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Abstract

Purpose of Review To discuss recent advances indicating that bilirubin safeguards against cardiorenal and metabolic diseases.

Recent Findings Several investigations from human patient populations and experimental animal models have shown that
bilirubin improves cardiorenal and metabolic dysfunction. The latest studies found an entirely new function of bilirubin sug-
gesting that it acts as a hormone signaling molecule capable of activating nuclear receptors for burning fat, which may explain

several of its protective actions.

Summary This review highlights the current findings (within the last 3 years) regarding cardiorenal and metabolic protective
effects of bilirubin and the latest mechanism(s) that may be mediating these effects.
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Introduction

Bilirubin is derived from the catabolism of heme by heme
oxygenase (HO), which releases biliverdin, carbon monox-
ide (CO), and iron [1, 2]. Bilirubin (unconjugated) is formed
by the reduction of biliverdin to bilirubin via the biliverdin
reductase (BVR) enzyme [1], which is supported by recent
studies in global BVR deficient mice that completely lacked
serum bilirubin [3]. Plasma levels of bilirubin are thought to
be derived from the breakdown of red blood cells in the
spleen; however, more recent studies have shown that other
tissues also have high expression of BVR [4]. Bilirubin is
released into the blood where it binds albumin and travels to
other organs or is deposited in the liver and conjugated with
glucuronic acid by the UDP-glucuronosyltransferase 1A1
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(UGT1A1) enzyme [5, 6]. Conjugated bilirubin (CBR) is
excreted from the liver to bile in the gallbladder and even-
tually released into the intestine where it is further broken
down to urobilinoids by the gut microbiota and eliminated
in the feces [5].

Extraordinarily high levels of serum-unconjugated bil-
irubin (UCB) are responsible for jaundice (> 150 uM),
which is a pathological condition resulting in the
yellowing of the skin and eyes. Jaundice in adults is usu-
ally a symptom of severe liver disease. However, neonatal
jaundice may be from other causes and can result in a
condition known as kernicterus, which can cause brain
damage at extremely high bilirubin levels (>300 uM).
Despite its role in jaundice, mildly elevated UCB (15—
50 uM) has several beneficial effects on the body [7].
The results of numerous large-scale population and epide-
miological studies have correlated a protective effect of
increased serum bilirubin levels against cardiovascular
and metabolic disorders [8¢e, 9¢]. Bilirubin treatment
was also shown to be beneficial in several animal models
of cardiovascular and metabolic disease [10, 11].
However, the molecular mechanism by which this occurs
is not fully understood. The objective of this review is to
highlight recently published studies on the effects of bil-
irubin on the cardiorenal and metabolic systems and delve
into the potential mechanism(s) of bilirubin’s actions.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11906-019-0994-z&domain=pdf
mailto:dstec@umc.edu

87 Page2of7

Curr Hypertens Rep (2019) 21: 87

Bilirubin and Cardiorenal Protection

The health benefits of bilirubin in the cardiovascular system
have been mainly revealed by human population studies,
which have demonstrated a negative relationship between se-
rum bilirubin levels and the development of cardiovascular
disease [12¢, 13]. The protective effects of mildly elevated
serum bilirubin levels have been shown in patients with
Gilbert’s UGT1A1 polymorphism, which reduce UGT1A1
in the liver, increasing plasma bilirubin levels [14¢]. Many
different factors contribute to cardiovascular disease, includ-
ing hypertension, atherosclerosis, inflammation, and overpro-
duction of reactive oxygen species (ROS). Bilirubin inter-
venes in several pathways known to mediate the development
and progression of many of these cardiovascular diseases
(Fig. 1). For example, bilirubin interferes with vascular cell
adhesion molecule 1 (VCAM-1) and intercellular adhesion
molecule 1 (ICAM-1) to regulate atherosclerotic lesion forma-
tion and vascular inflammation [15, 16]. The beneficial effect
of bilirubin to attenuate atherosclerosis in animal models is
consistent with the findings in humans, demonstrating the
relationship between serum bilirubin levels and atherosclero-
sis in at-risk patients [17]. Mildly elevated circulating levels of
unconjugated bilirubin negatively impact platelet activation
by reducing P-selecting expression and also attenuate platelet

aggregation to arachidonic acid [18]. Thus, bilirubin plays a
multi-faceted role in the prevention of atherosclerotic disease.

