial cells preventing plaque
formation

Serum concentration of bilirubin (total, direct and
indirect) is correlated with the reduction of
lipoperoxides in the lesions

Increased levels of circulating bilirubin inhibits platelet
aggregation and granule release

Patients with long duration MS show low levels of
bilirubin plasma concentration

Low serum bilirubin represented a strong predictor of
the manifestation of SLE symptoms Subjects with
higher serum bilirubin levels, such as those with
Gilbert’s syndrome, might be protected from the
development of SLE.

Higher serum total bilirubin level is negatively
associated with RA

GS confers a protective effect on the development of
Crohn’s disease

Bilirubin treatment (2 x 100 mg/kg per day i.p.)
successfully prevented the development of chronic
EAE. Treatment with ZnPP exacerbates acute EAE
Bilirubin (30 mg/kg i.p.) suppresses colonic
inflammation, induced by the oral administration of
DSS, by preventing leukocytes infiltration

Bilirubin treatment (30 mg/kg i.p.) blocks the influx of
leukocytes into the lungs of mice with OVA-induced
asthma

Seyed Khoei et al., 2018

Molzer et al., 2016

Stec et al., 2016

Peterson et al., 2019

Maruhashi et al., 2012

Vitek et al., 2002

Novotny and Vitek, 2003

Hopkins et al., 1996

Vogel et al., 2017

Lapenna et al., 2018

Kundur et al., 2014

Peng et al., 2011

Vitek et al., 2010

Fischman et al., 2010

de Vries et al., 2012

Liu et al., 2008

Zucker et al., 2015

Keshavan et al., 2005

(Continued)
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TABLE 1 | Continued

Experimental model

Plasma bilirubin concentration
(mg/dl) or uM

Main findings

References

Wound healing
C57BL/6J

HMOX1~/~ mice

HMOX1~/~ mice

Wistar rats

STZ Wistar rats

STZ Wistar rats

Pregnancy complications

FVB pregnant mice

Tumor
Cancer patients

Gl and CRC patients

CRC patients

GS subjects

BALB/c nude mice

BALB/c-nude mice

Aging

12-month-old Gunn rats

GS subjects

C57BL/6 mice

0.55 £0.04 mg/dl (after 1 hi.p.)

Not evaluated

Not evaluated

Not evaluated

Not applicable

Not applicable

Not evaluated

>17 pM

0.52 £0.017 mg/dl

9.8 uM

32 £ 13.6 uM

35-40 pM

Not evaluated

75 +£18 uM

33.12 +£9.86 pM

Not evaluated

Bilirubin treatment (5 mg/kg i.p.) enhance blood flow
recovery in response to ischemia by promoting
angiogenesis through endothelial cells activation via
Akt-eNOS-dependent manner

HMOX1null mice show less capability of wound healing
compared to WT mice due to a reduced endothelial
migration and neovascularization

Gene therapy by using pHRE-HO-1 vector protects
against oxidative stress, improves angiogenesis and
favors tissue regeneration

Administration of Bilirubin (i.p. 30 mg/kg) favors
cutaneous wound healing by a pro-healing modulation
of pro-inflammatory/anti-inflammatory cytokines,
adhesion molecule and favoring angiogenesis

Bilirubin treatment (0.3% ointment) accelerates the
timely progression of wound healing by modulating
expression of cytokines and growth factors (HIF-1a,
VEGF, TGF-B1, SDF-1a, TNFa, IL-18, IL-10 and
MMP-9) promotes angiogenesis, reduces inflammation
and improves maturation of wound

Bilirubin treatment (0.3% ointment) markedly improved
the antioxidant profile of the diabetic wound and
accelerates cutaneous wound healing

Pharmacological inhibition of HMOX1 (induced by SnPP
30 pmoli/kg i.v.) is associated with pathogenesis of
pregnancy complications and preeclampsia

