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Abstract

Bilirubin, historically recognized solely as a waste product of heme catabolism, has recently
gained attention for its potential protective role in the cardiovascular system. Experimental
and clinical studies suggest that bilirubin exhibits potent antioxidant, anti-inflammatory,
anti-apoptotic, and cytoprotective properties that may protect the heart against oxidative
stress, ischemia–reperfusion injury, and the progression of cardiovascular diseases, such
as heart failure. As an endogenous hormone, bilirubin activates peroxisome proliferator-
activated receptor-α (PPARα), a nuclear receptor that controls energy balance and lipid
metabolism. Moderately elevated circulating bilirubin levels have been associated with a
reduced risk of coronary artery disease, heart failure, and myocardial infarction; however,
the mechanisms underlying bilirubin’s protective effects remain incompletely understood.
Conversely, the gut microbiota’s metabolism of bilirubin to urobilin is detrimental, given
urobilin’s association with cardiometabolic dysfunction. The therapeutic potential of
bilirubin in the management of cardiovascular disease is becoming increasingly appar-
ent, supported by preclinical research and emerging technologies that enhance bilirubin
delivery via nanoparticles and methods to elevate plasma bilirubin levels. Collectively,
these scientific advancements position bilirubin as a promising, biologically plausible
endogenous therapeutic for the prevention and treatment of heart disease.
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1. Introduction
With an estimated 18 million deaths per year, cardiovascular disease (CVD) continues

to be the world’s leading cause of mortality [1]. In the last few decades, numerous major
pharmacological and interventional therapies and advances, such as statins, antihyperten-
sives, and percutaneous coronary procedures, have been introduced; however, patients
continue to experience poor cardiovascular outcomes [2,3]. Instead of focusing on the
underlying metabolic, oxidative, and inflammatory processes that cause heart damage and
remodeling observed in many CVDs, most current treatments primarily target risk factors,
such as elevated cholesterol levels, which are addressed by statins [4,5]. There is a need
to explore new endogenous and exogenous compounds that can modulate cardiovascular
function to address this therapeutic gap.
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Traditionally, bilirubin has been considered a toxic byproduct of heme catabolism,
responsible for jaundice and, when severe, neurotoxicity in newborns at levels well-above
the normal physiological range [6]. However, emerging evidence has since redefined
bilirubin as a signaling molecule, an endogenous antioxidant, an anti-inflammatory, and
a cytoprotectant [7–9]. The most intriguing function of bilirubin is its role as a hormone-
signaling molecule, binding to and activating peroxisome proliferator-activated receptor
alpha (PPARα) to regulate its transcriptional activity [10]. Generated through the enzymatic
degradation of heme by heme oxygenase-1 (HO-1) and biliverdin reductase, as shown
in Figure 1, bilirubin acts as a physiological regulator of redox balance and inflamma-
tion [11]. Epidemiological studies have demonstrated an inverse relationship between
serum bilirubin levels and CVD risk. Individuals exhibiting mild hyperbilirubinemia (such
as those with Gilbert’s syndrome) show reduced incidence of atherosclerosis, coronary
artery disease, and myocardial infarction without liver dysfunction or toxicity [12,13]. At
the mechanistic level, bilirubin exerts cardioprotective effects through multiple pathways. It
can stimulate cardiac fatty acid metabolism by activating PPARα. It scavenges reactive oxy-
gen and nitrogen species, inhibits vascular smooth muscle cell proliferation, and modulates
endothelial nitric oxide synthase (eNOS) activity [14,15]. Moreover, bilirubin attenuates
mitochondrial dysfunction, reduces lipid peroxidation, and preserves cardiac contractility
under stress conditions, such as ischemia–reperfusion injury [16,17]. These multifaceted
actions suggest that bilirubin may act on several levels to maintain cardiac homeostasis.

Figure 1. Pathway of bilirubin and urobilin generation. Plasma bilirubin levels are derived from the
breakdown of red blood cells in the spleen through the action of heme oxygenase-1 (HO1) and biliverdin
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reductase A (BVRA). Unconjugated bilirubin is then conjugated in the liver by the enzyme uri-
dine diphosphate glucuronosyltransferase 1A1 (UGT1A1). Conjugated bilirubin is deconjugated
and then reduced in the intestine by the enzyme bilirubin reductase produced by gut bacteria to
form urobilinogen. Urobilinogen is then rapidly oxidized to form urobilin, which is reabsorbed
or further metabolized to stercobilin. Potential therapeutics can be developed by targeting HO1,
BVRA, and UGT1A1. Created in Biorender. Michael Adenawoola (2026) https://app.biorender.com/
illustrations/69de5c75c02bcd27f1f85691?slideId=032922eb-df34-4ed0-80d9-bf9d8ac070b6 (accessed
on 14 April 2026).

This review explores how bilirubin influences heart health and disease, emphasizing
its roles in myocardial energy metabolism, vascular function, and redox signaling. It also
reviews preclinical and clinical findings that support bilirubin’s potential as a therapy for
cardiovascular conditions and discusses future opportunities to use this natural molecule
in cardioprotective strategies.

2. Bilirubin Formation and Metabolism
2.1. Bilirubin Pools and Plasma Dynamics

Unconjugated (indirect) and conjugated (direct) bilirubin are the two main pools of
circulating bilirubin (Figure 1). Under healthy conditions, most of the total bilirubin in
circulation is unconjugated bilirubin (UCB). Plasma bilirubin is maintained within specific
limits by a dynamic equilibrium involving heme breakdown, bilirubin production, hepatic
conjugation, intestinal metabolism, and partial enterohepatic cycling [18]. Because both
excessive bilirubin accumulation and insufficient bilirubin synthesis may have cardiovas-
cular effects, the relative effectiveness of these mechanisms is essential [9]. Unconjugated
bilirubin is formed as part of the catabolism of red blood cells in the spleen through the
actions of heme oxygenase. It is then released from the spleen into the blood, bound to
albumin. Albumin-bound bilirubin is then transported to the liver for uptake and conjuga-
tion by UDP-glucuronosyltransferase 1A1 (UGT1A1) to increase its solubility for excretion.
The canalicular membrane transporter multidrug resistance-related protein 2 (MRP2), also
known as ABC-C2, is a member of the adenosine triphosphate (ATP)-binding cassette
family. It mediates the excretion of bilirubin conjugates produced in hepatocytes to bile
against a concentration gradient, where they are absorbed into mixed micelles containing
bile acids, phospholipids, and cholesterol. They are transported to the intestine through
the bile duct. In the colon, a small portion is deconjugated, mostly by bacterial enzymes
(β-glucuronidase) in the gut microbiota. The resulting UCB can undergo intestinal reab-
sorption or be further processed in the intestinal tract [19]. The bacterial enzymes bilirubin
reductase (BilR), from gut microorganisms including strains of Clostridioides difficile, Clostrid-
ium ramosum, Clostridium perfringens, and Bacteroides fragilis, reduce conjugated bilirubin to
urobilinogen [20,21].

Urobilin is generated by gut microbiota as a byproduct of bilirubin catabolism
(Figure 1). Bilirubin clearance commences in the liver, where UGT1A1 adds two glucuronic
acid groups to the carboxyl tails of bilirubin, resulting in the formation of conjugated
bilirubin [22]. The glucuronidation of bilirubin increases its solubility for excretion via the
biliary system. Upon reaching the intestines, gut microbiota that express bilirubin reductase
(BilR) remove the glucuronidation from conjugated bilirubin and reduce it to urobilinogen,
which is subsequently oxidized to form urobilin [18]. BilR is predominantly expressed
within the Firmicutes family and is present in the gut of nearly all healthy adults [20].
This is corroborated by previous research on bacteria in the genus Clostridium within
the Firmicutes family, including Clostridium difficile [23], Clostridium perfringens [23], and
Clostridium ramosum [24], which can reduce bilirubin to urobilinogen. Bacteria-produced
urobilin is then either absorbed through the hepatic portal system or continues along the
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intestinal tract. Urobilin that remains in the intestines undergoes further metabolism to
stercobilin by a currently unknown bacterial enzyme. Approximately 50% of the uro-
bilin produced is absorbed and enters the systemic circulation [25]. Although the precise
mechanism of absorption is unknown, urobilinogen is absorbed throughout the digestive
tract [26]. Future studies are required to elucidate the mechanisms and regulatory processes
governing urobilin absorption. Urobilin is ultimately excreted from systemic circulation
into urine through the kidneys, giving urine its color. Understanding the pathways of
urobilin production and absorption is essential for identifying potential therapeutic targets,
such as UGT1A1 and BilR, to treat diseases associated with elevated urobilin levels.

2.2. Genetic Determinants of Elevated Bilirubin: Gilbert Syndrome and Cardiovascular Implications

Genetic variants affecting bilirubin metabolism further underscore its cardiovascu-
lar relevance. Gilbert syndrome (GS), primarily caused by promoter polymorphisms in
UGT1A1 (commonly the UGT1A1*28 allele), results in reduced conjugation efficiency and
mildly elevated unconjugated bilirubin levels [27,28]. It is important to note that the normal
levels of bilirubin vary by age, sex, and race; however, individuals with GS consistently
exhibit higher plasma bilirubin levels, ranging from 1 to 5 mg/dL (17.1 to 85.5 µmol/L) in
males and females, compared to the general population with the range of bilirubin being
as low as 0.2 mg/dL (3.4 µmol/L) in the adult European population and the upper range
being as high as 2.2 mg/dL (37.6 µmol/L) in the African population [29–31]. Nevertheless,
these patients generally remain asymptomatic, exhibit no signs of liver toxicity, and are
safeguarded against harmful cardiometabolic dysfunction.

Epidemiological data suggest that GS confers cardiovascular protection, with lower
rates of coronary artery disease, significantly reduced oxidative burden, and improved
vascular profiles [32,33]. Mendelian randomization studies further support a causal re-
lationship, showing that genetically elevated plasma bilirubin may reduce the risk of
cardiovascular disease [28,34]. These findings suggest that moderate lifelong elevation of
bilirubin may enhance cardiovascular resilience. Results from a more recent retrospective
and prospective study indicated that mildly elevated serum bilirubin levels (especially
in patients with the UGT1A1*28 allele) in patients with concurrent GS and hypercholes-
terolemia are protective against atherosclerotic cardiovascular disease [35]. In addition,
several studies have demonstrated that GS patients are protected against metabolic diseases,
including obesity and diabetes [36,37]. These findings have been corroborated by a study
employing a humanized mouse model harboring the UGT1A1*28 polymorphism, which
resulted in decreased body weight, diminished fasting blood glucose and insulin levels,
and hepatic steatosis [38].

There are genetic forms of hyperbilirubinemia primarily associated with elevated
conjugated bilirubin levels [18,39]. Dubin–Johnson syndrome results from mutations
in the protein encoded by ABC-C2 (formerly MRP2 [Multidrug Resistance Protein 2] or
MOAT [Multispecific Organic Anion Transporter]), a member of the large ABC transporter
family [40]. Alteration in this transporter leads to the accumulation of conjugated bilirubin.
Rotor syndrome is another rare genetic disorder characterized by elevated conjugated
bilirubin levels, arising from mutations in the Organic Anion-transporting Polypeptide
1B1 (OATP1B1) and OATP1B3, encoded by Solute Carrier Organic Anion Transporter
Family Member 1B1 (SLCO1B1) and SLCO1B3, respectively [41,42]. Interestingly, neither
patients with Dubin–Johnson nor Rotor syndrome have been reported to be protected
against cardiovascular–metabolic diseases, suggesting that only elevated unconjugated
bilirubin levels are protective.
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3. Mechanisms by Which Elevated Bilirubin Levels Could Benefit the Heart
3.1. Antioxidant and Redox Regulation

Bilirubin functions as a potent endogenous antioxidant, operating at multiple lev-
els to limit oxidative injury, preserve membrane integrity, and modulate redox signaling
(Figure 2). Three complementary mechanisms are central to bilirubin’s antioxidant proper-
ties: direct scavenging of reactive oxygen and nitrogen species (ROS/RNS), inhibition of
enzymes that generate ROS, and protection against lipid peroxidation.

Figure 2. Antioxidant and redox regulatory mechanisms of bilirubin in mitochondria. Bilirubin
enhances cardiac resilience by scavenging ROS, thereby preserving mitochondrial membrane integrity.
Through redox cycling, bilirubin is oxidized to biliverdin, which is later reduced to bilirubin by
BVRA. This redox recycling mechanism sustains intracellular antioxidant capacity and attenuates
oxidative stress. Created in Biorender. Michael Adenawoola (2026). https://app.biorender.com/
illustrations/69de5c1e7b8063a7fc09059e?slideId=84097cc6-2abe-4c1b-9eda-4bb8ed96b256 (accessed
on 14 April 2026).

Unconjugated bilirubin is an efficient chain-breaking antioxidant that neutralizes a
range of oxidants, including peroxyl radicals and reactive nitrogen species, thereby limiting
oxidative damage to proteins, Deoxyribonucleic Acid (DNA), and lipids [43,44]. In the
mitochondria, ROS-induced lipid peroxidation of polyunsaturated fatty acids leads to loss
of membrane integrity and increased apoptosis. Cardiolipin, an anionic phospholipid of
the inner mitochondrial membrane, is particularly vulnerable to lipid peroxidation [45].
Aconitase-2 is a mitochondrial enzyme with a ROS-sensitive (4Fe-4S) cluster, making it
highly vulnerable to oxidative damage. Under stress or aging, it undergoes cluster loss, car-
bonylation, and degradation [46]. Electron transport chain complexes such as complex I and
IV are both sources and targets of ROS, which increases electron leakage and mitochondrial
DNA (mtDNA) damage, thereby causing mitochondrial dysfunction [47]. In cardiovascular
tissues, the antioxidant property of bilirubin inhibits Low-Density Lipoprotein (LDL) oxida-
tion and attenuates lipid peroxidation within cell membranes and in lipoprotein processes
that underlie endothelial dysfunction and atherogenesis [10,48]. The antioxidant potency
of bilirubin is thought to be amplified by the enzymatic interconversion between bilirubin
and biliverdin. When bilirubin scavenges oxidants, it is converted back to biliverdin, which
is then reduced to bilirubin by biliverdin reductase A (BVRA), regenerating the active
antioxidant [44,49].
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Small, steady-state bilirubin pools can provide long-lasting cytoprotection through this
enzymatic “redox amplification.” Antioxidant recycling and cellular stress responses are
integrated by BVRA’s dual roles as an enzyme and a signaling scaffold that connects redox
buffering to kinase and transcriptional pathways [49,50]. Not only does bilirubin directly
scavenge ROS, but it also inhibits ROS production. In a cell-free system consisting of the
membrane and cytosolic fractions of neutrophils, bilirubin decreased superoxide produc-
tion through the inhibition of Nicotinamide Adenine Dinucleotide Phosphate (NAD[P]H)
oxidase activity [51]. In further studies in macrophages, bilirubin decreased both NAD(P)H
oxidase activity and the expression of NAD(P)H oxidase subunits [52]. Lastly, studies in
db/db diabetic mice demonstrated that bilirubin decreases the expression of NAD(P)H
oxidase subunits in the kidney [53].