Recent investigations have found a role of the immune
system in hypertension [19-21]. Bilirubin modulates the im-
mune response at several levels including modulation of reg-
ulatory T cells, modulation of T helper type 17 (Th17) cells,
inactivation of the Nlrp3 inflammasome, and inhibition of the
Toll-like receptor 4/nuclear factor kappaB signaling pathway
[22-25]. Not only can bilirubin modulate the immune system,
but also, the BVR enzyme plays a vital role in immune func-
tion [26]. Biliverdin can inhibit the expression of complement
activation fragment 5a receptor one (C5aR1) and deletion of
the BVRA isoform from myeloid cells results in an increase in
C5aR1 expression and enhanced chemotaxis towards C5a
[27, 28]. In addition, BVR plays a regulatory function in mac-
rophage polarization heavily favoring the expression of the
anti-inflammatory cytokine IL-10, which is a marker for
anti-inflammatory M2 macrophages [29]. BVR aids in the
generation of M2 macrophages following ischemia-induced
acute kidney injury and could be a possible therapeutic target
for kidney disease [29].

In the heart, higher serum bilirubin levels are associated
with improvements in left ventricular remodeling. Inoue
et al. showed that low plasma bilirubin levels (< 0.8 mg/dl)
in asymptomatic patients with type 2 diabetes mellitus was
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Fig. 1 Summary of protective actions of bilirubin. Serum bilirubin levels
are regulated by heme oxygenase, biliverdin reductase which is primarily
responsible for the generation of bilirubin. Hepatic UDP-
glucuronosyltransferase-1 (UGT1Al), organic-anion-transporting
polypeptide (OATP), and multidrug resistance proteins (MRP) regulate
the levels of serum bilirubin by regulation of the conjugation and
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transport of bilirubin. Gut bacteria are also responsible for the
elimination of bilirubin as well. Bilirubin then acts through multiple
pathways, including signaling through peroxisome proliferator-activated
receptor- (PPARx), regulation of inflammation, as well as antioxidant
function to exert its cardiorenal and metabolic protection
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associated with a higher prevalence of concentric left ventric-
ular remodeling compared to those with higher (> 0.8 mg/dl)
levels of plasma bilirubin [30]. Additionally, elevated serum
bilirubin levels are associated with improvements in heart dis-
ease [31]. These cardioprotective results are consistent with
those derived from animal studies. Investigations in the
hyperbilirubinemic Gunn rat have demonstrated that these rats
exhibit reduced cardiac contractility, lower rates of aortic pres-
sure development, significant aortic dilation, and increased
aortic diameter [32]. In addition, Gunn rats are protected from
cardiac ischemia-reperfusion injury [11]. It should be noted
that the serum levels of bilirubin in the Gunn rat are incredibly
high (~30 mg/dL or 500 uM) due to complete loss of hepatic
UGTI1AL activity in this strain [33]. Studies utilizing an ani-
mal model with a more physiological increase in serum bili-
rubin similar to what is observed in humans with Gilbert’s
polymorphisms (~25-50 uM) are necessary to test whether
moderate increases in serum bilirubin have similar protective
actions against cardiac ischemia-reperfusion injury and cardi-
ac dysfunction.

Heart disease is also associated with the dysfunction of
other organs such as the kidneys and liver. In this respect,
some studies have identified serum bilirubin levels as a poten-
tial indicator of liver dysfunction following cardiac insults.
For example, Lyu et al. have demonstrated that very high
levels of serum bilirubin (>3 mg/dL) following veno-arterial
extracorporeal membrane oxygenation (ECMO) was associat-
ed with low in-hospital survival rate [34]. Very high serum
bilirubin has been associated with poorer prognosis in patients
with heart failure (HF) and serum bilirubin concentration
could be an independent predictor of mortality and may im-
prove risk stratification [35]. Thus, a therapeutic level of bil-
irubin needs to be established in order to maximize treatment
efficiency. Significant hyperbilirubinemia due to underlying
liver dysfunction may not be beneficial due to separate mech-
anisms which may be independent of the actions of bilirubin
per se, but serum bilirubin levels could be an important marker
of disease progression in cardiac patients.

Role of Bilirubin in Metabolic Protection

Serum UCB levels are negatively correlated with the degree of
overweight and obesity in both men and women in extensive
population studies [9e, 36°]. Serum UCB levels also negative-
ly correlate with the development of type II diabetes in both
men and women [37, 38]. In addition, moderate
hyperbilirubinemia associated with Gilbert’s polymorphism
is associated with lower body mass index (BMI), hip circum-
ference (HC), fat mass, and lipid profile as compared to
healthy controls and type II diabetic patients [8ee].
Enhancing heme oxygenase-1 (HO-1) activity increases bili-
rubin that has been shown to reduce adiposity [39, 40] and

recently found to function as a hormone by activating PPARx
by direct binding [41¢¢]. In obese mice, increasing HO-1 pro-
duction of bilirubin reduces ROS and hepatic steatosis by
increasing PPAR« and FGF21 levels [42, 43].