UGT1A1 gene polymorfism is positively correlate with
overall survival in cancer patients

Increase in serum bilirubin level is associated with a
markedly decreased prevalence of CRC

Patients with CRC have lower serum bilirubin levels:

1 wmol/L decrease in serum bilirubin is associated with
a 7% increase in CRC risk. UGT1A1*28 allele carrier
status is associated with a 20% decrease in risk of CRC
Older subjects with GS show decreased DNA damage
in epithelial tissue. No correlation have been found with
DNA damage in lymphocytes

Treatment with bilirubin (25 mg/kg i.p.) reduces colon
cancer growth via activation of ERK1/2
Fasting-mimicking diet (FMD) or short-term starvation
(STS) reduces HMOX1 expression in cancer and
sensitizes cancer cells to chemotherapy

Mildly elevated levels of bilirubin improve
anthropometric and metabolic parameters in
hyperbilirubinemic old rats respect to
normobilirubinemic

GS subjects have on average longer telomeres
compared to age- and gender-matched control
Hemin-induced HMOX1 upregulation, through the
generation of both CO and bilirubin, limits
cardiomyocytes senescence

lkeda et al., 2015

Deshane et al., 2007

Jazwa et al., 2013

Ahanger et al., 2016

Ram et al., 2016

Ram et al., 2014

Zhao et al., 2008

Vitek et al., 2019b

Zucker et al., 2004

Jirdskova et al., 2012

Wallner et al., 2012

Ollinger et al., 2007

Di Biase et al., 2016

Zelenka et al., 2016

Tosevska et al., 2016

Shan et al., 2019

In vivo and ex vivo studies. Angll, angiotensin ll; BRT, bilirubin ditaurate; BLVRA, biliverdin reductase; CAD, coronary artery disease;, CO, carbon monoxide; CoPPIX,
cobalt protoporphyrin IX; CRC, colorectal cancer patients; db/db, diabetic mice; DIO, diet-induced obese; DM, diabetes mellitus; DSS, dextran sodium sulfate; EAE,
experimental autoimmune encephalomyelitis;, FMD, fasting-mimicking diet; FVB, friend leukemia virus B; G, gastro-intestinal; GS, Gilbert Syndrome; HFD, high fat
diet; IRI, ischemia/reperfusion injury; Ldlr=/=, low-density lipoprotein receptor-deficient mice; MCAQ, middle cerebral artery occlusion; MS, multiple sclerosis; OVA,
ovalbumin; PMBCs, peripheral blood mononuclear cells; RA, rheumatoid arthritis; SHR, spontaneously hypertensive rat; SJL, Swiss Jim Lambert mice; SLE, systemic
lupus erythematosus; SnPF, tin protoporphyrin IX; STS, short-term starvation; STZ, streptozocin;, UCB, unconjugated bilirubin; UTG1A1, uridine diphpspho-glucuronosy!
transferase 1A1;, ZnPPR, zinc protoporphyrin IX; WKI, Wistar Kyoto rat.
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TABLE 2 | Bilirubin affects vascular cell functions: In vitro studies.

Experimental model

Bilirubin concentration
(mg/dl) or uM in cell culture
media

Main findings

References

Human EC
HUVECs

HUVECs

HUVECs

HUVECs

HUVECs and VSMCs

HUVECs, HAECs, HDMECs

ECV304
HMEC-1

HBMECs

HAECs

HCAECs

HGENCs

cEPCs

EA.hy926

Commercially EC

Human and non-human EC
HUVECs and H5V cells

HAECs and mAECs

10-20 uM bilirubin

20 uM

Not evaluated

50 pM

Not evaluated

10 uM

Not evaluated
Not evaluated

50 or 100 uM UCB in presence
of HSA

1-10 uM

1, 5, and 10 uM bilirubin

10 uM

10-20 mg/dl

0.5-100 uM

Not evaluated

0.015 M < Bf < 0.030 pM

Not evaluated

Bilirubin inhibits migration of THP-1 monocytes
across activated HUVEC monolayers