Mitochondria are both major sources and primary targets of ROS in cardiomyocytes.
Recent mechanistic research shows that intracellular biliverdin/bilirubin metabolism is
tightly coupled to mitochondrial function. First, the mitochondrial export of biliverdin via
transporters (e.g., ATP-Binding Cassette Subfamily B Member 10 [ABCB10]) to the cytosol
supports local conversion to bilirubin as BVRA is a cytosolic enzyme, thereby preserving mi-
tochondrial redox homeostasis [54]. Second, BVRA and bilirubin modulate mitochondrial
bioenergetics and dynamics: BVRA influences signaling pathways that regulate mitochon-
drial biogenesis and respiratory efficiency, whereas bilirubin reduces mitochondrial ROS
production under stress, thereby limiting oxidative damage to mitochondrial proteins and
membranes (Figure 2) [50]. Through these mechanisms, the HO–BVRA–bilirubin axis
can blunt maladaptive ROS-driven signaling (for example, pathological opening of the
mitochondrial permeability transition pore) and reduce downstream pro-inflammatory
and pro-fibrotic cascades in the myocardium.

Bilirubin acts both as a radical scavenger and as a modulator of mitochondrial ROS
production; therefore, modest, sustained elevations plausibly confer cardio protection by
neutralizing ROS and increasing myocardial resilience to acute insults [55]. However, the
protective window for bilirubin against ROS production in the heart depends on an optimal
concentration; extremely low levels reduce antioxidant capacity, whereas very high levels
can uncouple mitochondria, increasing ROS production.

3.2. Metabolic and Mitochondrial Effects

Bilirubin enhances fatty acid oxidation (FAO) by upregulating metabolic regulators,
such as peroxisome proliferator-activated receptor-α (PPARα), which activates transcrip-
tional networks essential for increased FAO [56,57]. It also activates Peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1α) and Sirtuin 1 (SIRT1) [58] (Figure 3).
Further studies have demonstrated that chronic treatment with bilirubin nanoparticles
remodels hepatic fat content by decreasing toxic ceramide levels and increasing phos-
phatidylethanolamine levels [59]. Phosphatidylethanolamine protects against the develop-
ment of metabolic dysfunction-associated steatotic liver disease (MASLD) [60,61]. Studies
in GS patients and mice also demonstrate that bilirubin activates the AMP-activated protein
kinase (AMPK) pathway, which, as shown in Figure 2, increases FOA downstream [37,38].
Several studies have demonstrated that PPARα protects the heart. Treatment with PPARα
agonists has been demonstrated to be protective in heart failure and myocardial infarc-
tion [62–64]. Cardiac PPARα levels are decreased in patients with heart failure with pre-
served ejection fraction (HFpEF), suggesting deficiencies in this pathway may contribute
to the development and maintenance of this condition [65,66]. While bilirubin has been
demonstrated to modulate PPARα in the liver and adipose, its effects on PPARα in the
heart have yet to be tested. These types of studies will require measurements of cardiac
metabolism following bilirubin treatment in normal as well as cardiomyocyte-specific
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knockouts. Nevertheless, there is a known interaction between hepatic PPARβ and the
cardiovascular system, as hepatic knockout of PPARβ results in hypertension, impaired
diastolic function, and increased vascular stiffness when maintained on a standard diet [67].

Figure 3. Proposed cardioprotective mechanisms of elevated bilirubin, including antioxidant activity,
anti-inflammatory signaling, and fatty acid oxidation in cardioprotection. Bilirubin inhibits the NF-κB
pathway by reducing the phosphorylation of IκB-α, inhibiting the IκB kinase (IKK) activity, stabilizing
IκB-α, and preventing its degradation. NF-κB (p65/p50 heterodimer) is normally sequestered in the
cytoplasm by binding to IκB-α. By stabilizing IκB-α, NF-κB (specifically the p65 subunit) remains
sequestered in the cytoplasm, preventing its nuclear translocation and suppressing the transcription
of pro-inflammatory cytokines, such as TNF-α, IL-1β, and IL-6. In summary, at normal-to-moderate
levels, bilirubin stabilizes IκB-α to turn off NF-κB. However, very high bilirubin levels destabilize
IκB-α, thereby activating NF-κB. In the mitochondria, Unconjugated Bilirubin (UCB) increases
SIRT1 expression, thereby reducing hepatic lipid accumulation and inflammation. It also activates
PGC-1α, which increases antioxidant production, thereby neutralizing Reactive Oxygen Species
(ROS). Sirtuin 3 (SIRT3) is a target of PGC-1α and plays an important role in mitochondrial processes,
including fatty acid oxidation. Bilirubin activates PPARα, increasing AMPK Phosphorylation. AMPK
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activates CPT 1 by inhibiting acetyl-CoA carboxylase (ACC), thereby lowering Malonyl-CoA levels,
a molecule that normally inhibits CPT 1 activity. UCB binds to PPARα potentially via ligand-
like activity or a direct mechanism to promote transcription of genes like HMGCS2, CPT1A,
ACOX1, and PDK4 involved in fatty acid oxidation. Created in Biorender. Michael Adenawoola
(2026). https://app.biorender.com/illustrations/69de5cb0aa7a20148e25e161?slideId=a0dbc4ca-e9
76-4aca-a539-72166bbe3eb7 (accessed on 14 April 2026).

Bilirubin has been reported to have several effects on mitochondria. Early studies by
Mustafa et al. reported that bilirubin has a biphasic effect on mitochondrial respiration
in tissues such as the liver and heart, but not in the brain [68]. In more recent studies in
adipose tissue, physiological concentrations of bilirubin (50 µM) have been reported to
increase mitochondrial oxygen consumption rate and ATP production [69]. Mitochondrial
integrity also appears to be maintained through bilirubin’s ability to suppress excessive
mitochondrial reactive oxygen species (ROS) generation and preserve the activity of respira-
tory chain complexes. Through interactions with PGC-1α, a transcriptional co-activator and
master regulator of mitochondrial biogenesis and energy metabolism, bilirubin supports
mitochondrial turnover and maintains a healthy mitochondrial network [70]. Collectively,
these metabolic effects could enable bilirubin to sustain cardiomyocyte ATP homeosta-
sis, buffer against oxidative stress [18,71–74], and maintain energetic flexibility, which is
particularly relevant in HFpEF, where mitochondrial dysfunction is a central pathogenic
mechanism [75].

3.3. Anti-Inflammatory Mechanisms

Bilirubin has been reported to exert broad anti-inflammatory effects by suppress-
ing pro-inflammatory signaling, modulating cytokine production, and regulating innate
immune cell behavior. Several mechanistic axes have been described. Bilirubin, at phys-
iological concentrations, can modulate inflammation both in vitro and in vivo [76–78].
A study by Li et al. demonstrates that physiological concentrations of bilirubin protect
against inflammation, with mechanisms including inhibition of the Nuclear Factor kappa-
light-chain-enhancer of activated B cell (NF-κB) signaling pathway and regulation of
inflammasome activation (Figure 3) [79].

Suppression of NF-κB signaling is a well-established approach to limit inflammation.
Unconjugated bilirubin decreases NF-κB activation in peritoneal macrophages by inhibiting
its phosphorylation, and also reduces the secretion of classical pro-inflammatory cytokines
like Tumor Necrosis Factor α (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6).
Both direct redox-dependent repression of upstream kinases and indirect activation of
cytoprotective pathways that oppose NF-κB appear to contribute to this action [79]. Biliru-
bin is believed to have similar effects on cardiac macrophages and vascular endothelium.
A modest increase in bilirubin in an in vivo study of apolipoprotein E-deficient (ApoE−/−)
mice significantly reduced plasma glucose, total cholesterol, and atherosclerotic plaques,
which indirectly reduces the risk of cardiovascular disease. It is suggested that bilirubin
reduces plaques and endothelial damage by decreasing the expression of inflammatory
mediators [76].

Bilirubin affects immune cell trafficking in the cardiovascular environment. It inhibits
leukocyte recruitment to the heart and arterial wall by decreasing endothelial synthesis
of chemoattractants and adhesion molecules (such as intercellular adhesion molecule-1
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and monocyte chemoattractant
protein-1 (MCP-1)). By improving the lipid profile and modulating the expression of ad-
hesion molecules, Lectin-like Oxidized Low-density Lipoprotein Receptor-1 (LOX-1), and
Inducible Nitric Oxide Synthase (iNOS), mild hyperbilirubinemia can prevent the develop-
ment of atherosclerosis and heart failure [80,81]. By suppressing NF-κB, limiting inflamma-
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tory cell influx, and promoting reparative macrophage phenotypes, bilirubin attenuates
maladaptive inflammatory remodeling after metabolic or ischemic injury (Figure 3) [82].
These anti-inflammatory actions help explain epidemiologic associations between modestly
elevated bilirubin and lower rates of atherosclerosis, myocardial remodeling, and heart
failure [9,81]. However, because bilirubin is also an immunomodulator, chronically altered
bilirubin homeostasis could have context-dependent effects (for example, impairing antimi-
crobial responses), so translational approaches must balance the benefits of inflammation
suppression with host-defense considerations [83].

3.4. Endothelial and Vascular Effects

Bilirubin’s vascular actions extend beyond antioxidant buffering to include direct
effects on endothelial nitric oxide signaling, endothelial integrity, and arterial wall struc-
ture, all of which are central to vascular aging and cardiovascular risk. Endothelial nitric
oxide (NO) produced by endothelial nitric oxide synthase (eNOS) is a principal mediator
of vasodilation and anti-atherogenic signaling. Oxidative stress lowers NO bioavailability
by both quenching NO (forming peroxynitrite) and uncoupling eNOS enzymatic activity.
Bilirubin preserves NO signaling by reducing oxidative inactivation of NO and by limiting
eNOS uncoupling through its robust antioxidant effects [84]. Recent studies also implicate
bilirubin in activating regulatory metabolic pathways (including SIRT1 and PPARα signal-
ing) that positively modulate eNOS expression and phosphorylation, thereby enhancing
NO generation under stress conditions [9,58]. In experimental models, modest increases in
bilirubin correlate with improved endothelium-dependent vasodilation and restoration of
NO-dependent vascular reactivity [84]. PPARα is recognized to regulate the expression
of NOS in various tissues, including adipose tissue, as evidenced by the adipose-specific
deletion of PPARα in male mice subjected to a high-fat diet, which resulted in significantly
higher Nos2 expression compared to flox controls [85].

Endothelial dysfunction, characterized by impaired NO-mediated vasodilation, in-
creased leukocyte adhesion, and prothrombotic signaling, is a crucial early step in atheroge-
nesis. By scavenging ROS, downregulating adhesion molecule expression, and preserving
mitochondrial function in endothelial cells, bilirubin decreases endothelial injury [81,84].
Clinical and population studies provide concordant evidence: individuals with Gilbert’s
polymorphism exhibit better endothelial function and lower arterial stiffness markers
than matched controls [84]. Because NO signaling and vascular compliance are tightly
controlled, therapeutic strategies that modestly elevate bilirubin (e.g., transient HO-1 in-
duction, biliverdin/bilirubin nanodelivery) must be titrated to preserve the protective
window identified in epidemiological studies. Furthermore, the vascular benefits of biliru-
bin are interdependent with systemic metabolic and inflammatory states; consequently,
interventions will likely be most effective when combined with approaches that address
oxidative/inflammatory comorbidities [58,81].

3.5. Anti-Apoptotic and Cytoprotective Pathways

Bilirubin also exhibits robust cytoprotective effects in the myocardium, particularly
by inhibiting apoptosis under pathological conditions. Experimental models demonstrate
that bilirubin reduces ischemia–reperfusion (I/R) injury by limiting the opening of mito-
chondrial permeability transition pores, attenuating nicotinamide adenine dinucleotide
phosphate oxidase (NOX) activation, and preserving membrane integrity [17]. These anti-
apoptotic effects are complemented by bilirubin’s broader modulation of stress-response
pathways, including enhancement of Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2)-
dependent antioxidant pathways, thereby improving cardiomyocyte survival during acute
oxidative stress [86]. Moreover, bilirubin functions as a stress-response mediator, activating
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protective signaling cascades, including Extracellular signal-Regulated Kinases 1 and 2
(ERK1/2), in response to metabolic or inflammatory insults. By stabilizing mitochondrial
function, suppressing cellular ROS, and promoting pro-survival signaling, bilirubin may
confer a cardioprotective phenotype that mitigates the progression of myocardial injury
and adverse remodeling [87]. Future studies are needed to investigate whether these effects
also depend on bilirubin’s hormonal function. These properties highlight bilirubin as an
endogenous cytoprotective molecule with therapeutic potential in conditions characterized
by metabolic stress, oxidative injury, and mitochondrial dysfunction.

Endoplasmic reticulum (ER) stress occurs when misfolded proteins accumulate, trig-
gering the unfolded protein response (UPR) to restore normal protein processing. ER stress
is increased in metabolic diseases such as obesity and diabetes, as well as in inflammatory
conditions and in neurological disorders. Bilirubin exerts divergent effects on ER stress. In
neurons, high levels of bilirubin promote ER stress and UPR activation [88]. However, in
vascular cells, increased bilirubin levels can reduce ER stress, especially in diabetes [89].
Bilirubin treatment was also demonstrated to decrease ER stress in chronic kidney dis-
ease [90]. However, the role of bilirubin on ER stress in the heart is not currently known.

4. Experimental and Preclinical Evidence
This section highlights translationally relevant studies from in vitro models, small-

and large-animal studies, and genetic and pharmacological manipulations of biliru-
bin metabolism to study the role of bilirubin in safeguarding against myocardial ischemia–
reperfusion (I/R) injury, pressure-overload hypertrophy, heart failure phenotypes—specifically
Heart Failure with Preserved Ejection Fraction (HFpEF) versus Heart Failure with Reduced
Ejection Fraction (HFrEF)—and models of metabolic disease.