Studies in a mouse model of Gilbert’s have also shed light
on the protective metabolic actions of moderate
hyperbilirubinemia. Gilbert’s mice were protected from
dietary-obesity induced hyperglycemia and hyperinsulinemia
[44-]. These mice are also protected against hepatic steatosis
and exhibit elevated levels of serum fibroblast growth factor
21 (FGF21) and decreased expression of hepatic lipid synthe-
sis genes such as fatty acid synthase (Fasn), sterol regulatory
element-binding protein-1 (Srebf7), and acetyl-CoA carboxyl-
ase (Acaca) [44]. Further studies in both diet-induced obese
(DIO) and db/db mice have demonstrated that bilirubin ad-
ministration attenuates hyperglycemia and obesity [10, 45].
Although bilirubin signaling was not explicitly evaluated in
these studies, UCB treatment was associated with the activa-
tion of insulin-signaling pathways and decreased levels of
inflammatory cytokines as well as markers of endoplasmic
reticulum (ER) stress [10]. Bilirubin has been shown to protect
against several complications of diabetes, including diabetic
nephropathy and retinopathy [46—48]. While most studies
have demonstrated a protective effect of serum bilirubin on
the development of type II diabetes and its complications,
some studies have reported a detrimental effect of serum bil-
irubin [49] or reported a U-shaped relationship between serum
bilirubin and the development of diabetic retinopathy [50].
However, reports show that serum bilirubin levels are lower
in humans who are obese or diabetic [51¢].

Alterations in plasma lipids and cholesterol levels can pro-
mote cardiovascular disease. Models of moderate
hyperbilirubinemia in individuals with Gilbert’s polymor-
phism as well as animal studies have demonstrated the effects
on lipids and cholesterol, which contributes to the protective
actions of UCB. Individuals with Gilbert’s polymorphism
have lower serum cholesterol, low-density lipoprotein
(LDL), and oxidized LDL (ox-LDL) [52]. Similar effects on
serum cholesterol and LDL levels were observed in both a
mouse model of Gilbert’s as well as DIO mice treated with
UCB [44-, 45]. Bilirubin regulates cholesterol metabolism
through several potential pathways one being its effects on
the expression of the ATP-binding cassette transporter Al
(ABCAT1) which is the primary transmembrane cholesterol
transporter involved in apolipoprotein A 1-mediated cholester-
ol efflux [53].

Apart from its role in the reduction of biliverdin to biliru-
bin, BVRA also has unique domains which allow it to also
interact with AKT, protein kinase C (PKC), mitogen-activated
protein kinase/extracellular signal-regulated kinase
(MAPK/ERK), and insulin receptor pathways [1]. Several
studies have demonstrated that the C-terminal peptide,
KYCCSRK, of human BVRA can serve as stimulators of
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insulin receptor kinase (IRK) and glucose uptake as well as
inhibitors of IRK and glucose uptake and that administration
of this peptide markedly improved glucose uptake in type II
diabetic 0b/ob mice [54]. The loss of the BVRA isoform in the
liver resulted in marked hepatic steatosis and decreased in
liver glycogen storage in response to a high-fat diet [4].
Hepatocyte-specific loss of BVRA also decreases fat-
burning genes such as Fgf2/l and carnitine
palmitoyltransferase 1A (Cptla) [4]. The importance of
BVRA in the protection against steatosis is further highlighted
in mouse kidney proximal tubule cells in which the BVRA
gene was deleted using CRISPR/Cas 9 technology. BVRA-
deficient proximal tubule cells exhibit increased steatosis and
ROS generation, and the loss of mitochondrial function,
which induced lipoapoptosis [55]. The loss of hepatocyte
BVRA increased the activity of glycogen synthase kinase-
33 (GSK3p) activity by a reduction in Ser9 phosphorylation,
which is inhibitory. BVRA regulates hepatic GSK3f3 activity
through Akt-mediated increases in Ser9 phosphorylation [56,
57]. The rise in GSK3[3 activity due to the loss of BVRA-
mediated Ser9 phosphorylation increased Ser(P)”> PPARo
resulting in ubiquitin-mediated degradation and decreased ac-
tivity of PPARx.