Bilirubin markedly inhibited the migration of
Jurkat cells across TNFa-stimulated HUVEC
monolayers by impairing VCAM1 signaling
HMOX1 induction (10 uM CoPPIX) prevents
high glucose-induced reduction in NO release
and enhanced VEGF-A expression

Bilirubin promoted proliferation of endothelial
cells and also affects invasion capability of cells
from trophoblast

PPAR ligands induce HMOX1 and block the
inflammatory response in vascular cells

HIV protease inhibitors (Pls) induce HMOX1
that, by generating bilirubin, counteract the
anti-proliferative and inflammatory actions of Pls
Statins increase HMOX1 expression

Cell transfection with plasmid vector
(PHRE-HO-1) carrying human HMOX1 driven
by three hypoxia response elements (HRES)
and cultured in 0.5% oxygen, by up-regulating
HMOX1, effectively protects against oxidative
stress and promotes angiogenesis

Short-term exposure to UCB activates
endothelial cells and late-term exposure to UCB
increases paracellular permeability, overall
increasing endothelial damage

Bilirubin increases AKT dependent eNOS
phosphorylation and favors leukocyte adhesion
migration and tube formation

Niacin increases HMOX1 expression and
inhibits TNFa induced endothelial inflammation
HMOX1 induction (25 uM CoPPIX) as well as
bilirubin supplementation directly reduce ET-1
generation

Progenitor endothelial cells induced to
proliferate when exposed to 5 mg/dl bilirubin;
higher concentrations (up to 20 mg/dl) induce
cell death

Exogenous bilirubin increases endothelial
antioxidant activity as well as
HMOX1-dependent bilirubin generation
EC-transfected with HMOX1 release
substances that increase healthy adipocytes

UCB, at clinically relevant concentrations, limits
over-expression of adhesion molecules and
inhibits PMN-endothelial adhesion induced by
pro-inflammatory cytokine TNFa, even though
UCB itself does not alter expression of these
adhesion molecules. Inhibition NF-kappaB
transduction pathway

In HAECs and in primary mAECs from
HMOX1+/+ and HMOX1~/~, SDF-1
(100-200 ng/ml) favors angiogenesis through
the induction of HMOX1

Vogel et al., 2017

Zucker et al., 2015

Maamoun et al., 2017

Ha et al., 2015

Kroénke et al., 2007

Liuetal., 2016

Grosser et al., 2004
Jazwa et al., 2013

Palmela et al., 2012

lkeda et al., 2015

Wu et al., 2012

Bakrania et al., 2018

Jabarpour et al., 2018

Ziberna et al., 2016

Peterson et al., 2019

Mazzone et al., 2009a,b

Deshane et al., 2007
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TABLE 2 | Continued

Bilirubin concentration
(mg/dl) or M in cell culture

Experimental model

Main findings References

media

Non-human EC

mHEVa and mHEVc 10-20 uM Bilirubin inhibits leukocyte transmigration across Keshavan et al., 2005
endothelial cell monolayer

CMVECs 1uM Bilirubin supplementation prevent endothelial Basuroy et al., 2009
apoptosis induced by TNFa by reducing
NOX4-derived ROS

bENnd.3 and MS1 1-40 uM Endothelial cells derived from BBB are more Kapitulnik et al., 2012

mAECs Not evaluated
BAEC 1uM

Other cells from cardiovascular system

Bovine vascular smooth-muscle cells 0.5-5 uM
H9c2 0.5 uM
Primary mice cardiomyocytes 20 pM

sensitive to UCB pro-apoptotic effect than
endothelial cells from pancreas

Primary endothelial cells from HMOX2~/~ mice
show an increased oxidative stress,
inflammation and excessive angiogenesis