4.1. Protection Against Ischemia–Reperfusion (I/R) Injury

The direct effects of bilirubin and associated pathway modifications on cardiomyocyte
survival, redox balance, mitochondrial function, and endothelial phenotype have been
examined using cellular models. Low-to-moderate exposure to bilirubin or biliverdin
protects against oxidant-induced injury, limits lipid peroxidation, maintains mitochondrial
respiration, and suppresses inflammatory signaling, according to several studies using
primary cardiomyocytes, immortalized cardiomyoblast lines (such as H9C2), and cultured
endothelial cells [54]. Mechanistically, these protective benefits include improved ATP
maintenance in stress models, reduced ROS generation, and preserved electron transport
chain complex function [54]. However, context and concentration are important. In a
recent cell culture study, excessive bilirubin concentrations (>60 µM) were cytotoxic to
cardiomyocytes, reducing cell viability and increasing markers of cell damage in a dose-
dependent manner [91]. These results confirm the epidemiological association between
bilirubin and cardiovascular events, highlighting a limited treatment window [92–94].
However, the literature suggests that increasing bilirubin to a mildly elevated level has
beneficial effects without toxicity (further reviewed in [10]).

A study by Ai et al. using fluorophore-encapsulated bilirubin nanoparticles (BRNPs)
demonstrated that BRNP treatment reduced infarct size and improved post-ischemic
function in preclinical I/R models [17]. In mouse cardiac I/R models, administration
of bilirubin nanoparticles significantly reduced infarct size, oxidative stress, inflamma-
tion, and enhanced functional recovery [17]. However, the effect of BRNPs on cardiac
metabolism was not addressed in this study. Consistent with bilirubin-mediated antiox-
idant and anti-inflammatory processes, parallel strategies that pharmacologically (e.g.,
hemin pretreatment) or genetically stimulate HO-1 also protect against I/R damage across
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species [95]. These findings support the idea that reperfusion damage can be reduced by
targeted administration or temporary activation of the HO–bilirubin axis.

4.2. Pressure Overload Hypertrophy

HO-1 induction attenuates hypertrophic remodeling and fibrosis in pressure-overload
models, preserving systolic function [96]. Likewise, deletion of the HO-1 repressor, BTB and
CNC homology 1 (BACH-1), causes a significant reduction in heart weight, tissue collagen
content, levels of Atrial Natriuretic Peptide (ANP) and Brain Natriuretic Peptide (BNP),
with reduced Left Ventricle (LV) dimensions and improved LV contractile function in a
model of transverse aortic constriction (TAC) [97]. The results from these studies indicate
that HO-1 induction limits pressure-induced ventricular remodeling and fibrosis; however,
the specific role of bilirubin in this response remains unclear.

4.3. Heart Failure with Reduced Ejection Fraction (HFrEF) and Heart Failure with Preserved
Ejection Fraction (HFpEF)

Heart failure (HF) is a syndrome characterized by symptoms such as breathlessness
and fatigue, as well as clinical signs such as elevated jugular venous pressure and pul-
monary congestion, which is caused by a structural and/or functional cardiac abnormality,
resulting in reduced cardiac output and/or elevated intracardiac pressures at rest or dur-
ing stress [98]. HF is divided into three major types: HF with reduced ejection fraction
(HFrEF), in which ejection fraction is reduced by greater than 60% of normal; HF with
preserved ejection fraction (HFpEF), which is defined as HF symptoms with impaired
diastolic function exacerbated by aging, obesity or hypertension or a combination of the
three factors; and HF with mildly reduced ejection fraction (HFmEF), which refers to HF
with ejection fraction ranging from 41 to 49% of normal [98]. The function of bilirubin in
HF may depend on ejection fraction status. The role of bilirubin in HFrEF remains contro-
versial. Correlative studies in patients with HFrEF suggest that elevated bilirubin levels are
detrimental [99]. This contrasts with studies indicating that higher plasma bilirubin levels
correlate with better survival in patients with myocardial infarction [100]. One potential
explanation for the differences in the role of bilirubin in HFrEF is the increased likelihood of
liver complications that alter bilirubin metabolism, thereby raising plasma bilirubin levels
beyond the protective range. Moderate increases in bilirubin may be beneficial in HFrEF
when oxidative/inflammatory stress predominates (Figure 4) [95]. Bilirubin may have
meaningful prognostic value in HF populations, though the direction and interpretation
of associations vary by HF phenotype. In HFrEF, elevated unconjugated or total bilirubin
levels generally reflect hepatic congestion and are independent predictors of worse out-
comes [99]. Thus, bilirubin serves as a marker of disease severity in HFrEF, but may be
a protective biomarker in HFpEF when within the normal or mildly elevated range [99].
Beyond heart failure, bilirubin also has prognostic relevance in ischemic stroke. Higher
bilirubin at presentation is associated with smaller infarct size, reduced inflammation, and
improved neurological outcomes after ischemic stroke [101]. In acute myocardial infarction
(MI), moderate elevations in bilirubin correlate with reduced in-hospital complications,
whereas extreme elevations may indicate hepatic stress or hemolysis [102]. These find-
ings highlight bilirubin’s dual nature as both a protective marker and a disease indicator,
depending on the context.

By contrast, HFpEF is a heterogeneous syndrome often driven by metabolic comor-
bidity, microvascular inflammation, and diastolic dysfunction; only recently have more
translationally relevant HFpEF models (including metabolic syndrome-prone large-animal
models) become available to test bilirubin-targeted strategies [103]. Experimental evidence
indicates that systemic inflammation and oxidative stress are central drivers of coronary
microvascular rarefaction and diastolic dysfunction in HFpEF, and that targeting these
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pathways can improve myocardial relaxation and vascular integrity [104]. In this context,
bilirubin, as an endogenous antioxidant, has been proposed as a potential modulator of
these pathophysiological processes [43]. In HFpEF, cohort studies have shown that con-
jugated, not unconjugated, bilirubin is associated with a poor short-term prognosis [105].
Little is known about the physiological signaling of conjugated bilirubin, but increased
direct bilirubin is associated with adverse outcomes in HFpEF, while direct bilirubin is not.
Given the established antioxidant properties of unconjugated bilirubin, it is plausible that
differences in bilirubin fractions may reflect altered redox balance, although this mechanism
has not been directly demonstrated [105]. However, direct, comprehensive comparisons of
modulation of unconjugated versus conjugated bilirubin in HFpEF versus HFrEF remain
limited and are an active area of preclinical research [103].

Figure 4. Integrated effects of elevated unconjugated bilirubin (UCB) on cardiac protection in heart
failure with preserved ejection fraction (HFpEF), heart failure with reduced ejection fraction (HFrEF),
and myocardial infarction (MI). UCB produced in the reticuloendothelial system of the spleen flows
into the circulation. Increased circulating UCB is proposed to reduce reactive oxygen species (ROS)
and LOX-1/iNOS expression while enhancing PPARα, PGC-1α, SIRT1, and fatty acid oxidation (FAO)
in failing hearts. In myocardial infarction (MI), UCB additionally upregulates HO-1 and improves
collateral perfusion. Hepatic UGT1A1 mediates bilirubin (CB) conjugation, regulating systemic UCB
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levels that exert cardioprotective effects across different cardiac pathologies. In the liver, UCB is
conjugated through glucuronidation to form CB, which is further degraded to urobilin downstream
of bacterial deconjugation. Urobilin (UB) is recirculated, with a portion excreted by the kidneys. The
effect of urobilin on the heart under basal conditions and in pathological states such as HFpEF, HFrEF,
and MI remains unknown. Created in Biorender. Michael Adenawoola (2026). https://app.biorender.
com/illustrations/69de5cdc819bb6df16f487df?slideId=619cb059-bde7-423e-aac8-12edff01d1ae (ac-
cessed on 14 April 2026).

4.4. Genetic and Pharmacological Models Altering Bilirubin Metabolism

Genetic studies in rodents that modify UGT1A1 (conjugation) or HO-1 expression
show that a lifelong mild increase in bilirubin [18], which mimics Gilbert syndrome,
decreases oxidative stress markers [74] and increases vascular protection [38]. Con-
versely, excessive hyperbilirubinemia or significant interruptions of bilirubin clearance are
harmful [106]. Mendelian randomization studies highlight the complexity and potential
pleiotropy, yielding conflicting findings regarding the causal relationship between hyper-
bilirubinemia and CVD protection [106,107]. Pharmacologic approaches include HO-1
inducers (e.g., hemin), small-molecule BVRA modulators, and nanoparticle-delivered
bilirubin. Hemin and other HO-1 inducers have consistently reduced organ injury in
preclinical models, including cardiac ischemia–reperfusion (I/R) [95]. Bilirubin-loaded
nanoparticles demonstrated robust cardioprotection in mouse ischemia–reperfusion (I/R)
studies, with favorable biodistribution and controlled antioxidant delivery [17]. These
strategies highlight two translational paths: (1) enhance endogenous bilirubin production
through the induction of HO-1 and (2) the delivery of bilirubin directly in a targeted,
controllable fashion (nanoparticles).

4.5. Urobilin and the Heart

Currently, urobilin has been shown to bind albumin [108] and has no other known
functions or receptors. Urobilin has been primarily studied in humans and mice using non-
targeted mass spectrometry and correlation analysis for nearly a century [39]. The earliest
study linking urobilin to cardiovascular disease was published in 1930, where urobilin was
detected in the urine of 88% of children with bedbound decompensated congestive heart
failure and only 4% of control children [109]. This finding was supported by numerous
other studies reporting elevated urinary urobilin/urobilinogen levels in patients with
congestive heart failure [110,111], myocardial infarction [112,113], arteriosclerosis [114],
and rheumatic endomyocarditis [115]. These studies support the potential use of urine
urobilin as a biomarker for cardiovascular disease (further reviewed in [39]).

Recent human and preclinical rodent studies have focused on quantifying urobilin
in plasma and correlating it with disease progression and severity. In a study involv-
ing over 3000 participants, urobilin was positively associated with the increased risk of
cardiovascular disease mortality, stroke, and overall mortality [116]. Conversely, uro-
bilin was significantly reduced in individuals with health-conscious dietary patterns [116].
Metabolomic profiling of three Swiss community-based cohorts revealed that plasma
urobilin was positively associated with heart failure incidence (hazard ratio of 1.29 per
standard deviation) and, in one cohort, negatively associated with baseline left ventricular
ejection fraction [117]. Herreros-Cabello et al., using non-targeted metabolomics, found that
urobilin was significantly elevated in the serum of patients with chronic chagasic cardiomy-
opathy compared with those with intermediate Chagas disease without cardiomyopathy,
suggesting that urobilin may contribute to Chagas disease progression and cardiomyopa-
thy [118]. In mice, urobilin was identified as the cecal metabolite most strongly associated
with acute myocardial ischemia [119]. Nevertheless, additional research is required to
ascertain whether urobilin functions solely as a biomarker for cardiovascular disease or
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also as a bioactive metabolite contributing to disease progression. Further investigations
using preclinical rodent models are necessary to elucidate the mechanisms underlying the
relationship between urobilin and cardiovascular disease.

In addition to being directly associated with cardiovascular disease, urobilin has also
been correlated with recognized risk factors. In humans, urobilin was positively corre-
lated with markers of adiposity and insulin resistance [120]. In lean patients, plasma
urobilin levels were 9.57 µM (±4.50), whereas in patients with obesity, levels were 23.38 µM
(±19.30) [120]. Notably, women with obesity exhibited higher urobilin levels, averaging
31.21 µM (±20.58) [120]. This finding was supported by Baek et al., who observed that uro-
bilinogen was significantly higher in overweight participants with a high visceral fat area
than in those with a low visceral fat area [121]. D-urobilinogen was positively correlated
with LDL-cholesterol, oxidized LDL, and systolic and diastolic blood pressure [121]. In a
study of over 700 patients with type 2 diabetes, plasma urobilin was positively associated
with increased levels of blood glucose, BMI, triglycerides, smoking status, and all-cause
mortality [122]. Conversely, plasma urobilin was negatively associated with HDL and anti-
hypertensive treatment in the same study [122]. A recent untargeted metabolomics analysis
found that urobilin was significantly higher in the plasma and urine of patients with liver
cirrhosis compared to healthy control individuals [123]. Human studies supporting the
association between urobilin and adiposity, insulin resistance, and liver disease have been
corroborated by preclinical rodent models. Mice with diet-induced obesity have signifi-
cantly higher urobilin in the cecal content compared to nonobese controls [124]. Utilizing a
liver-specific RNAi against UGT1A1, Bates et al. significantly increased plasma bilirubin
while decreasing urobilin in obese mice compared to obese controls [125]. These mice were
protected against adiposity, glucose intolerance, and metabolic dysfunction-associated
steatotic liver disease (MASLD) [125], highlighting the potential of targeting UGT1A1 to
regulate urobilin levels as a treatment for cardiometabolic diseases. Collectively, these
studies suggest that urobilin may contribute to obesity and insulin resistance, potentially
leading to cardiovascular disease. However, the specific mechanisms require further inves-
tigation, as there are presently no studies examining the molecular mechanisms of urobilin
in cardiometabolic dysfunction (Figure 4). Future studies are essential to elucidate the role
of urobilin in both physiological and pathophysiological contexts.

5. Clinical and Translational Evidence
5.1. Epidemiological Associations

Large epidemiological studies consistently report an inverse relationship between cir-
culating bilirubin concentrations and the risk of cardiovascular disease (CVD). Population-
based cohorts such as the National Health and Nutrition Examination Survey (NHANES),
the Framingham Offspring Study, and East Asian community registries demonstrate that
individuals with higher physiologic bilirubin levels, typically in the upper tertile of nor-
mal, exhibit lower incidence of coronary artery disease (CAD), MI, stroke, and all-cause
mortality [126,127]. These associations align with bilirubin’s potent antioxidant and anti-
inflammatory properties, supporting its promising role as an endogenous cardioprotective
factor. However, the role of bilirubin in cellular metabolism, acting through the PPARα
nuclear receptor pathway [9], in bilirubin’s protective actions has yet to be directly tested.

Bilirubin has also been investigated as a biomarker across multiple cardiovascular
conditions. In CAD, lower baseline bilirubin levels predict greater atherosclerotic burden,
more rapid plaque progression, and a higher incidence of recurrent coronary events [32].
In HF, bilirubin levels correlate with disease severity, congestion, and right ventricular dys-
function, although elevations in advanced HF often reflect hepatic congestion rather than
intrinsic protection [128]. Recent studies have also highlighted associations between biliru-
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bin and arrhythmia risk, with lower bilirubin levels correlating with a higher prevalence of
atrial fibrillation and ventricular arrhythmias, potentially due to impaired oxidative stress
and electrophysiological stability [129]. Gilbert syndrome provides a natural human model
to evaluate the protective role of moderate hyperbilirubinemia in CVD. Individuals with
Gilbert syndrome exhibit a substantially lower incidence of CAD and metabolic syndrome,
lower inflammatory markers, and improved endothelial function, collectively supporting a
likely protective causal role of lifelong moderate bilirubin elevation [36,130,131].