New Function of Bilirubin as a Signaling
Molecule

The mode of action of bilirubin has been attributed to its
potent antioxidant effects. However, recent studies have
found that bilirubin is much more than an antioxidant and
can also function as a hormone [51¢]. The structure of
unconjugated bilirubin shares partial similarity to other
known peroxisome proliferator-activated receptor «
(PPARx) ligands such as WY 14,643 and fenofibrate
[41]. Compounds that target the PPARs may simulta-
neously activate all three PPARs (PPAR pan agonists) or
can have selective modulation of a single PPAR such as
PPAR«x so-called selective peroxisome proliferator-
activated receptor modulators (SPPARM) [58]. Ligands
that bind to PPAR« confer a conformational change to
the protein resulting in enhanced DNA binding to PPAR
response elements (PPREs) in promoters and enhancers of
regulated genes. Recent studies have demonstrated that
both biliverdin (bilirubin precursor) and bilirubin can ac-
tivate a PPAR«-dependent reporter gene in transiently
transfected COS-7 cells expressing PPAR«; however, on-
ly UCB can tightly bind to PPAR«x [41¢¢]. Suppression of
PPAR« via shRNA in human HepG2 hepatocytes showed
that it mediates 95% of bilirubin’s transcriptome re-
sponses [59e¢]. Interestingly, when comparing known
PPARx ligands WY 14,643 and fenofibrate, biliverdin
increased the PPARx-dependent reporter gene to the same
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extent as fenofibrate [41]. Fibrates are drugs classically
given to treat hyperlipidemia and have also been reported
to have beneficial cardiovascular effects in non-human
primate models [60]. These results indicate that bilirubin
is an endogenous activator of PPAR« with activity similar
to the known PPAR«x agonist fenofibrate.

There is also strong evidence from in vivo studies
which demonstrated that bilirubin acts as a SPPARM.
Bilirubin treatment results in decreases in body weight,
body fat, fasting blood glucose, and increases hepatic
and serum FGF21 in wild-type but not in PPAR« knock-
out mice [41+¢]. Gilbert’s mice that have moderate
hyperbilirubinemia due to expression of the mutated form
of human UGT1A1 exhibit enhanced hepatic levels of
total PPAR« protein and decreased levels of phosphory-
lated serine 73 (SerP”®) PPARw as compared to wild-type
mice fed a high-fat diet [44+]. As noted above, Ser(P)”? is
the primary site which PPAR« is targeted for ubiquitin-
mediated degradation; thus, lowering phosphorylation at
this site would decrease PPAR« turnover and increase its
activity [4]. The decrease in Ser(P)”® PPAR« and in-
creased activity was reflected by elevated expression of
several PPAR« target genes such as Fgf2/ and Cyp4A in
the liver of humanized UGT1A1%28 mice as compared to
wild-type mice [44¢]. However, the mechanism by which
bilirubin decreases Ser(P)73 PPARx is not currently
known but may be mediated through regulation of glyco-
gen synthase kinase-3(3 (GSK3f3) in a mechanism similar
to that of BVRA. Lastly, RNA sequencing analysis in
human liver HepG2 cells under control conditions or
when PPAR«x was inactivated via lentiviral expression of
shRNA demonstrated an overwhelming dependence of
PPARx on the ability of bilirubin to activate gene expres-
sion (398 vs. 23 genes) [59+¢]. This data demonstrates that
the transcriptional effects of bilirubin are PPAR«x-
dependent while its other functions only regulate a small
set of genes.

Bilirubin activates PPAR«x in the mildly elevated range
(10-50 uM), but other studies have found that bilirubin at
very high jaundice levels activates other receptors as well.
Patients with cholestatic jaundice, a condition associated with
extremely high levels of bilirubin, commonly report
experiencing an intense itch. Recent studies by Meixiong
et al. have demonstrated that bilirubin binds and activates
two Mas-related G protein-coupled receptors (MRGPR),
mouse MRGPRA1 and human MRGPRX4 found on sensory
neurons [61]. These studies demonstrated that bilirubin is only
able to activate these receptors at very high levels (> 150 uM),
which are well above the physiological levels of bilirubin.
Furthermore, patients with genetic forms of
hyperbilirubinemia such as Crigler-Najjar Type 1 or Dubin-
Johnson syndrome rarely complain of itch although their se-
rum bilirubin levels are well within the range of bilirubin to
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bind to the MRGPR. The reason for this is unknown but may
be due to alterations in other serum factors in cholestatic jaun-
dice which contribute to the binding of bilirubin to MRGPR or
the ability of unbound bilirubin to get to the skin in individuals
with genetic hyperbilirubinemia. It is now becoming clear that
bilirubin is much more than a bile pigment or an antioxidant
but can act as a signaling molecule to regulate many different
physiologic functions.