Bellner et al., 2009

Bilirubin supplementation restores cell He et al., 2015
protection against acute high glucose treatment
in endothelial cells exposed to HMOX1 inhibitor,

preventing HNE production

Short term treatment with bilirubin as well as
HMOX1 induction (25-200 pM hemin) protect
against oxidant-mediated damage

Clark et al., 2000

Bilirubin treatment as well asHMOX1 induction
(5 wM hemin) protects against
hypoxia/reoxygenation

HMOX1 induction (10 uM hemin) as well as
bilirubin supplementation limits senescence

Foresti et al., 2001

Shan et al., 2019

BAEC, bovine aortic endothelial cells; b.End3, murine brain microvascular endothelial cell line; Bf, free bilirubin;, BBB, blood-brain barrier; cEPCs, circulating endothelial
progenitor cells; CMVECs, cerebral microvascular endothelial cells; COPPIX, cobalt protoporphyryn IX; EA.hy926, human endothelial cell line; EC, endothelial cells;
ECV304, human endothelial cells derived from umbilical cord; ET-1, vascular endothelin-1;, HAECs, human aortic endothelial cells; HBMECs, human brain microvascular
endothelial cells; HCAECs, human coronary artery endothelial cells; HDMECs, human dermal microvascular endothelial cells; HGEnCs, immortalized human glomerular
endothelial cells; HMEC-1, human microvascular endothelial cells; HRES, hypoxia response elements;, HUVECs, human umbilical vein endothelial cells; H5V, murine heart
endothelial immortalized cells; H9c2, rat cardiomyocytes;, mAECs, mouse aortic endothelial cells; mHEVa/c, murine high endothelial venule-like cells; MS1, microvascular
endothelial cell line; Pls, protease inhibitors;, PMN, polymorphonuclear neutrophils; ROS, reactive oxygen species; SDF-1, stromal cell-derived factor 1, UCB, unconjugated

bilirubin; VSMC, vascular smooth muscle cells.

(Deshane et al., 2007). Interestingly, gene therapy performed
using an hypoxia-regulated vector encoding for HMOX1 protects
against oxidative damage and favors tissue regeneration by
improving angiogenesis both in vitro and in vivo, avoiding the
potential toxic effects due to iron overload (Jazwa et al., 2013). In
this context, it has recently been reported that hyperbilirubinemic
infants have an increased number of circulating endothelial
progenitor cells (cEPC) which also exhibit an increased ability
to proliferate, migrate and repair wounds. Indeed, tissues
treated with conditioned medium derived from these cells
up-regulate the expression of VEGF and IL-10 and reduce
TNFa (Jabarpour et al., 2018). The involvement of bilirubin
has also been documented in a model of cutaneous wounds,
where ip. administration of bilirubin (30 mg/kg) increases
contraction and extracellular matrix deposition, with a down
regulation of pro-inflammatory markers such as TNFa (Ahanger
et al., 2016). Further evidence for a vasoactive role of bilirubin
was reported by Ram and colleagues, who demonstrated that
the topical treatment with 0.3% bilirubin ointment reduces
oxidative stress in the granulation tissue of wounds in
diabetic rats to favor wound healing (Ram et al., 2014, 2016).
Other studies have underlined that, in chronic inflammation,

HMOXI1 could also be involved in the inhibition of leukocyte
infiltration thereby favoring angiogenesis to complete tissue
repair (Bussolati and Mason, 2006).