5.2. Limitations of Clinical Evidence

The clinical interpretation of bilirubin is confounded by several significant constraints,
despite robust relationships. First, a variety of circumstances, including liver illness,
cholestasis, hemolysis, genetic variation, alcohol use, and drug usage (atazanavir, ery-
thromycin, phenytoin, etc.), might affect plasma bilirubin levels. Isolating the causal effects
of bilirubin on heart disease is difficult because these variables may confound correlations
with outcomes. Second, individuals of different sexes, ages, and races exhibit distinct
bilirubin dynamics. Due to hormonal and metabolic differences, men usually have greater
bilirubin (0.72 ± 0.004 mg/dL) than women (0.52 ± 0.003 mg/dL); bilirubin decreases
with age; and significant interethnic variance is caused by population-based variations
in UGT1A1 allele frequency. Inadequate stratification of these factors may limit general-
izability and bias risk assessments [132–134]. These discrepancies underscore the need
for carefully planned interventions and long-term studies to determine whether altering
bilirubin levels can significantly reduce cardiovascular events. Overall, more rigorous
mechanistic and interventional trials are needed before bilirubin can be accepted as a
therapeutic target or routinely used for cardiovascular risk stratification, despite the strong
epidemiologic and clinical evidence.

6. Therapeutic Potential of Targeting Bilirubin Pathways
Interest in translational approaches to therapeutically modify bilirubin pathways

has increased, driven by growing evidence linking bilirubin to cardioprotection. Current
methods include the creation of synthetic bilirubin analogs and delivery systems, phar-
macologic activation of endogenous bilirubin synthesis, and regulation of its conjugation
and transport.

6.1. Pharmacological Modulation

HO1, BVRA, and UGT1A1 are enzymes in the bilirubin production pathway that have
been proposed as therapeutic targets to increase unconjugated bilirubin levels (Figure 1).
The rate-limiting enzyme in bilirubin production, HO-1, has been extensively studied
as a potential therapeutic target. HO-1 inducers, including metalloporphyrins, natural
polyphenols such as curcumin and resveratrol, pharmacologic agents such as bardox-
olone methyl, and hemin, upregulate the HO-1 pathway, thereby increasing unconjugated
bilirubin levels [135–138]. This increases intracellular bilirubin production and improves
antioxidant and anti-inflammatory signaling. Induction of HO-1 in a diabetic mouse model
using hemin has been shown to increase serum unconjugated bilirubin levels and restore
endothelial function by increasing NO bioavailability via the Akt/eNOS/NO cascade [139].
These results indicate that HO-1 induction may be a viable therapeutic target for the clinical
management of diabetic vasculopathy. In models of ischemia/reperfusion (I/R) injury,
pressure overload, and metabolic dysfunction, HO-1 induction has been shown to confer
protection. Another therapeutic approach, as shown in Figure 1, is to modify bilirubin
conjugation and transport. Plasma pools of unconjugated bilirubin are regulated by hep-
atic UGT1A1. Although careful titration is necessary to prevent the risks associated with
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hyperbilirubinemia, pharmacologic downregulation or partial blockage of UGT1A1 raises
physiological unconjugated bilirubin to cardioprotective levels. Transporters that regulate
bilirubin uptake and efflux, such as OATP1B1, MRP2, and MRP3, have been identified
as potential targets to maximize bilirubin bioavailability in tissues such as the heart and
vasculature [140]. While UGT1A1 is an attractive target to increase unconjugated bilirubin
levels, special consideration is needed when evaluating strategies to block it, especially in
patients with cardiovascular disease who may be taking other drugs that require hepatic
UGT1A1 for proper metabolism and elimination.

6.2. Novel Therapeutic Approaches

Recent innovations include engineered bilirubin nanoparticles designed to increase
bilirubin solubility in aqueous solutions and improve delivery to cardiac tissue. Bilirubin-
loaded nanoparticles can activate PPARα, exhibit potent antioxidant capacity, attenuate
macrophage inflammation, and reduce myocardial injury in preclinical models. Synthetic
bilirubin analogs with improved solubility and reduced toxicity are also under investiga-
tion [141]. Long-term modulation of bilirubin metabolism is now possible through gene-
modulation approaches. Targeting UGT1A1 or HO-1 regulatory regions with CRISPR may
result in a long-term increase in bilirubin that remains within physiological safety limits.
Similarly, gene therapy strategies have demonstrated promise in enhancing endogenous cy-
toprotective mechanisms in cardiac and vascular tissues, such as viral delivery of biliverdin
reductase or HO-1 [142]. Combined therapies are becoming more popular. Bilirubin-based
treatments may enhance redox, metabolic, and endothelial benefits when combined with
statins, SGLT2 inhibitors, or metabolic modulators (e.g., other PPARα agonists).

7. Limitations in the Potential for Bilirubin-Based Therapies
Although there is strong preclinical and epidemiological evidence that bilirubin may

have cardioprotective effects, several important gaps in information and disagreements
remain, making it challenging to translate these findings into practical treatment plans. De-
termining the exact thresholds at which bilirubin transitions from protective to detrimental
is a significant source of ambiguity. Higher levels may suggest liver failure, cholestasis, or
hemolysis, which can diminish the protective effects of bilirubin, even when moderate in-
creases, as seen in Gilbert syndrome, are associated with lower cardiovascular risk [143,144].
One of the primary challenges remains the establishment of a reliable dosing regimen to
optimize plasma unconjugated bilirubin levels.

The debate over causation versus correlation in human studies remains unresolved.
Although many studies are unable to adequately account for variables including genetic
background, metabolic health, alcohol use, or subclinical liver damage, observational
data consistently show inverse relationships between plasma bilirubin levels and CVD
outcomes. Mendelian randomization studies have yielded conflicting results, with some
indicating a causal effect and others suggesting that bilirubin may function more as a
biomarker of the systemic redox state than as an active mediator [34]. There is also substan-
tial variation across comorbidities and populations. Differences in sex, age, and ethnicity
affect bilirubin metabolism and its association with CVD outcomes, complicating the es-
tablishment of treatment objectives and universal reference ranges [126]. Additionally, the
enzymatic pathways governing bilirubin synthesis and clearance may be altered by comor-
bidities such as diabetes, obesity, and chronic inflammation, thereby affecting bilirubin’s
cardioprotective effects.

Between promising preclinical results and workable clinical therapies, a persistent
translational gap remains. Studies on animals frequently employ models with increased
HO-1 activity or supraphysiologic bilirubin concentrations, which are difficult to replicate
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in humans. Pharmacologic medicines that increase bilirubin carry the risk of off-target
effects, while gene-based approaches require further testing for safety and efficacy. These
difficulties underscore the need for integrative research that bridges systems biology,
clinical trial design, and molecular pathways to fully understand the therapeutic potential
of elevated bilirubin levels in cardiac diseases.

8. Future Perspectives
Personalized and precision medicine approaches have the potential to enhance future

studies of bilirubin biology in CVD. Treatments targeting HO-1 or bilirubin metabolism
may have distinct effects in individuals with genetic variants that elevate bilirubin, such as
UGT1A1*28 carriers. According to Bansal et al., patients with hepatobiliary disease will
most likely benefit from precision medicine, which, in this case, will stratify patients based
on their genetic profile, hepatic function, and baseline bilirubin levels, and may help in
customizing interventions and identifying which subgroups are most likely to benefit [145].
Another interesting approach is to incorporate bilirubin measures into models for CVD
risk classification. Bilirubin may modify risk prediction for coronary artery disease, heart
failure phenotypes, or vascular dysfunction when combined with established biomarkers,
natriuretic peptides, hsCRP, or metabolic indicators, especially in younger people or those
with low-grade chronic inflammation [127,146].

Emerging omics technologies provide opportunities to improve our understanding of
bilirubin signaling. While single-cell transcriptomics and proteomics can identify cell-
specific reactions to bilirubin in cardiomyocytes, endothelial cells, and macrophages,
metabolomic profiling may reveal bilirubin-derived signaling lipids and redox intermedi-
ates [59]. These methods could reveal new receptors, interacting proteins, or redox-sensitive
pathways that underlie bilirubin’s pleiotropic effects. New experimental models offer more
opportunities for translation. Taken together, these prospective paths demonstrate biliru-
bin’s growing acceptance as both a biomarker and a potential therapeutic target for CVD.
Translating bilirubin-centered insights into cardiovascular treatment will need strategic
integration of genetics, systems biology, and next-generation modeling platforms.

9. Conclusions
Bilirubin has a significantly greater role in cardiovascular biology than previously

thought, according to mounting evidence from molecular, preclinical, and clinical investi-
gations. It is now known that bilirubin acts as a hormone that activates PPARα, in addition
to being a powerful endogenous regulator of oxidative stress, inflammation, metabolism,
endothelial function, and mitochondrial homeostasis. Previously, bilirubin was thought to
be only a waste product of heme catabolism. However, studies have observed that bilirubin
influences processes essential to the development of atherosclerosis, ischemia/reperfusion
injury, metabolic dysfunction, and heart failure phenotypes, including HFpEF, through its
dynamic cycling with biliverdin and its interactions with redox-sensitive pathways.

These mechanistic findings could lead to new treatment opportunities. Targeting this
evolutionarily conserved system is appealing because it offers potential for pharmacolog-
ical and genetic manipulation of HO-1, UGT1A1, and bilirubin transporters, as well as
for the development of bilirubin nanoparticles and analogs. Bilirubin-based treatments
may be effective when combined with established cardiometabolic therapies to reduce
oxidative stress, preserve endothelial integrity and cardiac metabolism, and improve mito-
chondrial function in diseased myocardium. The field is moving quickly toward clinical
practicality, despite remaining obstacles, such as establishing safe therapeutic thresholds,
controlling interindividual variability, and bridging the gap between animal models and
human translation.

https://doi.org/10.3390/biom16050625

https://doi.org/10.3390/biom16050625


Biomolecules 2026, 16, 625 18 of 26

A major paradigm shift in cardiovascular science is the reclassification of bilirubin
from a metabolic byproduct to an active protector of cardiac function. Bilirubin has the
potential to become a therapeutic target as precision medicine, multi-omics technologies,
and sophisticated modeling platforms continue to emerge. Using this endogenous chemical
could eventually enable new options for treating and preventing cardiovascular disease,
especially in complex cases like HFpEF, where effective treatments remain limited.
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Abbreviations
The following abbreviations are used in this manuscript:

ABCB10 ATP-binding Cassette Subfamily B Member 10
ABC-C2 ATP-binding Cassette Subfamily C Member 2
ACOX1 Acyl-CoA Oxidase 1
Akt Ak Strain Transforming or Protein Kinase B
AMPK AMP-activated Protein Kinase
ANP Atrial Natriuretic Peptide
ApoE−/− Apolipoprotein E-deficient
ATP Adenosine Triphosphate
BACH-1 BTB and CNC Homology 1
BilR Bilirubin Reductase
BNP Brain Natriuretic Peptide
BRNP Bilirubin Nanoparticles
BVRA Biliverdin Reductase A
CAD Coronary Artery Disease
CB Conjugated Bilirubin
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
CPT1A Carnitine Palmitoyltransferase 1A
CVD Cardiovascular Disease
DNA Deoxyribonucleic Acid
eNOS Endothelial Nitric Oxide Synthase
ERK1/2 Extracellular Signal-regulated Kinases 1 and 2
FAO Fatty Acid Oxidation
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GS Gilbert’s Syndrome
HF Heart Failure
HFpEF Heart Failure with Preserved Ejection Fraction
HFrEF Heart Failure with Reduced Ejection Fraction
HMGCS2 3-Hydroxy-3-Methylglutaryl-CoA Synthase 2
HO-1 Heme Oxygenase-1
hsCRP High-sensitivity C-reactive Protein
I/R Ischemia–reperfusion
ICAM-1 Intercellular Adhesion Molecule-1
IL-1β Interleukin-1β
IL-6 Interleukin-6
iNOS Inducible Nitric Oxide Synthase
LDL Low-density Lipoprotein
LOX-1 Lectin-like Oxidized Low-density Lipoprotein Receptor-1
LV Left Ventricle
MASLD Metabolic Dysfunction-associated Steatotic Liver Disease
MCP-1 Monocyte Chemoattractant Protein-1
MI Myocardial Infarction
MOAT Multispecific Organic Anion Transporter
MRP2 Multidrug Resistance-associated Protein 2
MRP3 Multidrug Resistance-associated Protein 3
NAD(P)H Nicotinamide Adenine Dinucleotide Phosphate
NF-kB Nuclear Factor Kappa-light-chain-enhancer of Activated B cells
NHANES National Health and Nutrition Examination Survey
NO Nitric Oxide
NOX Nicotinamide Adenine Dinucleotide Phosphate Oxidase
Nrf2 Nuclear Factor Erythroid 2-related Factor 2
OATP1B1 Organic Anion-transporting Polypeptide 1B1
OATP1B3 Organic Anion-transporting Polypeptide 1B3
PDK4 Pyruvate Dehydrogenase Kinase 4
PGC-1α Peroxisome Proliferator-activated receptor gamma coactivator 1-alpha
PPARα Peroxisome Proliferator-activated Receptor-α
RNAi Ribonucleic Acid Interference
RNS Reactive Nitrogen Species
ROS Reactive Oxygen Species
SGLT2 Sodium Glucose Cotransporter 2.
SIRT1 Sirtuin 1
SLCO1B1 Solute Carrier Organic Anion Transporter Family Member 1B1
SLCO1B3 Solute Carrier Organic Anion Transporter Family Member 1B3
TAC Transverse Aortic Constriction
TNF-α Tumor Necrosis Factor Alpha
UB Urobilin
UCB Unconjugated Bilirubin
UGT1A1 UDP-glucuronosyltransferase 1A1
VCAM-1 Vascular Cell Adhesion Molecule-1

References
1. Martin, S.S.; Aday, A.W.; Allen, N.B.; Almarzooq, Z.I.; Anderson, C.A.M.; Arora, P.; Avery, C.L.; Baker-Smith, C.M.; Bansal,

N.; Beaton, A.Z.; et al. 2025 Heart Disease and Stroke Statistics: A Report of US and Global Data from the American Heart
Association. Circulation 2025, 151, e41–e660. [CrossRef]

2. Vetrano, E.; Caturano, A.; Nilo, D.; Di Lorenzo, G.; Tagliaferri, G.; Piacevole, A.; Donnarumma, M.; Iadicicco, I.; Picco, S.; Moretto,
S.M.; et al. Cardiovascular Therapeutics at the Crossroads: Pharmacological, Genetic, and Digital Frontiers. Pharmaceuticals 2025,
18, 1703. [CrossRef]

https://doi.org/10.3390/biom16050625

https://doi.org/10.1161/CIR.0000000000001303
https://doi.org/10.3390/ph18111703
https://doi.org/10.3390/biom16050625


Biomolecules 2026, 16, 625 20 of 26

3. Regan, J.A.; Laitner, M.H.; Dzau, V.J. A Crossroads in Cardiovascular Medicine: Progress and Barriers to Impact. Circulation 2025,
152, 1166–1173. [CrossRef]

4. Aranda, J.F.; Ramirez, C.M.; Mittelbrunn, M. Inflammageing, a targetable pathway for preventing cardiovascular diseases.
Cardiovasc. Res. 2025, 121, 1537–1550. [CrossRef]

5. Madamanchi, N.R.; Runge, M.S. Redox signaling in cardiovascular health and disease. Free Radic. Biol. Med. 2013, 61, 473–501.
[CrossRef]

6. Riordan, S.M.; Shapiro, S.M. Review of bilirubin neurotoxicity I: Molecular biology and neuropathology of disease. Pediatr. Res.
2020, 87, 327–331. [CrossRef]

7. Hinds, T.D., Jr.; Stec, D.E. Bilirubin, a Cardiometabolic Signaling Molecule. Hypertension 2018, 72, 788–795. [CrossRef]
8. Ziberna, L.; Jenko-Praznikar, Z.; Petelin, A. Serum Bilirubin Levels in Overweight and Obese Individuals: The Importance of

Anti-Inflammatory and Antioxidant Responses. Antioxidants 2021, 10, 1352. [CrossRef]
9. Vitek, L.; Hinds, T.D., Jr.; Stec, D.E.; Tiribelli, C. The physiology of bilirubin: Health and disease equilibrium. Trends Mol. Med.