Conclusion

Bilirubin has numerous health benefits on both the cardiovas-
cular system and metabolism (Fig. 1). Recent studies have
revealed novel functions of bilirubin as a signaling molecule
capable of activating nuclear hormone receptors as well as
MRGPR. These new signaling actions of bilirubin need to
be further explored and characterized in future preclinical
studies utilizing models in which bilirubin effector targets
are altered. While the results from large population studies
demonstrate a negative relationship between serum bilirubin
levels and the development of cardiovascular and metabolic
diseases, these findings have yet to be translated to help at-risk
patient populations. Specific strategies to increase serum
levels of unconjugated bilirubin need to be developed and
tested in appropriate preclinical models and then translated
so that individuals most at risk for the development of cardio-
vascular and metabolic diseases can take advantage of the
many healthy beneficial actions of bilirubin.

Sources of Funding Terry D. Hinds, Jr. was supported by
grants from the National Institutes of Health (NIH)
KOI1HL125445 and ROIDK121017 and funding from the
University of Toledo Medical Research Society. David E.
Stec was supported by grants ROIHL088421 and PO1HL-
051971 from the National Heart, Lung and Blood Institute
and grant P20GM-104357 from the National Institute of
General Medical Sciences. The content is solely the responsi-
bility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

Compliance with Ethical Standards

Conflict of Interest The authors declare no conflicts of interest relevant
to this manuscript.

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any of
the authors.

Disclaimer The content is solely the responsibility of the authors and
does not necessarily represent the official views of the National Institutes
of Health.

References

Papers of particular interest, published recently, have been
highlighted as:

» Of importance

¢ Of major importance

10.

11.

12.¢

13.

14.»

O’Brien L, Hosick PA, John K, Stec DE, Hinds TD Jr. Biliverdin
reductase isozymes in metabolism. Trends Endocrinol Metab.
2015;26(4):212-20.

Weaver L, Hamoud AR, Stec DE, Hinds TD Jr. Biliverdin reductase
and bilirubin in hepatic disease. Am J Physiol Gastrointest Liver
Physiol. 2018;314(6):G668-76.

Chen W, Maghzal GJ, Ayer A, Suarna C, Dunn LL, Stocker R.
Absence of the biliverdin reductase-a gene is associated with in-
creased endogenous oxidative stress. Free Radic Biol Med.
2018;115:156-65.

Hinds TD Jr, Burns KA, Hosick PA, McBeth L, Nestor-Kalinoski
A, Drummond HA, et al. Biliverdin reductase a attenuates hepatic
steatosis by inhibition of glycogen synthase kinase (GSK) 3beta
phosphorylation of serine 73 of peroxisome proliferator-activated
receptor (PPAR) alpha. J Biol Chem. 2016;291(48):25179-91.
Hamoud AR, Weaver L, Stec DE, Hinds TD Jr. Bilirubin in the
liver-gut signaling axis. Trends Endocrinol Metab. 2018;29(3):
140-50.

Sundararaghavan VL, Sindhwani P, Hinds TD Jr. Glucuronidation
and UGT isozymes in bladder: new targets for the treatment of
uroepithelial carcinomas? Oncotarget. 2017;8(2):3640-8.

Boon AC, Bulmer AC, Coombes JS, Fassett RG. Circulating bili-
rubin and defense against kidney disease and cardiovascular mor-
tality: mechanisms contributing to protection in clinical investiga-
tions. Am J Physiol Ren Physiol. 2014;307(2):F123-36.

Seyed Khoei N, Grindel A, Wallner M, Mélzer C, Doberer D,
Marculescu R, et al. Mild hyperbilirubinaemia as an endogenous
mitigator of overweight and obesity: implications for improved
metabolic health. Atherosclerosis. 2018;269:306-11.
Demonstrates protective role of moderate hyperbilirubenimia
against overweight and obesity.

Wu Y, et al. Low serum total bilirubin concentrations are associated
with increased prevalence of metabolic syndrome in Chinese. J
Diabetes. 2011;3(3):217-24. Correlation of serum bilirubin
levels with the development of metabolic syndrome.

Dong H, Huang H, Yun X, Kim DS, Yue Y, Wu H, et al. Bilirubin
increases insulin sensitivity in leptin-receptor deficient and diet-
induced obese mice through suppression of ER stress and chronic
inflammation. Endocrinology. 2014;155(3):818-28.

Bakrania B, du Toit EF, Ashton KJ, Wagner KH, Headrick JP,
Bulmer AC. Chronically elevated bilirubin protects from cardiac
reperfusion injury in the male Gunn rat. Acta Physiol (Oxford).
2017;220(4):461-70.