Bilirubin and Vascular Dysfunctions in

Pregnancy

The involvement of HMOXI1 in placental development and
pathology has been reviewed by Levytska et al. (2013) and
also highlighted by others (George et al.,, 2011, 2013). HMOX1
deficiency is associated with the pathogenesis of pregnancy
complications and PE (Zhao et al., 2008). In this context, studies
with human umbilical vein endothelial cells and trophoblasts
highlight the importance of bilirubin in angiogenesis, particularly
in the regulation of spiral artery remodeling (Ha et al., 2015).
Moreover, in choriocarcinoma cells, it has been shown that
the up-regulation of HMOX1 or exposure to bilirubin prevents
advanced glycation end-product induced generation of sFTL-1,
the soluble decoy receptor for VEGF, known to play a critical role
in the pathogenesis of PE (Jeong et al., 2014). However, it is worth
noting that placenta-derived soluble factors involved in maternal
hypertension act by increasing endothelin-1 production from
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endothelial cells. In this context, it has been shown that HMOX1
expression prevents endothelin-1 production in glomerular
endothelial cells (Bakrania et al., 2018) and pharmacological
activation of HMOX1 or treatment with bilirubin has been
proposed to attenuate PE (Ramma and Ahmed, 2014).

Bilirubin and Tumor Growth

In general, bilirubin is associated with anti-proliferative and anti-
neoplastic activity. In fact, specific polymorphisms in UGT1A1
gene and the consequent hyperbilirubinemia are correlated
positively with an increased overall survival in cancer patients
(Vitek et al., 2019b), particularly considering colorectal (Jirdskova
et al., 2012), lung and breast cancers (Wagner et al.,, 2015).
Moreover, reduced bilirubin levels are associated with increased
cancer risk (Ching et al., 2002; Zucker et al, 2004). There
are a few exceptions, for instance, a reported increase in the
incidence of breast cancer in Gilbert individuals, which is related
to specific polymorphisms of UGT1A1 promoter, as reviewed by
Wagner et al. (2015).

At molecular level, an antigenotoxic activity of bilirubin
has been hypothesized and a negative correlation between
bilirubin concentration and DNA damage in epithelial
cells has been documented (Wallner et al., 2012) even
though, this has not been confirmed from an analysis of
8oxodGuo in PBMCs from GS individuals or Gunn rats
(Wallner et al., 2013).

Thus, bilirubin not unlike other antioxidants, can counteract
cancer onset and development by preventing DNA damage and
the oxidative stress which plays a central role in carcinogenesis
(Marengo et al., 2016).

Moreover, the anti-cancer proprieties of bilirubin have been
documented, with bilirubin administration i.p. in mice increasing
plasma bilirubin up to 40uM and drastically reducing colon
cancer growth via activation of ERK1/2 (Ollinger et al., 2007).
These findings have been confirmed by in vitro experiments
showing that bilirubin concentrations >25uM exert pro-
apoptotic activity whereas concentrations <25uM have no effect
on cell viability or proliferation.

Nonetheless, it is important to note that once a tumor mass
has developed, cancer cells can take advantage of antioxidants,
especially when they derived from the activation of intrinsic
adaptive pathways, and can be used for their growth and survival,
favoring resistance to therapies and disease progression (Gorrini
et al., 2013; Gill et al., 2016). This has been well documented for
other antioxidants such as GSH (Traverso et al., 2013) and may
apply to bilirubin. Indeed, role of HMOX1 in cancer progression
has been highlighted and, even though some tissue specificity
need to be considered, in many cancer types its expression
correlates with tumor growth, aggressiveness, metastatic and
angiogenetic potential, resistance to therapy, tumor escape, and
poor prognosis (Furfaro et al., 2016; Nitti et al., 2017; Piras et al.,
2017). It is important to note that HMOX1 and its metabolic
byproducts can be involved in the generation of a permissive
microenvironment, which is fundamental for cancer progression.
In this context, a role for HMOX1 derived bilirubin has been
implicated by Di Biase et al. (2016) and our group (Furfaro
et al., 2019) in the progression of melanoma. Considering the

role HMOX1 in reducing immune-surveillance, in favoring
angiogenesis and invasiveness, it seems likely that some of these
properties can be ascribed to the in loco generation of bilirubin.