2023, 29, 315–328. [CrossRef] [PubMed]
10. Creeden, J.F.; Gordon, D.M.; Stec, D.E.; Hinds, T.D., Jr. Bilirubin as a metabolic hormone: The physiological relevance of low

levels. Am. J. Physiol. Endocrinol. Metab. 2021, 320, E191–E207. [CrossRef] [PubMed]
11. Sedlak, T.W.; Snyder, S.H. Bilirubin benefits: Cellular protection by a biliverdin reductase antioxidant cycle. Pediatrics 2004, 113,

1776–1782. [CrossRef]
12. Vitek, L.; Schwertner, H.A. The heme catabolic pathway and its protective effects on oxidative stress-mediated diseases. Adv. Clin.

Chem. 2007, 43, 1–57. [CrossRef]
13. Chiddarwar, A.S.; D’Silva, S.Z.; Colah, R.B.; Ghosh, K.; Mukherjee, M.B. Genetic Variations in Bilirubin Metabolism Genes and

Their Association with Unconjugated Hyperbilirubinemia in Adults. Ann. Hum. Genet. 2017, 81, 11–19. [CrossRef]
14. Adin, C.A. Bilirubin as a Therapeutic Molecule: Challenges and Opportunities. Antioxidants 2021, 10, 1536. [CrossRef]
15. Idelman, G.; Smith, D.L.H.; Zucker, S.D. Bilirubin inhibits the up-regulation of inducible nitric oxide synthase by scavenging

reactive oxygen species generated by the toll-like receptor 4-dependent activation of NADPH oxidase. Redox Biol. 2015, 5, 398–408.
[CrossRef]

16. Bakrania, B.; Du Toit, E.F.; Ashton, K.J.; Kiessling, C.J.; Wagner, K.H.; Headrick, J.P.; Bulmer, A.C. Hyperbilirubinemia modulates
myocardial function, aortic ejection, and ischemic stress resistance in the Gunn rat. Am. J. Physiol. Heart Circ. Physiol. 2014, 307,
H1142–H1149. [CrossRef] [PubMed]

17. Ai, W.; Bae, S.; Ke, Q.; Su, S.; Li, R.; Chen, Y.; Yoo, D.; Lee, E.; Jon, S.; Kang, P.M. Bilirubin Nanoparticles Protect Against Cardiac
Ischemia/Reperfusion Injury in Mice. J. Am. Heart Assoc. 2021, 10, e021212. [CrossRef] [PubMed]

18. Kipp, Z.A.; Pauss, S.N.; Martinez, G.J.; Hinds, T.D., Jr.; Lee, W.H. Bilirubin Hepatic and Intestinal Transport and Catabolism:
Physiology, Pathophysiology, and Benefits. Antioxidants 2025, 14, 1326. [CrossRef] [PubMed]

19. Huang, M.J.; Chen, P.L.; Huang, C.S. Bilirubin metabolism and UDP-glucuronosyltransferase 1A1 variants in Asians: Pathogenic
implications and therapeutic response. Kaohsiung J. Med. Sci. 2022, 38, 729–738. [CrossRef]

20. Hall, B.; Levy, S.; Dufault-Thompson, K.; Arp, G.; Zhong, A.; Ndjite, G.M.; Weiss, A.; Braccia, D.; Jenkins, C.; Grant, M.R.; et al.
BilR is a gut microbial enzyme that reduces bilirubin to urobilinogen. Nat. Microbiol. 2024, 9, 173–184. [CrossRef]

21. Fevery, J. Bilirubin in clinical practice: A review. Liver Int. 2008, 28, 592–605. [CrossRef]
22. Hamoud, A.R.; Weaver, L.; Stec, D.E.; Hinds, T.D., Jr. Bilirubin in the Liver-Gut Signaling Axis. Trends Endocrinol. Metab. 2018, 29,

140–150. [CrossRef]
23. Vitek, L.; Kotal, P.; Jirsa, M.; Malina, J.; Cerna, M.; Chmelar, D.; Fevery, J. Intestinal colonization leading to fecal urobilinoid

excretion may play a role in the pathogenesis of neonatal jaundice. J. Pediatr. Gastroenterol. Nutr. 2000, 30, 294–298.
24. Midtvedt, T.; Gustafsson, B.E. Microbial conversion of bilirubin to urobilins in vitro and in vivo. Acta Pathol. Microbiol. Scand. B

1981, 89, 57–60. [CrossRef]
25. Tiribelli, C.; Ostrow, J.D. Intestinal flora and bilirubin. J. Hepatol. 2005, 42, 170–172. [CrossRef] [PubMed]
26. Lester, R.; Schmid, R. Intestinal Absorption of Bile Pigments. 3. The Enterohepatic Circulation of Urobilinogen in the Rat. J. Clin.

Investig. 1965, 44, 722–730. [CrossRef] [PubMed]
27. Lee, J.S.; Wang, J.; Martin, M.; Germer, S.; Kenwright, A.; Benayed, R.; Spleiss, O.; Platt, A.; Pilson, R.; Hemmings, A.; et al. Genetic

variation in UGT1A1 typical of Gilbert syndrome is associated with unconjugated hyperbilirubinemia in patients receiving
tocilizumab. Pharmacogenet. Genom. 2011, 21, 365–374. [CrossRef] [PubMed]

28. Lin, J.P.; O’Donnell, C.J.; Schwaiger, J.P.; Cupples, L.A.; Lingenhel, A.; Hunt, S.C.; Yang, S.; Kronenberg, F. Association between the
UGT1A1*28 allele, bilirubin levels, and coronary heart disease in the Framingham Heart Study. Circulation 2006, 114, 1476–1481.
[CrossRef]

29. Vitek, L. Bilirubin as a predictor of diseases of civilization. Is it time to establish decision limits for serum bilirubin concentrations?
Arch. Biochem. Biophys. 2019, 672, 108062. [CrossRef]

https://doi.org/10.3390/biom16050625

https://doi.org/10.1161/CIRCULATIONAHA.125.075592
https://doi.org/10.1093/cvr/cvae240
https://doi.org/10.1016/j.freeradbiomed.2013.04.001
https://doi.org/10.1038/s41390-019-0608-0
https://doi.org/10.1161/HYPERTENSIONAHA.118.11130
https://doi.org/10.3390/antiox10091352
https://doi.org/10.1016/j.molmed.2023.01.007
https://www.ncbi.nlm.nih.gov/pubmed/36828710
https://doi.org/10.1152/ajpendo.00405.2020
https://www.ncbi.nlm.nih.gov/pubmed/33284088
https://doi.org/10.1542/peds.113.6.1776
https://doi.org/10.1016/s0065-2423(06)43001-8
https://doi.org/10.1111/ahg.12179
https://doi.org/10.3390/antiox10101536
https://doi.org/10.1016/j.redox.2015.06.008
https://doi.org/10.1152/ajpheart.00001.2014
https://www.ncbi.nlm.nih.gov/pubmed/25128172
https://doi.org/10.1161/JAHA.121.021212
https://www.ncbi.nlm.nih.gov/pubmed/34622671
https://doi.org/10.3390/antiox14111326
https://www.ncbi.nlm.nih.gov/pubmed/41300483
https://doi.org/10.1002/kjm2.12579
https://doi.org/10.1038/s41564-023-01549-x
https://doi.org/10.1111/j.1478-3231.2008.01716.x
https://doi.org/10.1016/j.tem.2018.01.002
https://doi.org/10.1111/j.1699-0463.1981.tb00152_89B.x
https://doi.org/10.1016/j.jhep.2004.12.002
https://www.ncbi.nlm.nih.gov/pubmed/15664240
https://doi.org/10.1172/JCI105185
https://www.ncbi.nlm.nih.gov/pubmed/14276130
https://doi.org/10.1097/FPC.0b013e32834592fe
https://www.ncbi.nlm.nih.gov/pubmed/21412181
https://doi.org/10.1161/CIRCULATIONAHA.106.633206
https://doi.org/10.1016/j.abb.2019.108062
https://doi.org/10.3390/biom16050625


Biomolecules 2026, 16, 625 21 of 26

30. Woronyczova, J.; Novakova, M.; Lenicek, M.; Batovsky, M.; Bolek, E.; Cifkova, R.; Vitek, L. Serum Bilirubin Concentrations and
the Prevalence of Gilbert Syndrome in Elite Athletes. Sports Med. Open 2022, 8, 84. [CrossRef]

31. Ramakrishnan, N.; Bittar, K.; Jialal, I. Impaired Bilirubin Conjugation. In StatPearls; StatPearls Publishing: Treasure Island, FL,
USA, 2026.

32. Li, X.L.; Zhao, C.R.; Pan, C.L.; Jiang, G.; Zhang, B. Role of bilirubin in the prognosis of coronary artery disease and its relationship
with cardiovascular risk factors: A meta-analysis. BMC Cardiovasc. Disord. 2022, 22, 458. [CrossRef]

33. Wallner, M.; Marculescu, R.; Doberer, D.; Wolzt, M.; Wagner, O.; Vitek, L.; Bulmer, A.C.; Wagner, K.H. Protection from age-related
increase in lipid biomarkers and inflammation contributes to cardiovascular protection in Gilbert’s syndrome. Clin. Sci. 2013, 125,
257–264. [CrossRef]

34. McArdle, P.F.; Whitcomb, B.W.; Tanner, K.; Mitchell, B.D.; Shuldiner, A.R.; Parsa, A. Association between bilirubin and cardio-
vascular disease risk factors: Using Mendelian randomization to assess causal inference. BMC Cardiovasc. Disord. 2012, 12, 16.
[CrossRef]

35. Brown, D. Cardioprotection from a Silent Syndrome: Effect of Gilbert’s Syndrome on Cardiovascular Disease in Patients with
Familial Hypercholesterolemia. J. Clin. Lipidol. 2023, 17, e29. [CrossRef]

36. Seyed Khoei, N.; Grindel, A.; Wallner, M.; Molzer, C.; Doberer, D.; Marculescu, R.; Bulmer, A.; Wagner, K.H. Mild hyperbilirubi-
naemia as an endogenous mitigator of overweight and obesity: Implications for improved metabolic health. Atherosclerosis 2018,
269, 306–311. [CrossRef] [PubMed]

37. Molzer, C.; Wallner, M.; Kern, C.; Tosevska, A.; Schwarz, U.; Zadnikar, R.; Doberer, D.; Marculescu, R.; Wagner, K.H. Features of
an altered AMPK metabolic pathway in Gilbert’s Syndrome, and its role in metabolic health. Sci. Rep. 2016, 6, 30051. [CrossRef]
[PubMed]

38. Hinds, T.D., Jr.; Hosick, P.A.; Chen, S.; Tukey, R.H.; Hankins, M.W.; Nestor-Kalinoski, A.; Stec, D.E. Mice with hyperbilirubinemia
due to Gilbert’s syndrome polymorphism are resistant to hepatic steatosis by decreased serine 73 phosphorylation of PPARα. Am.
J. Physiol. Endocrinol. Metab. 2017, 312, E244–E252. [CrossRef]

39. Kipp, Z.A.; Badmus, O.O.; Stec, D.E.; Hall, B.; Hinds, T.D., Jr. Bilirubin bioconversion to urobilin in the gut-liver-kidney axis:
A biomarker for insulin resistance in the Cardiovascular-Kidney-Metabolic (CKM) Syndrome. Metabolism 2025, 163, 156081.
[CrossRef]

40. Erlinger, S.; Arias, I.M.; Dhumeaux, D. Inherited disorders of bilirubin transport and conjugation: New insights into molecular
mechanisms and consequences. Gastroenterology 2014, 146, 1625–1638. [CrossRef]

41. Kimura, A.; Kagawa, T.; Takei, H.; Maruo, Y.; Sakugawa, H.; Sasaki, T.; Murai, T.; Naritaka, N.; Takikawa, H.; Nittono, H.
Rotor Syndrome: Glucuronidated Bile Acidemia From Defective Reuptake by Hepatocytes. Hepatol. Commun. 2021, 5, 629–633.
[CrossRef]

42. Zhao, C.; Huang, H. Recurrent SLCO1B1 and SLCO1B3 mutations identified in three patients with Rotor syndrome. Front. Med.
2025, 12, 1630360. [CrossRef]

43. Stocker, R.; Yamamoto, Y.; McDonagh, A.F.; Glazer, A.N.; Ames, B.N. Bilirubin is an antioxidant of possible physiological
importance. Science 1987, 235, 1043–1046. [CrossRef]