Suh S, Cho YR, Park MK, Kim DK, Cho NH, Lee MK.
Relationship between serum bilirubin levels and cardiovascular
disease. PLoS One. 2018;13(2):¢0193041. Correlation of serum
bilirubin levels with the development of metabolic syndrome.
Marconi VC, Duncan MS, So-Armah K, Re VL 3rd, Lim JK, Butt
AA, et al. Bilirubin is inversely associated with cardiovascular dis-
ease among HIV-positive and HIV-negative individuals in VACS
(Veterans Aging Cohort Study). J Am Heart Assoc. 2018;7(10).
Wallner M, Marculescu R, Doberer D, Wolzt M, Wagner O, Vitek
L, etal. Protection from age-related increase in lipid biomarkers and
inflammation contributes to cardiovascular protection in Gilbert’s
syndrome. Clin Sci (Lond). 2013;125(5):257-64. Demonstrates
the anti-inflammatory actions of moderate increases in serum
bilirubin.

@ Springer



87

Page 6 of 7

Curr Hypertens Rep (2019) 21: 87

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Vogel ME, Zucker SD. Bilirubin acts as an endogenous regulator of
inflammation by disrupting adhesion molecule-mediated leukocyte
migration. Inflamm Cell Signal. 2016;3(1).

Vogel ME, Idelman G, Konaniah ES, Zucker SD. Bilirubin prevents
atherosclerotic lesion formation in low-density lipoprotein receptor-
deficient mice by inhibiting endothelial VCAM-1 and ICAM-1
signaling. J Am Heart Assoc. 2017;6(4).

Amor AJ, Ortega E, Perea V, Cofan M, Sala-Vila A, Nuiiez I, et al.
Relationship between total serum bilirubin levels and carotid and
femoral atherosclerosis in familial dyslipidemia. Arterioscler
Thromb Vasc Biol. 2017;37(12):2356-63.

Kundur AR, Santhakumar AB, Bulmer AC, Singh 1. Mildly elevat-
ed unconjugated bilirubin is associated with reduced platelet
activation-related thrombogenesis and inflammation in Gilbert’s
syndrome. Platelets. 2017;28(8):779-85.

Rucker AJ, Rudemiller NP, Crowley SD. Salt, hypertension, and
immunity. Annu Rev Physiol. 2018;80:283-307.

Taylor EB, Wolf VL, Dent E, Ryan MJ. Mechanisms of hyperten-
sion in autoimmune rheumatic diseases. Br J Pharmacol.
2019;176(12):1897-913.

Wolf VL, Ryan MJ. Autoimmune disease-associated hypertension.
Curr Hypertens Rep. 2019;21(1):10.

Longhi MS, Vuerich M, Kalbasi A, Kenison JE, Yeste A,
Csizmadia E, et al. Bilirubin suppresses Th17 immunity in colitis
by upregulating CD39. JCI Insight. 2017;2(9).

Trujillo-Ochoa JL, Corral-Jara KF, Charles-Nifio CL, Panduro A,
Fierro NA. Conjugated bilirubin upregulates TIM-3 expression on
CD4(+)CD25(+) T cells: anti-inflammatory implications for hepa-
titis a virus infection. Viral Immunol. 2018;31(3):223-32.

Lin Y, Wang S, Yang Z, Gao L, Zhou Z, Yu P, et al. Bilirubin
alleviates alum-induced peritonitis through inactivation of NLRP3
inflammasome. Biomed Pharmacother. 2019;116:108973.

Zheng JD, He Y, Yu HY, Liu YL, Ge YX, Li XT, et al.
Unconjugated bilirubin alleviates experimental ulcerative colitis
by regulating intestinal barrier function and immune inflammation.
World J Gastroenterol. 2019;25(15):1865-78.

Wegiel B, Otterbein LE. Go green: the anti-inflammatory effects of
biliverdin reductase. Front Pharmacol. 2012;3:47.

Bisht K, Wegiel B, Tampe J, Neubauer O, Wagner KH, Otterbein
LE, et al. Biliverdin modulates the expression of C5aR in response
to endotoxin in part via mTOR signaling. Biochem Biophys Res
Commun. 2014;449(1):94-9.

Bisht K, Canesin G, Cheytan T, Li M, Nemeth Z, Csizmadia E,
et al. Deletion of biliverdin reductase a in myeloid cells promotes
chemokine expression and chemotaxis in part via a complement
C5a—C5aR1 pathway. J Immunol. 2019;202(10):2982-90.

Hu ZZ, et al. Biliverdin reductase a (BVRA) mediates macrophage
expression of Interleukin-10 in injured kidney. Int J Mol Sci.
2015;16(9):22621-35.

Inoue T, Sonoda N, Hiramatsu S, Kimura S, Ogawa Y, Inoguchi T.
Serum bilirubin concentration is associated with left ventricular
remodeling in patients with type 2 diabetes mellitus: a cohort study.
Diabetes Ther. 2018;9(1):331-8.