Moreover, the involvement of HMOXI1 in physiological
angiogenesis in pregnancy and pathological angiogenesis in
cancer has been proposed, since both share a necessity
for a permissive microenvironment in which cell invasion,
cytoprotection, angiogenesis and immune-escape are favored
(Zhao et al., 2015). However, the specific role of bilirubin in
this context has yet to be elucidated, providing a new field
for investigation.

THERAPEUTIC PERSPECTIVES

Different therapeutic approaches aimed at elevating plasma
bilirubin concentration as well as modulating cellular HMOX1
activity have been proposed for the treatment of many disorders,
as widely reviewed by others (McCarty, 2007; Vitek et al., 2019b).
Here, we focused on that ones in which the modulation of
endothelial cell function is pivotal.

Increasing the Level of Plasma Bilirubin
Elevating bilirubin plasma concentration needs to be considered
carefully due to bilirubin’s well-known toxic effects. As discussed,
bilirubin supplementation significantly decreases infarct size in
animal models of ischemia damage (Ben-Amotz et al., 2014) as
does BRT (Bakrania et al., 2016). Notably, in a mouse model of
islet transplantation, bilirubin supplementation i.p. to a donor
mouse as well as in vitro preconditioning of cells significantly
suppresses the immune response and favors tolerance improving
the outcomes (Adin et al., 2017). Furthermore, the use of
nanoparticle of PEGylated bilirubin has been reported to protect
liver tissue from ischemia-reperfusion damage (Kim et al., 2017)
and to reduce lung inflammation (Kim et al, 2017). Notably,
the use of bilirubin-coated stents reduces inflammation and
endothelial activation preventing restenosis in porcine carotid
arteries (Bae et al., 2018).

In humans, elevated plasma bilirubin levels, as side effects
of drugs such as HIV PIs, have been proposed to improve
endothelial function. For instance, 3-day atazanavir treatment
in type II diabetes patients significantly ameliorates endothelial
dysfunction (Dekker et al., 2011). Notably, three different
HIV PIs, ritonavir, atazanavir and lopinavir, have been shown
to be inducers of endothelial HMOXI. Moreover, HMOX1
induction is able to attenuate PI-dependent antiproliferative and
inflammatory activity on endothelial cells primarily through the
generation of bilirubin (Liu et al., 2016).

Importantly, therapeutic approaches leading to induce
iatrogenic GS and to improve bioavailability of bilirubin
might represent a valid strategy to prevent and ameliorate
oxidative stress-related diseases, and McCarty (2007) already
highlighted endothelial cells as crucially targeted by these
therapies. More recently, the efficacy of different natural
compounds which act by inhibiting UGT1Al and elevate
serum bilirubin has been confirmed, for instance silymarin,
a seed extract of milk thistle (Silybum marianum), is able
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to protect against lipoperoxidation (Suk et al., 2019) as are other
natural compounds and herbal extracts (Vitek et al., 2019a). In
addition, it is important to note that many natural compounds
can increase bilirubin generation by activating HMOXI, as
demonstrated that curcumin inducing HMOX1 expression and
elevating bilirubin serum level, leading to protection against acute
vascular inflammation both in vivo and in vitro (Xiao et al., 2018).

Furthermore, bilirubin analogs or related compounds can
exert anti-proliferative effects as discussed earlier. In this
context it is important to note that administration of natural
tetrapyrrolic compounds structurally related to bilirubin, such
as molecules extracted from Spirulina platensis, exert in vitro
and in vivo actions including antiproliferative effects in cancer
cells (Konickova et al, 2014). In addition, nanoparticles
of both biotinylated and PEGylated bilirubin have recently
been developed as drug delivery system improving the anti-
angiogenetic efficacy of target tumor therapy (Lee et al., 2018;
Yu et al., 2019).