44. Jansen, T.; Daiber, A. Direct Antioxidant Properties of Bilirubin and Biliverdin. Is there a Role for Biliverdin Reductase? Front.
Pharmacol. 2012, 3, 30. [CrossRef]

45. Ott, M.; Zhivotovsky, B.; Orrenius, S. Role of cardiolipin in cytochrome c release from mitochondria. Cell Death Differ. 2007, 14,
1243–1247. [CrossRef]

46. Khodagholi, F.; Shaerzadeh, F.; Montazeri, F. Mitochondrial Aconitase in Neurodegenerative Disorders: Role of a Metabolism-
related Molecule in Neurodegeneration. Curr. Drug Targets 2018, 19, 973–985. [CrossRef]

47. Paradies, G.; Petrosillo, G.; Paradies, V.; Ruggiero, F.M. Oxidative stress, mitochondrial bioenergetics, and cardiolipin in aging.
Free Radic. Biol. Med. 2010, 48, 1286–1295. [CrossRef] [PubMed]

48. Neuzil, J.; Stocker, R. Free and albumin-bound bilirubin are efficient co-antioxidants for α-tocopherol, inhibiting plasma and low
density lipoprotein lipid peroxidation. J. Biol. Chem. 1994, 269, 16712–16719. [CrossRef] [PubMed]

49. Paul, B.D.; Pieper, A.A. Neuroprotective Roles of the Biliverdin Reductase-A/Bilirubin Axis in the Brain. Biomolecules 2024,
14, 155. [CrossRef] [PubMed]

50. Lanzillotta, C.; Tramutola, A.; Lanzillotta, S.; Greco, V.; Pagnotta, S.; Sanchini, C.; Di Angelantonio, S.; Forte, E.; Rinaldo, S.;
Paone, A.; et al. Biliverdin Reductase-A integrates insulin signaling with mitochondrial metabolism through phosphorylation of
GSK3beta. Redox Biol. 2024, 73, 103221. [CrossRef]

51. Kwak, J.Y.; Takeshige, K.; Cheung, B.S.; Minakami, S. Bilirubin inhibits the activation of superoxide-producing NADPH oxidase
in a neutrophil cell-free system. Biochim. Biophys. Acta 1991, 1076, 369–373. [CrossRef]

52. Lanone, S.; Bloc, S.; Foresti, R.; Almolki, A.; Taille, C.; Callebert, J.; Conti, M.; Goven, D.; Aubier, M.; Dureuil, B.; et al. Bilirubin
decreases nos2 expression via inhibition of NAD(P)H oxidase: Implications for protection against endotoxic shock in rats.
FASEB J. 2005, 19, 1890–1892. [CrossRef]

https://doi.org/10.3390/biom16050625

https://doi.org/10.1186/s40798-022-00463-6
https://doi.org/10.1186/s12872-022-02899-w
https://doi.org/10.1042/CS20120661
https://doi.org/10.1186/1471-2261-12-16
https://doi.org/10.1016/j.jacl.2023.05.043
https://doi.org/10.1016/j.atherosclerosis.2017.12.021
https://www.ncbi.nlm.nih.gov/pubmed/29279144
https://doi.org/10.1038/srep30051
https://www.ncbi.nlm.nih.gov/pubmed/27444220
https://doi.org/10.1152/ajpendo.00396.2016
https://doi.org/10.1016/j.metabol.2024.156081
https://doi.org/10.1053/j.gastro.2014.03.047
https://doi.org/10.1002/hep4.1660
https://doi.org/10.3389/fmed.2025.1630360
https://doi.org/10.1126/science.3029864
https://doi.org/10.3389/fphar.2012.00030
https://doi.org/10.1038/sj.cdd.4402135
https://doi.org/10.2174/1389450118666170816124203
https://doi.org/10.1016/j.freeradbiomed.2010.02.020
https://www.ncbi.nlm.nih.gov/pubmed/20176101
https://doi.org/10.1016/S0021-9258(19)89449-8
https://www.ncbi.nlm.nih.gov/pubmed/8206992
https://doi.org/10.3390/biom14020155
https://www.ncbi.nlm.nih.gov/pubmed/38397392
https://doi.org/10.1016/j.redox.2024.103221
https://doi.org/10.1016/0167-4838(91)90478-I
https://doi.org/10.1096/fj.04-2368fje
https://doi.org/10.3390/biom16050625


Biomolecules 2026, 16, 625 22 of 26

53. Fujii, M.; Inoguchi, T.; Sasaki, S.; Maeda, Y.; Zheng, J.; Kobayashi, K.; Takayanagi, R. Bilirubin and biliverdin protect rodents
against diabetic nephropathy by downregulating NAD(P)H oxidase. Kidney Int. 2010, 78, 905–919. [CrossRef]

54. Shum, M.; Shintre, C.A.; Althoff, T.; Gutierrez, V.; Segawa, M.; Saxberg, A.D.; Martinez, M.; Adamson, R.; Young, M.R.; Faust, B.;
et al. ABCB10 exports mitochondrial biliverdin, driving metabolic maladaptation in obesity. Sci. Transl. Med. 2021, 13, eabd1869.
[CrossRef]

55. Wu, T.W.; Wu, J.; Li, R.K.; Mickle, D.; Carey, D. Albumin-bound bilirubins protect human ventricular myocytes against oxyradical
damage. Biochem. Cell Biol. 1991, 69, 683–688. [CrossRef]

56. Stec, D.E.; John, K.; Trabbic, C.J.; Luniwal, A.; Hankins, M.W.; Baum, J.; Hinds, T.D., Jr. Bilirubin Binding to PPARα Inhibits Lipid
Accumulation. PLoS ONE 2016, 11, e0153427. [CrossRef] [PubMed]

57. Gordon, D.M.; Blomquist, T.M.; Miruzzi, S.A.; McCullumsmith, R.; Stec, D.E.; Hinds, T.D., Jr. RNA sequencing in human HepG2
hepatocytes reveals PPAR-α mediates transcriptome responsiveness of bilirubin. Physiol. Genom. 2019, 51, 234–240. [CrossRef]
[PubMed]

58. Taghizadeh, M.; Maleki, M.H.; Vakili, O.; Tavakoli, R.; Zarei, P.; Dehghanian, A.; Bordbar, H.; Shafiee, S.M. Bilirubin, a
hepatoprotective agent that activates SIRT1, PGC-1α, and PPAR-α, while inhibiting NF-kappaB in rats with metabolic-associated
fatty liver disease. Sci. Rep. 2024, 14, 29244. [CrossRef] [PubMed]

59. Kipp, Z.A.; Martinez, G.J.; Bates, E.A.; Maharramov, A.B.; Flight, R.M.; Moseley, H.N.B.; Morris, A.J.; Stec, D.E.; Hinds, T.D.,
Jr. Bilirubin Nanoparticle Treatment in Obese Mice Inhibits Hepatic Ceramide Production and Remodels Liver Fat Content.
Metabolites 2023, 13, 215. [CrossRef]

60. Lee, W.H.; Kipp, Z.A.; Bates, E.A.; Pauss, S.N.; Martinez, G.J.; Hinds, T.D., Jr. The physiology of MASLD: Molecular pathways
between liver and adipose tissues. Clin. Sci. 2025, 139, 1015–1046. [CrossRef]

61. Trentzsch, M.; Nyamugenda, E.; Miles, T.K.; Griffin, H.; Russell, S.; Koss, B.; Cooney, K.A.; Phelan, K.D.; Tackett, A.J.; Iyer, S.;
et al. Delivery of phosphatidylethanolamine blunts stress in hepatoma cells exposed to elevated palmitate by targeting the
endoplasmic reticulum. Cell Death Discov. 2020, 6, 8. [CrossRef]

62. Linz, W.; Wohlfart, P.; Baader, M.; Breitschopf, K.; Falk, E.; Schafer, H.L.; Gerl, M.; Kramer, W.; Rutten, H. The peroxisome
proliferator-activated receptor-α (PPAR-α) agonist, AVE8134, attenuates the progression of heart failure and increases survival in
rats. Acta Pharmacol. Sin. 2009, 30, 935–946. [CrossRef]

63. Kaimoto, S.; Hoshino, A.; Ariyoshi, M.; Okawa, Y.; Tateishi, S.; Ono, K.; Uchihashi, M.; Fukai, K.; Iwai-Kanai, E.; Matoba, S.
Activation of PPAR-α in the early stage of heart failure maintained myocardial function and energetics in pressure-overload heart
failure. Am. J. Physiol. Heart Circ. Physiol. 2017, 312, H305–H313. [CrossRef] [PubMed]

64. Santos, M.H.; Higuchi Mde, L.; Tucci, P.J.; Garavelo, S.M.; Reis, M.M.; Antonio, E.L.; Serra, A.J.; Maranhao, R.C. Previous exercise
training increases levels of PPAR-α in long-term post-myocardial infarction in rats, which is correlated with better inflammatory
response. Clinics 2016, 71, 163–168. [CrossRef] [PubMed]

65. Summer, G.; Kuhn, A.R.; Munts, C.; Miranda-Silva, D.; Leite-Moreira, A.F.; Lourenco, A.P.; Heymans, S.; Falcao-Pires, I.; van
Bilsen, M. A directed network analysis of the cardiome identifies molecular pathways contributing to the development of HFpEF.
J. Mol. Cell. Cardiol. 2020, 144, 66–75. [CrossRef]

66. Xu, H.; Gao, K.; Liu, C.; Li, T.; Ding, Y.; Ma, J. Pathological mechanism of heart failure with preserved ejection fraction in rats
based on iTRAQ technology. PeerJ 2023, 11, e15280. [CrossRef]

67. Badmus, O.O.; Kipp, Z.A.; Bates, E.A.; da Silva, A.A.; Taylor, L.C.; Martinez, G.J.; Lee, W.H.; Creeden, J.F.; Hinds, T.D., Jr.; Stec,
D.E. Loss of hepatic PPARα in mice causes hypertension and cardiovascular disease. Am. J. Physiol. Regul. Integr. Comp. Physiol.
2023, 325, R81–R95. [CrossRef]

68. Mustafa, M.G.; Cowger, M.L.; King, T.E. Effects of bilirubin on mitochondrial reactions. J. Biol. Chem. 1969, 244, 6403–6414.
[CrossRef]

69. Gordon, D.M.; Neifer, K.L.; Hamoud, A.A.; Hawk, C.F.; Nestor-Kalinoski, A.L.; Miruzzi, S.A.; Morran, M.P.; Adeosun, S.O.;
Sarver, J.G.; Erhardt, P.W.; et al. Bilirubin remodels murine white adipose tissue by reshaping mitochondrial activity and the
coregulator profile of peroxisome proliferator-activated receptor α. J. Biol. Chem. 2020, 295, 9804–9822. [CrossRef]

70. Scarpulla, R.C. Metabolic control of mitochondrial biogenesis through the PGC-1 family regulatory network. Biochim. Biophys.
Acta 2011, 1813, 1269–1278. [CrossRef]

71. Gordon, D.M.; Adeosun, S.O.; Ngwudike, S.I.; Anderson, C.D.; Hall, J.E.; Hinds, T.D., Jr.; Stec, D.E. CRISPR Cas9-mediated
deletion of biliverdin reductase A (BVRA) in mouse liver cells induces oxidative stress and lipid accumulation. Arch. Biochem.
Biophys. 2019, 672, 108072. [CrossRef] [PubMed]

72. Sundararaghavan, V.L.; Binepal, S.; Stec, D.E.; Sindhwani, P.; Hinds, T.D., Jr. Bilirubin, a new therapeutic for kidney transplant?
Transpl. Rev. 2018, 32, 234–240. [CrossRef] [PubMed]

73. Adeosun, S.O.; Moore, K.H.; Lang, D.M.; Nwaneri, A.C.; Hinds, T.D., Jr.; Stec, D.E. A Novel Fluorescence-Based Assay for the
Measurement of Biliverdin Reductase Activity. React. Oxyg. Species 2018, 5, 35–45. [CrossRef]

https://doi.org/10.3390/biom16050625

https://doi.org/10.1038/ki.2010.265
https://doi.org/10.1126/scitranslmed.abd1869
https://doi.org/10.1139/o91-102
https://doi.org/10.1371/journal.pone.0153427
https://www.ncbi.nlm.nih.gov/pubmed/27071062
https://doi.org/10.1152/physiolgenomics.00028.2019
https://www.ncbi.nlm.nih.gov/pubmed/31074682
https://doi.org/10.1038/s41598-024-80119-5
https://www.ncbi.nlm.nih.gov/pubmed/39587213
https://doi.org/10.3390/metabo13020215
https://doi.org/10.1042/CS20257571
https://doi.org/10.1038/s41420-020-0241-z
https://doi.org/10.1038/aps.2009.58
https://doi.org/10.1152/ajpheart.00553.2016
https://www.ncbi.nlm.nih.gov/pubmed/28011586
https://doi.org/10.6061/clinics/2016(03)08
https://www.ncbi.nlm.nih.gov/pubmed/27074178
https://doi.org/10.1016/j.yjmcc.2020.05.008
https://doi.org/10.7717/peerj.15280
https://doi.org/10.1152/ajpregu.00057.2023
https://doi.org/10.1016/S0021-9258(18)63479-9
https://doi.org/10.1074/jbc.RA120.013700
https://doi.org/10.1016/j.bbamcr.2010.09.019
https://doi.org/10.1016/j.abb.2019.108072
https://www.ncbi.nlm.nih.gov/pubmed/31422074
https://doi.org/10.1016/j.trre.2018.06.003
https://www.ncbi.nlm.nih.gov/pubmed/29983261
https://doi.org/10.20455/ros.2018.809
https://doi.org/10.3390/biom16050625


Biomolecules 2026, 16, 625 23 of 26

74. Lee, W.H.; Kipp, Z.A.; Pauss, S.N.; Martinez, G.J.; Bates, E.A.; Badmus, O.O.; Stec, D.E.; Hinds, T.D., Jr. Heme oxygenase,
biliverdin reductase, and bilirubin pathways regulate oxidative stress and insulin resistance: A focus on diabetes and therapeutics.
Clin. Sci. 2025, 139, 171–198. [CrossRef]

75. Kumar, A.A.; Kelly, D.P.; Chirinos, J.A. Mitochondrial Dysfunction in Heart Failure with Preserved Ejection Fraction. Circulation
2019, 139, 1435–1450. [CrossRef]

76. Wen, G.; Yao, L.; Hao, Y.; Wang, J.; Liu, J. Bilirubin ameliorates murine atherosclerosis through inhibiting cholesterol synthesis
and reshaping the immune system. J. Transl. Med. 2022, 20, 1. [CrossRef]