Ozeki M, Morita H, Miyamura M, Fujisaka T, Fujita SI, Ito T, et al.
High serum bilirubin is associated with lower prevalence of periph-
eral arterial disease among cardiac patients. Clinica chimica acta;
international journal of clinical chemistry. 2018;476:60—6.
Bakrania B, du Toit EF, Ashton KJ, Kiessling CJ, Wagner KH,
Headrick JP, et al. Hyperbilirubinemia modulates myocardial func-
tion, aortic ejection, and ischemic stress resistance in the Gunn rat.
Am J Physiol Heart Circ Physiol. 2014;307(8):H1142-9.

van Leusen R, Go IH, Scharm L. Metabolism of bilirubin in the
Gunn rat. Lancet. 1968;2(7575):973-80.

Lyu L, Yao J, Gao G, Long C, Hei F, Ji B, et al. Incidence, risk
factors, and outcomes of hyperbilirubinemia in adult cardiac

@ Springer

3s.

36.

37.

38.

39.

40.

4100

42.

43.

44.

45.

46.

47.

48.

49.

patients supported by veno-arterial ECMO. Artif Organs.
2018;42(2):148-54.

Frikha Z, Ferreira JP, Bozec E, McMurray J, Pitt B, Dickstein K,
et al. Relation of high serum bilirubin to short-term mortality fol-
lowing a myocardial infarction complicated by left ventricular sys-
tolic dysfunction (from the high-risk myocardial infarction database
initiative). Am J Cardiol. 2018;121(9):1015-20.

Jenko-Praznikar Z, et al. Serum bilirubin levels are lower in over-
weight asymptomatic middle-aged adults: an early indicator of met-
abolic syndrome? Metabolism. 2013;62(7):976-85. Correlation of
serum bilirubin levels with overweight in otherwise healthy
middle-aged adults.

Yang M, Ni C, Chang B, Jiang Z, Zhu Y, Tang Y, et al. Association
between serum total bilirubin levels and the risk of type 2 diabetes
mellitus. Diabetes Res Clin Pract. 2019;152:23-8.

Kim LK, Roh E, Kim MJ, Kim MK, Park KS, Kwak SH, et al.
Serum bilirubin levels are positively associated with glycemic var-
iability in women with type 2 diabetes. Journal of Diabetes
Investigation. 2016;7(6):874-80.

Vanella L, Sodhi K, Kim D, Puri N, Maheshwari M, Hinds TD,
etal. Increased heme-oxygenase 1 expression in mesenchymal stem
cell-derived adipocytes decreases differentiation and lipid accumu-
lation via upregulation of the canonical Wnt signaling cascade.
Stem Cell Res Ther. 2013;4(2):28.

Raffaele M, et al. N-acetylcysteine (NAC) ameliorates lipid-related
metabolic dysfunction in bone marrow stromal cells-derived adipo-
cytes. Evid Based Complement Alternat Med. 2018;2018:5310961.
Stec DE, John K, Trabbic CJ, Luniwal A, Hankins MW, Baum J,
et al. Bilirubin binding to PPARalpha inhibits lipid accumulation.
PLoS One. 2016;11(4):e0153427. First demonstration that bili-
rubin acts though PPARalpha.

Hinds TD Jr, Sodhi K, Meadows C, Fedorova L, Puri N, Kim DH,
et al. Increased HO-1 levels ameliorate fatty liver development
through a reduction of heme and recruitment of FGF21. Obesity
(Silver Spring). 2014;22(3):705-12.

Raffaele M, Bellner L, Singh SP, Favero G, Rezzani R, Rodella LF,
et al. Epoxyeicosatrienoic intervention improves NAFLD in leptin
receptor deficient mice by an increase in PGClalpha-HO-1-
PGClalpha-mitochondrial signaling. Exp Cell Res. 2019;380(2):
180-7.

Hinds TD Jr, Hosick PA, Chen S, Tukey RH, Hankins MW, Nestor-
Kalinoski A, et al. Mice with hyperbilirubinemia due to Gilbert’s
syndrome polymorphism are resistant to hepatic steatosis by de-
creased serine 73 phosphorylation of PPARalpha. Am J Physiol
Endocrinol Metab. 2017;312(4):E244-52. Bilirubin acts by de-
creasing serine 73 phosphorylation of PPAR alpha to increase
its activity.

Liu J, Dong H, Zhang Y, Cao M, Song L, Pan Q, et al. Bilirubin
increases insulin sensitivity by regulating cholesterol metabolism,
adipokines and PPARgamma levels. Sci Rep. 2015;5:9886.

Li X, Zhang L, Chen H, Guo K, Yu H, Zhou J, et al. Relationship
between serum bilirubin concentrations and diabetic nephropathy in
Shanghai Han’s patients with type 1 diabetes mellitus. BMC
Nephrol. 2017;18(1):114.