Modulation of Cytoprotective HMOX1

The role of HMOXI1 activity in protection of endothelial cells
against oxidative stress has been already highlighted (Kim Y.-
M. et al, 2011) as has the opportunity to target HMOXI1
to improve endothelial function and prevent CVD. However,
induction of HMOXI1 activity can be potentially harmful, mainly
due to the generation of toxic amounts of iron. Thus, even
though hemin is commonly used in experimental settings
both in vitro and in animals to activate HMOXI, the use of
the heme analogs such as heme arginate or hematin remains
potentially toxic at the vascular level (Balla et al, 2000).
However, other drugs such as niacin (Wu et al., 2012), statins
(Grosser et al., 2004) and fenofibrates (Kronke et al., 2007)
have been shown to be vasculoprotective via activation of
HMOX]I. Interestingly, valsartan induces HMOX1 expression in
the aortic wall and increases serum bilirubin levels via down-
regulation of AT1, leading to the reduction of intimal thickening
(Li et al., 2014).

Finally, to achieve a more efficient up-regulation of HMOX1
and to avoid its pathological overexpression a molecular
approach has been proposed: the use a hypoxia-regulated plasmid
coding for HMOXI1 to enhance vascular cell resistance in vitro
and improve recovery from ischemia/reperfusion injury in vivo
(Jazwa et al., 2013).

As far as tumor therapy is concerned, it has been reported
that chlorophyll is able to inhibit HMOXI1 expression and
activity, exerting antiproliferative and antioxidative effects
toward pancreatic cancer and inducing a significant reduction
of pancreatic tumor size (Vankova et al., 2018). However,
the efficacy of HMOX1 modulation specifically toward tumor
angiogenesis has yet to be investigated.

CONCLUSION AND FUTURE RESEARCH

Bilirubin, far from being just a waste product highly toxic
for neurons, has been recognized as a powerful antioxidant

and anti-inflammatory molecule. The potential application of
bilirubin for the treatment of human diseases is driven by
its ability to prevent endothelial dysfunction, thus affecting
not only the treatment and prevention of CVDs (Ayer
et al, 2016; Bulmer et al., 2018; Maruhashi et al., 2019),
but also many other pathologies in which the alterations of
endothelial cells has been proved to play a role (Figure 3
and Tables 1, 2).

As both increasing plasma levels of bilirubin and up-
regulating HMOX1 could lead to toxic effects, the discovery
of new strategies to reduce its toxic potential to maintain
therapeutic effectiveness will be key for the treatment/prevention
of endothelial dysfunction. Finally, it is worth noting that
senescence and aging processes, strongly associated with
accumulation of oxidative damage, are reduced/slowed by
bilirubin. Notably, has been recently highlighted the negative
relationship among bilirubin concentration and cancer mortality,
even though the relationship is missing among bilirubin
and CVD mortality (Vitek et al, 2019b). It is conceivable
that larger studies focused on older population are needed
to explain this lack of association. Indeed, the inverse
correlation between plasma UCB levels and the prevalence
of obesity has be proved to be stronger in older subjects
(Seyed Khoei et al., 2018).

Nonetheless, it has been proved that in Gilbert subjects and
in Gunn rats both mitochondrial and cytosolic ROS production
is reduced leading to a decrease of chronic inflammation
markers and better anthropometric parameters (Zelenka et al.,
2016). Furthermore, telomere shortening is slower in patients
with mild hyperbilirubinemia, implicating a correlation with
reduced oxidative stress and blood markers of inflammation
(Tosevska et al., 2016). Furthermore, in senescent fibroblasts
the activity of BLVRA is significantly reduced in comparison
to cells derived from younger donors, suggesting that a
deficit of bilirubin may be responsible for increased oxidative
stress and DNA damage (Kim S. Y. et al, 2011). Moreover,
hemin-induced HMOXI1 up-regulation limits cardiomyocyte
senescence both in vitro and in aged mice via the generation
of both CO and bilirubin (Shan et al., 2019). Thus, the
careful modulation of HMOX1 activity and bilirubin generation
offers a promising target in the context of prevention and
treatment of endothelial dysfunction but also with an aim to
ensure healthy aging.
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