77. Mazzone, G.L.; Rigato, I.; Ostrow, J.D.; Bossi, F.; Bortoluzzi, A.; Sukowati, C.H.; Tedesco, F.; Tiribelli, C. Bilirubin inhibits the
TNFα-related induction of three endothelial adhesion molecules. Biochem. Biophys. Res. Commun. 2009, 386, 338–344. [CrossRef]

78. Vogel, M.E.; Zucker, S.D. Bilirubin acts as an endogenous regulator of inflammation by disrupting adhesion molecule-mediated
leukocyte migration. Inflamm. Cell Signal. 2016, 3, e1178. [CrossRef]

79. Li, Y.; Huang, B.; Ye, T.; Wang, Y.; Xia, D.; Qian, J. Physiological concentrations of bilirubin control inflammatory response by
inhibiting NF-kappaB and inflammasome activation. Int. Immunopharmacol. 2020, 84, 106520. [CrossRef] [PubMed]

80. Maruhashi, T.; Kihara, Y.; Higashi, Y. Bilirubin and Endothelial Function. J. Atheroscler. Thromb. 2019, 26, 688–696. [CrossRef]
[PubMed]

81. Maleki, M.H.; Vakili, O.; Tavakoli, R.; Nadimi, E.; Noori, Z.; Taghizadeh, M.; Dehghanian, A.; Tayebi, L.; Shafiee, S.M. Protective
and curative effects of unconjugated bilirubin on gene expression of LOX-1 and iNOS in the heart of rats receiving high-fat diet
and low dose streptozotocin: A histomorphometric approach. J. Inflamm. 2024, 21, 26. [CrossRef]

82. Zhang, Y.; Luan, H.; Song, P. Bilirubin metabolism and its application in disease prevention: Mechanisms and research advances.
Inflamm. Res. 2025, 74, 81. [CrossRef]

83. Khan, N.M.; Poduval, T.B. Immunomodulatory and immunotoxic effects of bilirubin: Molecular mechanisms. J. Leukoc. Biol. 2011,
90, 997–1015. [CrossRef]

84. Ziberna, L.; Martelanc, M.; Franko, M.; Passamonti, S. Bilirubin is an Endogenous Antioxidant in Human Vascular Endothelial
Cells. Sci. Rep. 2016, 6, 29240. [CrossRef]

85. Hinds, T.D., Jr.; Kipp, Z.A.; Xu, M.; Yiannikouris, F.B.; Morris, A.J.; Stec, D.F.; Wahli, W.; Stec, D.E. Adipose-Specific PPARα
Knockout Mice Have Increased Lipogenesis by PASK-SREBP1 Signaling and a Polarity Shift to Inflammatory Macrophages in
White Adipose Tissue. Cells 2021, 11, 4. [CrossRef]

86. Qaisiya, M.; Coda Zabetta, C.D.; Bellarosa, C.; Tiribelli, C. Bilirubin mediated oxidative stress involves antioxidant response
activation via Nrf2 pathway. Cell. Signal. 2014, 26, 512–520. [CrossRef] [PubMed]

87. Song, S.; Wang, S.; Ma, J.; Yao, L.; Xing, H.; Zhang, L.; Liao, L.; Zhu, D. Biliverdin reductase/bilirubin mediates the anti-apoptotic
effect of hypoxia in pulmonary arterial smooth muscle cells through ERK1/2 pathway. Exp. Cell Res. 2013, 319, 1973–1987.
[CrossRef] [PubMed]

88. Schiavon, E.; Smalley, J.L.; Newton, S.; Greig, N.H.; Forsythe, I.D. Neuroinflammation and ER-stress are key mechanisms of acute
bilirubin toxicity and hearing loss in a mouse model. PLoS ONE 2018, 13, e0201022. [CrossRef]

89. Dong, H.; Huang, H.; Yun, X.; Kim, D.S.; Yue, Y.; Wu, H.; Sutter, A.; Chavin, K.D.; Otterbein, L.E.; Adams, D.B.; 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, 818–828. [CrossRef]

90. Maleki, M.H.; Nadimi, E.; Vakili, O.; Tavakoli, R.; Taghizadeh, M.; Dehghanian, A.; Bordbar, H.; Shafiee, S.M. Bilirubin improves
renal function by reversing the endoplasmic reticulum stress and inflammation in the kidneys of type 2 diabetic rats fed high-fat
diet. Chem. Biol. Interact. 2023, 378, 110490. [CrossRef]

91. Zhao, J.; Ye, H.; Wu, X.; Wang, D.; Ke, Y.; Fang, W. Impact of hyperbilirubinemia on rat cardiomyocyte injury. BMC Cardiovasc.
Disord. 2025, 25, 408. [CrossRef] [PubMed]

92. Kartoun, U.; Fahed, A.C.; Kany, S.; Singh, P.; Khurshid, S.; Patel, A.P.; Batra, P.; Philippakis, A.; Khera, A.V.; Lubitz, S.A.; et al.
Exploring the link between Gilbert’s syndrome and atherosclerotic cardiovascular disease: Insights from a subpopulation-based
analysis of over one million individuals. Eur. Heart J. Open 2023, 3, oead059. [CrossRef] [PubMed]

93. Hamilton, F.W.; Abeysekera, K.; Hamilton, W.; Timpson, N.J. Effect of bilirubin and Gilbert syndrome on health: Cohort analysis
of observational, genetic, and Mendelian randomisation associations. BMJ Med. 2023, 2, e000467. [CrossRef]

94. Zuo, L.; Huang, J.; Zhang, H.; Huang, B.; Wu, X.; Chen, L.; Xia, S.; Dong, X.; Hao, G. Dose-Response Association Between
Bilirubin and Cardiovascular Disease: A Systematic Review and Meta-analysis. Angiology 2022, 73, 911–919. [CrossRef]

95. Koria, H.; Mehta, A. Hemin-induced HO-1 protects isolated rat hearts from ischemia-reperfusion injury by activation of pro-
survival signalling pathways. Am. J. Transl. Res. 2025, 17, 7626–7639. [CrossRef]

96. Seki, T.; Naruse, M.; Naruse, K.; Yoshimoto, T.; Tanabe, A.; Seki, M.; Tago, K.; Imaki, T.; Demura, R.; Demura, H. Induction of
heme oxygenase produces load-independent cardioprotective effects in hypertensive rats. Life Sci. 1999, 65, 1077–1086. [CrossRef]
[PubMed]

https://doi.org/10.3390/biom16050625

https://doi.org/10.1042/CS20242825
https://doi.org/10.1161/CIRCULATIONAHA.118.036259
https://doi.org/10.1186/s12967-021-03207-4
https://doi.org/10.1016/j.bbrc.2009.06.029
https://doi.org/10.14800/ics.1178
https://doi.org/10.1016/j.intimp.2020.106520
https://www.ncbi.nlm.nih.gov/pubmed/32325405
https://doi.org/10.5551/jat.RV17035
https://www.ncbi.nlm.nih.gov/pubmed/31270300
https://doi.org/10.1186/s12950-024-00397-8
https://doi.org/10.1007/s00011-025-02049-w
https://doi.org/10.1189/jlb.0211070
https://doi.org/10.1038/srep29240
https://doi.org/10.3390/cells11010004
https://doi.org/10.1016/j.cellsig.2013.11.029
https://www.ncbi.nlm.nih.gov/pubmed/24308969
https://doi.org/10.1016/j.yexcr.2013.05.015
https://www.ncbi.nlm.nih.gov/pubmed/23722043
https://doi.org/10.1371/journal.pone.0201022
https://doi.org/10.1210/en.2013-1667
https://doi.org/10.1016/j.cbi.2023.110490
https://doi.org/10.1186/s12872-025-04859-6
https://www.ncbi.nlm.nih.gov/pubmed/40426036
https://doi.org/10.1093/ehjopen/oead059
https://www.ncbi.nlm.nih.gov/pubmed/37377635
https://doi.org/10.1136/bmjmed-2022-000467
https://doi.org/10.1177/00033197211059693
https://doi.org/10.62347/XJXV3554
https://doi.org/10.1016/S0024-3205(99)00338-0
https://www.ncbi.nlm.nih.gov/pubmed/10499875
https://doi.org/10.3390/biom16050625


Biomolecules 2026, 16, 625 24 of 26

97. Mito, S.; Ozono, R.; Oshima, T.; Yano, Y.; Watari, Y.; Yamamoto, Y.; Brydun, A.; Igarashi, K.; Yoshizumi, M. Myocardial protection
against pressure overload in mice lacking Bach1, a transcriptional repressor of heme oxygenase-1. Hypertension 2008, 51, 1570–1577.
[CrossRef] [PubMed]

98. McDonagh, T.A.; Metra, M.; Adamo, M.; Gardner, R.S.; Baumbach, A.; Bohm, M.; Burri, H.; Butler, J.; Celutkiene, J.; Chioncel,
O.; et al. 2023 Focused Update of the 2021 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure:
Developed by the task force for the diagnosis and treatment of acute and chronic heart failure of the European Society of
Cardiology (ESC) With the special contribution of the Heart Failure Association (HFA) of the ESC. Eur. J. Heart Fail. 2024, 26, 5–17.
[CrossRef]

99. Adamson, C.; Cowan, L.M.; de Boer, R.A.; Diez, M.; Drozdz, J.; Dukat, A.; Inzucchi, S.E.; Kober, L.; Kosiborod, M.N.; Ljungman,
C.E.A.; et al. Liver tests and outcomes in heart failure with reduced ejection fraction: Findings from DAPA-HF. Eur. J. Heart Fail.
2022, 24, 1856–1868. [CrossRef]

100. Frikha, Z.; Ferreira, J.P.; Bozec, E.; McMurray, J.J.V.; Pitt, B.; Dickstein, K.; Rossignol, P.; Zannad, F.; Girerd, N.; High-Risk
Myocardial Infarction Database Initiative Investigators. Relation of High Serum Bilirubin to Short-Term Mortality Following a
Myocardial Infarction Complicated by Left Ventricular Systolic Dysfunction (from the High-Risk Myocardial Infarction Database
Initiative). Am. J. Cardiol. 2018, 121, 1015–1020. [CrossRef]

101. Zhong, Y.; Li, L. Bilirubin as a predictor of severity and adverse clinical outcomes of acute ischemic stroke: A systematic review
and meta-analysis. BMC Neurol. 2025, 25, 159. [CrossRef]

102. Shen, H.; Zeng, C.; Wu, X.; Liu, S.; Chen, X. Prognostic value of total bilirubin in patients with acute myocardial infarction: A
meta-analysis. Medicine 2019, 98, e13920. [CrossRef]

103. Tang, X.L.; Alloosh, M.; Ou, Q.; Luo, L.; Agrawal, D.K.; Kalra, D.K.; Sturek, M.; Bolli, R. A new model of heart failure with
preserved ejection fraction induced by metabolic syndrome in Ossabaw miniature swine. Basic. Res. Cardiol. 2025, 120, 559–578.
[CrossRef] [PubMed]

104. Mohammed, S.F.; Hussain, S.; Mirzoyev, S.A.; Edwards, W.D.; Maleszewski, J.J.; Redfield, M.M. Coronary microvascular
rarefaction and myocardial fibrosis in heart failure with preserved ejection fraction. Circulation 2015, 131, 550–559. [CrossRef]

105. Wang, S.; Chen, Y.; Ma, H.; Wang, Y.; Luo, M.; Xie, X.; Yang, Q.; Lin, K.; Lin, M.; Lin, L.; et al. Direct Bilirubin, but not Indirect
Bilirubin, is Associated with Short-term Adverse Events in HFpEF. Curr. Gene Ther. 2024, 24, 321–330. [CrossRef]

106. Guan, B.; Yang, M.; Shen, X.; Wang, Y.; Liu, Y.; Liu, R.; Li, S.; Cao, J. Genetically determined serum bilirubin level and the risk of
heart failure: A mendelian randomization study. Front. Genet. 2023, 14, 1067146. [CrossRef]

107. Kunutsor, S.K.; Kieneker, L.M.; Burgess, S.; Bakker, S.J.L.; Dullaart, R.P.F. Circulating Total Bilirubin and Future Risk of
Hypertension in the General Population: The Prevention of Renal and Vascular End-Stage Disease (PREVEND) Prospective Study
and a Mendelian Randomization Approach. J. Am. Heart Assoc. 2017, 6, e006503. [CrossRef] [PubMed]

108. Williams, K.I.; Suryadevara, P.; Zhan, C.G.; Hinds, T.D., Jr.; Kipp, Z.A. Urobilin Derived from Bilirubin Bioconversion Binds
Albumin and May Interfere with Bilirubin Interacting with Albumin: Implications for Disease Pathology. Biomedicines 2025,
13, 302. [CrossRef] [PubMed]

109. Edelman, M.H.; Halpern, L.; Killian, J.A. UROBILINURIA: Its Prognostic value in Children with heart disease. Am. J. Dis. Child.
1930, 39, 711–728. [CrossRef]

110. Branwood, A.W. Some observations on liver function in heart failure. Edinb. Med. J. 1950, 57, 129–138.
111. Jolliffe, N. Liver Function in Congestive Heart Failure. J. Clin. Investig. 1930, 8, 419–433. [CrossRef]
112. Das, G.; Nussbaum, H.E.; Leff, W.A. Hepatic function in acute myocardial infarction. JAMA 1974, 230, 1558–1560. [CrossRef]
113. Evans, J.M.; Wood, O.H.; Brew, E.M. Increased urinary urobilinogen following acute myocardial infarction. Circulation 1952, 6,

925–929. [CrossRef]
114. Rabinowitch, I.M. Relationship between impairment of liver function and premature development of arteriosclerosis in diabetes

mellitus. Can. Med. Assoc. J. 1948, 58, 547–556.
115. Chávez, I.; Sepúlveda, B.; Ortega, A.I. The functional value of the liver in heart disease: An experimental study. J. Am. Med. Assoc.