Wu'Y, Zhang J, Wang J, Wang Y, Han Q, Li H, et al. The association
of serum bilirubin on kidney clinicopathologic features and renal
outcome in patients with diabetic nephropathy: a biopsy-based
study. Endocr Pract. 2019;25:554-61.

Bulum T, Tomic M, Duvnjak L. Serum bilirubin levels are nega-
tively associated with diabetic retinopathy in patients with type 1
diabetes and normal renal function. Int Ophthalmol. 2018;38(3):
1095-101.

Wang J, et al. Serum bilirubin levels and risk of type 2 diabetes:
results from two independent cohorts in middle-aged and elderly
Chinese. Sci Rep. 2017;7.



Curr Hypertens Rep (2019) 21: 87

Page70of 7 87

50.

51

52.

53.

54.

55.

56.

57.

Liu M, Wang JH, He Y. The U-shaped association between biliru-
bin and diabetic retinopathy risk: a five-year cohort based on 5323
male diabetic patients. J Diabetes Res. 2018.

Hinds TD Jr, Stec DE. Bilirubin, a cardiometabolic signaling mol-
ecule. Hypertension. 2018;72(4):788-95. Comprehensive review
on the metabolic actions of bilirubin.

Boon AC, Hawkins CL, Bisht K, Coombes JS, Bakrania B, Wagner
KH, et al. Reduced circulating oxidized LDL is associated with
hypocholesterolemia and enhanced thiol status in Gilbert syn-
drome. Free Radic Biol Med. 2012;52(10):2120-7.

Wang DD, et al. Bilirubin decreases macrophage cholesterol efflux
and ATP-binding cassette transporter Al protein expression. J Am
Heart Assoc. 2017;6:—5.

Gibbs PE, et al. Nanoparticle delivered human biliverdin reductase-
based peptide increases glucose uptake by activating IRK/Akt/
GSK3 axis: the peptide is effective in the cell and wild-type and
diabetic Ob/Ob mice. J Diabetes Res. 2016;2016:4712053.
Adeosun SO, Gordon DM, Weeks MF, Moore KH, Hall JE, Hinds
TD Jr, et al. Loss of biliverdin reductase-a promotes lipid accumu-
lation and lipotoxicity in mouse proximal tubule cells. Am J Physiol
Ren Physiol. 2018;315(2):F323-31.

Miralem T, Lerner-Marmarosh N, Gibbs PEM, Jenkins JL,
Heimiller C, Maines MD. Interaction of human biliverdin reductase
with Akt/protein kinase B and phosphatidylinositol-dependent ki-
nase 1 regulates glycogen synthase kinase 3 activity: a novel mech-
anism of Akt activation. FASEB J. 2016;30(8):2926—44.

Marino JS, Stechschulte LA, Stec DE, Nestor-Kalinoski A,
Coleman S, Hinds TD Jr. Glucocorticoid receptor beta induces

8.

590,00

60.

61.

hepatic steatosis by augmenting inflammation and inhibition of
the peroxisome proliferator-activated receptor (PPAR) alpha. J
Biol Chem. 2016;291:25776-88.

Fruchart JC. Selective peroxisome proliferator-activated receptor
alpha modulators (SPPARMalpha): the next generation of peroxi-
some proliferator-activated receptor alpha-agonists. Cardiovasc
Diabetol. 2013;12:82.

Gordon DM, Blomquist TM, Miruzzi SA, McCullumsmith R, Stec
DE, Hinds TD Jr. RNA sequencing in human HepG2 hepatocytes
reveals PPAR-alpha mediates transcriptome responsiveness of bil-
irubin. Physiol Genomics. 2019;51(6):234—40. Identification of
the important role of PPAR alpha in the transcription response
to bilirubin.

Wagner JD, Shadoan MK, Zhang L, Ward GM, Royer LJ,
Kavanagh K, et al. A selective peroxisome proliferator-activated
receptor alpha agonist, CP-900691, improves plasma lipids, lipo-
proteins, and glycemic control in diabetic monkeys. J Pharmacol
Exp Ther. 2010;333(3):844-53.

Meixiong J, Vasavda C, Green D, Zheng Q, Qi L, Kwatra SG, et al.
Identification of a bilirubin receptor that may mediate a component
of cholestatic itch. Elife. 2019;8.

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

@ Springer



	Bilirubin Safeguards Cardiorenal and Metabolic Diseases: a Protective Role in Health
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Bilirubin and Cardiorenal Protection
	Role of Bilirubin in Metabolic Protection
	New Function of Bilirubin as a Signaling Molecule
	Conclusion
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance •• Of major importance