1943, 121, 1276–1282. [CrossRef]
116. Smith, E.; Ottosson, F.; Hellstrand, S.; Ericson, U.; Orho-Melander, M.; Fernandez, C.; Melander, O. Ergothioneine is associated

with reduced mortality and decreased risk of cardiovascular disease. Heart 2020, 106, 691–697. [CrossRef] [PubMed]
117. Stenemo, M.; Ganna, A.; Salihovic, S.; Nowak, C.; Sundstrom, J.; Giedraitis, V.; Broeckling, C.D.; Prenni, J.E.; Svensson, P.;

Magnusson, P.K.E.; et al. The metabolites urobilin and sphingomyelin (30:1) are associated with incident heart failure in the
general population. ESC Heart Fail. 2019, 6, 764–773. [CrossRef]

118. Herreros-Cabello, A.; Bosch-Nicolau, P.; Perez-Molina, J.A.; Salvador, F.; Monge-Maillo, B.; Rodriguez-Palomares, J.F.; Ribeiro,
A.L.P.; Sanchez-Montalva, A.; Sabino, E.C.; Norman, F.F.; et al. Identification of Chagas disease biomarkers using untargeted
metabolomics. Sci. Rep. 2024, 14, 18768. [CrossRef]

https://doi.org/10.3390/biom16050625

https://doi.org/10.1161/HYPERTENSIONAHA.107.102566
https://www.ncbi.nlm.nih.gov/pubmed/18426999
https://doi.org/10.1002/ejhf.3024
https://doi.org/10.1002/ejhf.2649
https://doi.org/10.1016/j.amjcard.2018.01.012
https://doi.org/10.1186/s12883-025-04168-7
https://doi.org/10.1097/MD.0000000000013920
https://doi.org/10.1007/s00395-025-01112-1
https://www.ncbi.nlm.nih.gov/pubmed/40312575
https://doi.org/10.1161/CIRCULATIONAHA.114.009625
https://doi.org/10.2174/0115665232273115240102043640
https://doi.org/10.3389/fgene.2023.1067146
https://doi.org/10.1161/JAHA.117.006503
https://www.ncbi.nlm.nih.gov/pubmed/29133521
https://doi.org/10.3390/biomedicines13020302
https://www.ncbi.nlm.nih.gov/pubmed/40002715
https://doi.org/10.1001/archpedi.1930.01930160029004
https://doi.org/10.1172/JCI100272
https://doi.org/10.1001/jama.1974.03240110050019
https://doi.org/10.1161/01.CIR.6.6.925
https://doi.org/10.1001/jama.1943.02840160026006
https://doi.org/10.1136/heartjnl-2019-315485
https://www.ncbi.nlm.nih.gov/pubmed/31672783
https://doi.org/10.1002/ehf2.12453
https://doi.org/10.1038/s41598-024-69205-w
https://doi.org/10.3390/biom16050625


Biomolecules 2026, 16, 625 25 of 26

119. Sun, L.; Jia, H.; Li, J.; Yu, M.; Yang, Y.; Tian, D.; Zhang, H.; Zou, Z. Cecal Gut Microbiota and Metabolites Might Contribute to the
Severity of Acute Myocardial Ischemia by Impacting the Intestinal Permeability, Oxidative Stress, and Energy Metabolism. Front.
Microbiol. 2019, 10, 1745. [CrossRef] [PubMed]

120. Kipp, Z.A.; Xu, M.; Bates, E.A.; Lee, W.H.; Kern, P.A.; Hinds, T.D., Jr. Bilirubin Levels Are Negatively Correlated with Adiposity
in Obese Men and Women, and Its Catabolized Product, Urobilin, Is Positively Associated with Insulin Resistance. Antioxidants
2023, 12, 170. [CrossRef]

121. Baek, S.H.; Kim, M.; Kim, M.; Kang, M.; Yoo, H.J.; Lee, N.H.; Kim, Y.H.; Song, M.; Lee, J.H. Metabolites distinguishing visceral fat
obesity and atherogenic traits in individuals with overweight. Obesity 2017, 25, 323–331. [CrossRef]

122. Ottosson, F.; Smith, E.; Fernandez, C.; Melander, O. Plasma Metabolites Associate with All-Cause Mortality in Individuals with
Type 2 Diabetes. Metabolites 2020, 10, 315. [CrossRef]

123. Li, X.; Wang, R.; Zhou, H.; Li, R.; Chang, H.; Shi, S. Serum-urine metabolic integration via UPLC-QTOF/MS uncovers shared
pathway biomarkers for cirrhosis diagnosis. Front. Med. 2026, 12, 1646323. [CrossRef]

124. Walker, A.; Pfitzner, B.; Neschen, S.; Kahle, M.; Harir, M.; Lucio, M.; Moritz, F.; Tziotis, D.; Witting, M.; Rothballer, M.; et al.
Distinct signatures of host-microbial meta-metabolome and gut microbiome in two C57BL/6 strains under high-fat diet. ISME J.
2014, 8, 2380–2396. [CrossRef]

125. Bates, E.A.; Kipp, Z.A.; Martinez, G.J.; Badmus, O.O.; Soundarapandian, M.M.; Foster, D.; Xu, M.; Creeden, J.F.; Greer, J.R.; Morris,
A.J.; et al. Suppressing Hepatic UGT1A1 Increases Plasma Bilirubin, Lowers Plasma Urobilin, Reorganizes Kinase Signaling
Pathways and Lipid Species and Improves Fatty Liver Disease. Biomolecules 2023, 13, 252. [CrossRef] [PubMed]

126. Horsfall, L.J.; Nazareth, I.; Petersen, I. Cardiovascular events as a function of serum bilirubin levels in a large, statin-treated
cohort. Circulation 2012, 126, 2556–2564. [CrossRef]

127. Kunutsor, S.K.; Bakker, S.J.; Gansevoort, R.T.; Chowdhury, R.; Dullaart, R.P. Circulating total bilirubin and risk of incident
cardiovascular disease in the general population. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 716–724. [CrossRef]

128. Wang, H.; Jia, Q.; Shi, J.; Hu, Y. Prognostic value of serum bilirubin in patients with heart failure: A protocol for a systematic
review and meta-analysis. Medicine 2021, 100, e26180. [CrossRef]

129. Song, Y.; Li, W. Relationship between elevated serum direct bilirubin and atrial fibrillation risk among patients with coronary
artery disease. Front. Med. 2025, 12, 1405682. [CrossRef]

130. Vitek, L.; Jirsa, M.; Brodanova, M.; Kalab, M.; Marecek, Z.; Danzig, V.; Novotny, L.; Kotal, P. Gilbert syndrome and ischemic heart
disease: A protective effect of elevated bilirubin levels. Atherosclerosis 2002, 160, 449–456. [CrossRef] [PubMed]

131. De Silva, A.P.; Nuwanshika, N.; Niriella, M.A.; de Silva, H.J. Gilbert’s syndrome: The good, the bad and the ugly. World J. Hepatol.
2025, 17, 98503. [CrossRef] [PubMed]

132. Zucker, S.D.; Horn, P.S.; Sherman, K.E. Serum bilirubin levels in the U.S. population: Gender effect and inverse correlation with
colorectal cancer. Hepatology 2004, 40, 827–835. [CrossRef]

133. Madhavan, M.; Wattigney, W.A.; Srinivasan, S.R.; Berenson, G.S. Serum bilirubin distribution and its relation to cardiovascular
risk in children and young adults. Atherosclerosis 1997, 131, 107–113. [CrossRef]

134. Carmel, R.; Wong, E.T.; Weiner, J.M.; Johnson, C.S. Racial differences in serum total bilirubin levels in health and in disease
(pernicious anemia). JAMA 1985, 253, 3416–3418. [CrossRef]

135. Hayashi, S.; Takamiya, R.; Yamaguchi, T.; Matsumoto, K.; Tojo, S.J.; Tamatani, T.; Kitajima, M.; Makino, N.; Ishimura, Y.; Suematsu,
M. Induction of heme oxygenase-1 suppresses venular leukocyte adhesion elicited by oxidative stress: Role of bilirubin generated
by the enzyme. Circ. Res. 1999, 85, 663–671. [CrossRef]

136. Chiu, H.; Brittingham, J.A.; Laskin, D.L. Differential induction of heme oxygenase-1 in macrophages and hepatocytes during
acetaminophen-induced hepatotoxicity in the rat: Effects of hemin and biliverdin. Toxicol. Appl. Pharmacol. 2002, 181, 106–115.
[CrossRef] [PubMed]

137. Kawamura, K.; Ishikawa, K.; Wada, Y.; Kimura, S.; Matsumoto, H.; Kohro, T.; Itabe, H.; Kodama, T.; Maruyama, Y. Bilirubin from
heme oxygenase-1 attenuates vascular endothelial activation and dysfunction. Arterioscler. Thromb. Vasc. Biol. 2005, 25, 155–160.
[CrossRef]

138. Martin, P.L.; Ceccatto, P.; Razori, M.V.; Frances, D.E.A.; Arriaga, S.M.M.; Pisani, G.B.; Martinez, A.I.; Sanchez Pozzi, E.J.; Roma,
M.G.; Basiglio, C.L. Heme oxygenase-1 induction by hemin prevents oxidative stress-induced acute cholestasis in the rat. Clin.
Sci. 2019, 133, 117–134. [CrossRef] [PubMed]

139. Liu, J.; Wang, L.; Tian, X.Y.; Liu, L.M.; Wong, W.T.; Zhang, Y.; Han, Q.B.; Ho, H.M.; Wang, N.P.; Wong, S.L.; et al. Unconjugated
Bilirubin Mediates Heme Oxygenase-1-Induced Vascular Benefits in Diabetic Mice. Diabetes 2015, 64, 1564–1575. [CrossRef]

140. Chang, J.H.; Plise, E.; Cheong, J.; Ho, Q.; Lin, M. Evaluating the in vitro inhibition of UGT1A1, OATP1B1, OATP1B3, MRP2, and
BSEP in predicting drug-induced hyperbilirubinemia. Mol. Pharm. 2013, 10, 3067–3075. [CrossRef] [PubMed]

141. Kim, M.J.; Lee, Y.; Jon, S.; Lee, D.Y. PEGylated bilirubin nanoparticle as an anti-oxidative and anti-inflammatory demulcent in
pancreatic islet xenotransplantation. Biomaterials 2017, 133, 242–252. [CrossRef]

https://doi.org/10.3390/biom16050625

https://doi.org/10.3389/fmicb.2019.01745
https://www.ncbi.nlm.nih.gov/pubmed/31428065
https://doi.org/10.3390/antiox12010170
https://doi.org/10.1002/oby.21724
https://doi.org/10.3390/metabo10080315
https://doi.org/10.3389/fmed.2025.1646323
https://doi.org/10.1038/ismej.2014.79
https://doi.org/10.3390/biom13020252
https://www.ncbi.nlm.nih.gov/pubmed/36830621
https://doi.org/10.1161/CIRCULATIONAHA.112.114066
https://doi.org/10.1161/ATVBAHA.114.304929
https://doi.org/10.1097/MD.0000000000026180
https://doi.org/10.3389/fmed.2025.1405682
https://doi.org/10.1016/S0021-9150(01)00601-3
https://www.ncbi.nlm.nih.gov/pubmed/11849670
https://doi.org/10.4254/wjh.v17.i2.98503
https://www.ncbi.nlm.nih.gov/pubmed/40027563
https://doi.org/10.1002/hep.20407
https://doi.org/10.1016/S0021-9150(97)06088-7
https://doi.org/10.1001/jama.1985.03350470068022
https://doi.org/10.1161/01.RES.85.8.663
https://doi.org/10.1006/taap.2002.9409
https://www.ncbi.nlm.nih.gov/pubmed/12051994
https://doi.org/10.1161/01.ATV.0000148405.18071.6a
https://doi.org/10.1042/CS20180675
https://www.ncbi.nlm.nih.gov/pubmed/30538149
https://doi.org/10.2337/db14-1391
https://doi.org/10.1021/mp4001348
https://www.ncbi.nlm.nih.gov/pubmed/23750830
https://doi.org/10.1016/j.biomaterials.2017.04.029
https://doi.org/10.3390/biom16050625


Biomolecules 2026, 16, 625 26 of 26

142. Mancuso, C.; Barone, E. The heme oxygenase/biliverdin reductase pathway in drug research and development. Curr. Drug Metab.
2009, 10, 579–594. [CrossRef]

143. Guerra Ruiz, A.R.; Crespo, J.; Lopez Martinez, R.M.; Iruzubieta, P.; Casals Mercadal, G.; Lalana Garces, M.; Lavin, B.; Morales
Ruiz, M. Measurement and clinical usefulness of bilirubin in liver disease. Adv. Lab. Med. 2021, 2, 352–372. [CrossRef] [PubMed]

144. Bulmer, A.C.; Verkade, H.J.; Wagner, K.H. Bilirubin and beyond: A review of lipid status in Gilbert’s syndrome and its relevance
to cardiovascular disease protection. Prog. Lipid Res. 2013, 52, 193–205. [CrossRef] [PubMed]

145. Bansal, N.; Kumar, A.; Sharma, P.; Anikhandi, S.; Khare, S.; Arora, A. Precision Medicine in Hepatobiliary Diseases: A Clinical
Review. J. Intern. Med. Sci. Art 2024, 5, 21–32. [CrossRef]

146. Lin, J.P.; Vitek, L.; Schwertner, H.A. Serum bilirubin and genes controlling bilirubin concentrations as biomarkers for cardiovascu-
lar disease. Clin. Chem. 2010, 56, 1535–1543. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/biom16050625

https://doi.org/10.2174/138920009789375405
https://doi.org/10.1515/almed-2021-0047
https://www.ncbi.nlm.nih.gov/pubmed/37362415
https://doi.org/10.1016/j.plipres.2012.11.001
https://www.ncbi.nlm.nih.gov/pubmed/23201182
https://doi.org/10.36013/jimsa.v5i.142
https://doi.org/10.1373/clinchem.2010.151043
https://doi.org/10.3390/biom16050625

	Introduction 
	Bilirubin Formation and Metabolism 
	Bilirubin Pools and Plasma Dynamics 
	Genetic Determinants of Elevated Bilirubin: Gilbert Syndrome and Cardiovascular Implications 

	Mechanisms by Which Elevated Bilirubin Levels Could Benefit the Heart 
	Antioxidant and Redox Regulation 
	Metabolic and Mitochondrial Effects 
	Anti-Inflammatory Mechanisms 
	Endothelial and Vascular Effects 
	Anti-Apoptotic and Cytoprotective Pathways 

	Experimental and Preclinical Evidence 
	Protection Against Ischemia–Reperfusion (I/R) Injury 
	Pressure Overload Hypertrophy 
	Heart Failure with Reduced Ejection Fraction (HFrEF) and Heart Failure with Preserved Ejection Fraction (HFpEF) 
	Genetic and Pharmacological Models Altering Bilirubin Metabolism 
	Urobilin and the Heart 

	Clinical and Translational Evidence 
	Epidemiological Associations 
	Limitations of Clinical Evidence 

	Therapeutic Potential of Targeting Bilirubin Pathways 
	Pharmacological Modulation 
	Novel Therapeutic Approaches 

	Limitations in the Potential for Bilirubin-Based Therapies 
	Future Perspectives 
	Conclusions 
	References

